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Abstract 
Despite the recent advances in cancer treatment, this disease continues to pose a serious 

threat to public health. Nanoparticle-based delivery platforms have been shown to be a 

promising strategy for cancer immunotherapy. Therapeutic cancer vaccines are designed 

specifically to elicit a potent adaptive immune response, giving rise to the specific eradi-

cation of cancer cells. Among the different synthetic nanoparticle carriers currently avail-

able calcium phosphate nanoparticles (CaP NPs) are the most promising potential vaccine 

transporters, and have attracted increasing attention during the past decade. In this thesis, 

the synthesis of a novel CaP NP vaccine is described and the further investigation of their 

effects on immune cells is examined. 

 

In this study, a novel citrate chelation method for CaP NP synthesis was developed to 

obtain well-defined, homogeneous NPs. The method of synthesis is innovative, conven-

ient, inexpensive and, most significantly, consistent and reproducible. Additionally, this 

study is the first investigation to describe the effect of different types of calcium and 

phosphate salts on NP synthesis. It was found that various sizes of CaP NPs can be ob-

tained by using different calcium and phosphate salts to synthesise the nanoparticles. 

 

To further develop the formulation of the nanoparticle vaccine, a layer-by-layer approach 

to vaccine synthesis was utilised. All experimental parameters of the layer-by-layer ap-

proach of nanoparticle formulation were optimised during synthesis to avoid NP aggre-

gation, and to increase NP size stability. Significantly, it was found that cross-linking the 

protein antigen on the NP surface enhanced salt stability and greatly reduced the host-

plasma protein adsorption on to the NPs. Moreover, the composition of the protein corona 

identified by mass spectrometry showed the major component of bound protein was al-

bumin.  

 

To study the impact of NP size on the interactions between NPs and host cells three sizes 

(170 nm, 260 nm and 360 nm) of rod-like shaped NPs were used in vitro, and the effects 

on epithelial cells and macrophages were observed. This study demonstrated that the three 

sizes of NPs used in this study can efficiently bind to epithelial cells and migrate through 

the epithelial barrier, and that they induce a cytokine profile from epithelial cells favour-

ing the recruitment of further immune cells. Moreover, the three sizes of cross-linked 
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CaP-PEI-OVA NPs are phagocytosed by RAW 264.7 cells in a dose-dependent manner. 

Significantly, large CaP NPs induced significantly stronger cell-binding, cellular-uptake, 

phagocytosis, NF-κB activation, cytokine secretion, and inflammatory cell surface 

marker expression at the highest NP to cell ratio than the smaller nanoparticles.  

 

Finally, a new potential adjuvant with favourable chemical properties for use in vaccine 

applications was designed and synthesised. A TLR2 ligand, Pam2KK4CG, was synthe-

sised and conjugated to three sizes of calcium phosphate OVA NPs. The effect of these 

functionalised NPs on macrophages was compared to commercially available Pam3CSK4 

and Palmitoyl alone. It was shown that the particles were biocompatible with macro-

phages, and that they were phagocytosed by RAW 264.7 cells in a dose-dependent man-

ner. Additionally, the functionalised NPs significantly increased the expression of cell 

surface markers (CD40, CD80, and MHC II) in RAW 264.7 cells. Finally, the expression 

of IL-1β, IL-10, IL-12 and TNF-α was greatly enhanced by Pam2KK4CG lipopeptide 

treatment as compared to CaP-OVA NPs alone. 

 

Taken together, the results presented in this thesis provide an in-depth understanding of 

the immune response of epithelial cells and macrophages to a synthesised CaP NPs vac-

cine. Because these cells are vital for the induction of the adaptive immune responses, 

further work arising from the results of this study may make a significant contribution to 

the development of therapeutic vaccines for the treatment of cancer. 
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1.1 Nanotechnology in vaccine delivery system 

The development of vaccines was one of the most promising and cost-effective ways to 

protect people from infectious diseases and cancers, leading to the elimination of many 

diseases [1-3]. Since Edward Jenner discovered the first vaccine (derived from the Or-

thopoxvirus cowpox species) to trigger protective immune responses against smallpox 

(Vaccinia virus) in 1796, significant progress has been made to save millions of lives [4]. 

Additionally, vaccination has shown tremendous potential in the field of cancer immuno-

therapy through stimulating the immune system [5]. There are two kinds of cancer vac-

cines; prophylactic (preventive) and therapeutic (treatment). The former induces a hu-

moral immune response to protect patients from tumour development, while the latter 

attempts to treat an existing tumour by eliciting a potent cell-mediated immune response 

against tumour-associated antigens (TAA) [6]. Therapeutic cancer vaccines have been 

highlighted as a promising strategy to treat cancer patients by eliciting a potent adaptive 

immune response, giving rise to the eradication of cancer cells [6, 7]. These vaccines aim 

to use the patient’s own immune system to recognise and kill tumour cells [6, 8]. Com-

pared with conventional treatment strategies, these approaches have several advantages. 

These vaccines are designed specifically to kill cancer cells, with minimal harm to normal 

cells, and could stimulate systemic anti-tumour immunity. Additionally, a long-lasting 

memory immune response could be induced, providing continuous protection from can-

cer recurring [7, 9]. 

 

Despite the potential of treatment vaccines, most clinical research is still at an early stage, 

and mainly concentrating on the safety, availability, and immunogenicity of these vac-

cines. Currently there are only a few therapeutic cancer vaccines that have been approved 

by the U.S. Food and Drug Administration (FDA) [10-13]. The main drawback of current 

cancer vaccines is that they are unable to induce a sufficient immune response against the 

cancer cells [7]. Current research includes virus-modified tumour vaccines, dendritic cell-

based vaccines, DNA vaccines, protein vaccines, and peptide-based vaccines, as well as 

combinations of these strategies [14-16]. Peptide-based vaccines are among the most 

commonly used strategies in cancer vaccination [17]. Classical vaccines are derived from 

a variety of sources including live-attenuated, inactivated, subunit, and conjugate vac-

cines [18]. These vaccines are not ideal for cancer vaccines as they generally do not have 

the specificity required to distinguish between normal host cells and cancerous host cells 



3 
 

[19]. Peptide-based vaccines, however, are specifically designed to deliver histocompat-

ibility complex (MHC) class I restricted peptide epitopes, (derived from shared TAAs), 

with the aim to activate cancer-specific CD8+ T cells [17]. This specificity has proven 

peptide-based vaccines as having great potential compared to classical vaccines [20]. 

However, these methods are limited by the fact that the antigen itself is unable to cross 

the cell membrane [21], and because peptide antigen can be easily degraded by endoge-

nous proteases. To meet these challenges, nanotechnology can be used to develop tech-

niques that can deliver antigens to the desired sites [22].  

 

In the last two decades the use of nanoparticle-based vaccines has emerged as a very 

promising strategy in vaccine development [19, 23]. Nanoparticles (NPs) are synthesised 

solid cores (particles) with a diameter ranging from 1 nm to 1,000 nm, and have been 

shown to have significant adjuvant effects as vaccine carriers [24-28]. Tumour antigens, 

targeting ligands, TLR ligands, and small molecule drugs can be loaded on to NPs for 

therapeutic applications (Figure 1.1) [29]. Because of their relatively small size, NPs can 

penetrate host-cell walls [30]. Additionally, NPs are easily taken up by antigen-presenting 

cells (APCs) through endocytosis, and consequently can induce both systemic and muco-

sal immunity [31]. Antigenic material can be enveloped within NPs in order to protect 

the antigenic cargo from degradation at the site of vaccination (which may result in only 

short-lived, localised immune response), allowing the antigen to be delivered to immune 

cells such as APCs and subsequently leading to a long-term immune response [28]. Var-

ious types of NPs have been used for vaccination (Figure 1.2), and the most widely stud-

ied include polymeric nanoparticles, lipid nanoparticles, inorganic nanoparticles (calcium 

phosphate, silicate, gold), and their applications in immunotherapy have been widely re-

viewed in the published literature [32-38].  
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Figure 1. 1: The advantages of NP used as platform for vaccine applications.  
Targeting ligands, TLR ligands, tumour antigen, and immune effector molecules can be load on to NPs for 
therapeutic applications. NP, nanoparticle; APC, antigen-presenting cells; TLR, toll‐like receptor. Adapted 
with permission from ref [29]. Copyright (2014) Wiley Interdiscip Rev Nanomed Nanobiotechnol. 
 
 

 
 
Figure 1. 2: Different nanoparticle-based vaccine delivery systems. 
(a) inorganic NPs, (b) polymetric NPs, (c) liposome, (d) virus-like NPs, (e) micelle and (f) immunostimu-
lating complex. Adapted with permission from ref [25]. Copyright (2013) Frontiers In Cellular And Infec-
tion Microbiology. 

 

1.1.1 Polymeric nanoparticles  

Polymeric NPs are attractive as vaccine carrier platforms due to their adjuvant qualities. 

Generally, they are biodegradable, water-soluble, non-toxic, and relatively economical to 
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produce [28, 39]. Additionally, cationic polymers could produce more compounds that 

are more stable, enabling them to withstand cellular trafficking [28]. Both synthetic and 

natural polymers can be used to form polymeric NPs, such as chitosan, poly (lactic-co-

glycolic acid) (PLGA), poly (lactic acid) (PLA), poly(D,L-lactide-co-glycolide) (PLG) 

and polysaccharides [40-42]. These particles could deliver antigens to specific cells for 

sustained antigen release [43]. The antigen loading capacity and the speed of polymer 

biodegradation can be controlled by changing NP properties such as shape, size, charge, 

hydrophobicity, polymer composition and concentration [44]. Polymeric NPs are able to 

enhance the vaccine efficacy as vaccine adjuvants against cancers and infectious diseases 

and have been investigated for various biomedical applications [24, 45, 46]. 

 

Compared with other polymeric NPs, PLGA NPs are the most extensively investigated 

NPs as vaccine carriers largely because they have previously been approved by FDA and 

licensed for human use in medical applications such as bone implants and sutures [44, 

47]. It has been reported that PLGA NPs loaded with indocyanine green (ICG) and a toll-

like-receptor-7 agonist combined with photothermal therapy can elicit a greater anti-tu-

mour immunity compared to traditional adjuvants [48]. In a comparative research report 

of cationic liposomes and PLGA NPs it was shown that when compared with Montanide 

ISA 51- and squalene-based emulsions, synthetic long peptide-loaded cationic liposomes 

and PLGA NPs were induced greater production of T cells in vivo, demonstrating that 

these two PLGA delivery systems are strong candidates for cancer immunotherapy [49]. 

In another study, Zuo and co-workers developed a tumour vaccine that consisted of Der-

matophagoides protein 1 (Der p1) encapsulated in PLGA NPs that was able to notably 

inhibit the growth of Lewis lung cancer cells in a mouse model by activating the genera-

tion of a Th1 cytokine (IFN-γ and IL-4) [50]. Similarly, in a mouse model of disease 

(diphtheria and tetanus) when the antigens diphtheria and tetanus toxoids (DTaP) were 

adsorbed into PLGA NPs and co-delivered with TLR7 ligand, there was enhanced pro-

duction of IgG and IgG2a antibodies, suggesting that PLG NPs is a potent adjuvant for 

vaccine formulation [51]. Several modifications of PLGA NPs have been explored in 

order to improve the effectiveness of NPs as a vaccine. When mannose-functional-

ised PLGA NPs designed to target melanoma cancer it was found that PLGA NPs with a 

diameter of 150 nm encapsulating MHC class I- or class II-restricted melanoma antigens 

and toll-like receptor (TLR) ligands (Poly (I:C) and CpG) elicited the highest tumour 

growth delay [52]. When Hu et al. conjugated higher concentrations of cholesterol to   
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PLGA NPs it was demonstrated that the vaccine had better-controlled antigen release, 

higher uptake by dendritic cells, and increased antigen stability than lower concentrations 

of cholesterol [53]. Despite these advantages, PLGA NPs have some considerable limi-

tations. PLGA NPs vaccine has a short half-life as they are often degrade rapidly, thus 

losing immunogenicity and effectiveness. Immunogenicity loss during storage has ad-

verse effects on the encapsulated protein antigen that makes the vaccine less effective 

[28]. The vaccine may require more boosting injections because the boosted immune re-

sponses are shorter without long-term protection. Future efforts should focus on these 

disadvantages to optimise PLGA NPs [24, 28]. 

 

Another polymer that has been used in the development of NP vaccine delivery systems 

is PLA. Similar to PLGA nanoparticles, PLA NPs are biodegradable, non-toxic, and bio-

compatible, and PLA has also been approved by the US FDA for use in biomedical ap-

plications [47]. Research has indicated that PLA NPs could significantly improve vaccine 

efficacy [54, 55]. Pavot et al. synthesised PLA NPs (200 nm) containing Gag p24 HIV-1 

antigen, carrying pattern recognition receptor (PRR) domains (Nod)-like receptors 1 and 

2. Results showed that PLA NPs were effectively taken up by dendritic cells (DCs) and 

that there was increased production of pro-inflammatory cytokines (IL-6, IL-1β, TNFα, 

IFNγ and IFNα). Furthermore, as compared to Alum [56] (a commonly used vaccine ad-

juvant derived from aluminium salts), the NPs gave rise to a 100-fold increase of the 

antibody response [54]. Other researchers have used cationic polymer (including chitosan, 

chitosan chloride, and polyethylenimine) coated PLA microspheres with conjugated viral 

Hepatitis B antigen (HBsAg) to elicit robust humoral and cell-mediated immune re-

sponses. HBsAg adsorbed on PLA microspheres significantly increased antigen uptake 

and the expression of CD86, MHC I, and MHC II and IL-1β, IL-6, TNF-α, and IL-12 

production in macrophages [55]. Interestingly, the same group also determined that the 

route of vaccine administration has an influence on the efficacy of PLA NP vaccines; 

intramuscular administration was found to induce both a stronger humoral and cell-me-

diated immune response than that which followed subcutaneous vaccination [57]. Alt-

hough PLA NPs showed the potential of acting as an efficient vaccine adjuvant, it has 

been shown that they are susceptible to deterioration under conditions such as excessive 

heat, sonication, in the presence of organic solvents, and freezing, which may lead to 

serious aggregation or degradation of antigens [47]. In addition, the acidic monomers 

produced by the degradation of polymers can result in degradation of the tertiary NP 
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structure. PLA NPs can be strengthened through adding stabilised chemicals and surfac-

tants or by optimising synthesis methods [47]. The greater limitations of PLA NPs as 

vaccine candidates include low encapsulation efficiency and insufficient drug loading ca-

pacity, which need to be addressed for PLA NPs to be used in the near future [58]. 

 

Chitosan is a natural cationic polymer that is derived from chitin [59]. It is inexpensive, 

easy to manufacture, of biological origin, with high biocompatibility and biodegradation. 

These properties have facilitated the development of chitosan as a vaccine carrier over 

the last decade [60]. In addition, chitosan has proven to be suitable for mucosal vaccine 

delivery and can improve mucosal immune response [46]. Zhao and co-workers designed 

a chitosan loaded NP vaccine that incorporated the Newcastle disease viruses (NDV) 

through an ionic cross-linking strategy. They demonstrated that chitosan NPs were safe 

and inexpensive, compared with commercially attenuated NDV vaccine, as well as ex-

hibiting better and quicker cellular immunity (increased IFN-γ production), humoral im-

munity (increased IgG production) and mucosal-immunity (increased IgA production). 

The production of IgA, which is a major immunoglobulin secreted by B lymphocytes, 

occurs primarily in mucosa-associated lymphoid tissue, and the increased IgA production 

following chitosan exposure indicates that chitosan can be effective as a mucosal vaccine 

adjuvant [61]. However, one of the major drawbacks of chitosan is that it has weak solu-

bility in aqueous solutions, being only soluble in acidic organic solvents (pH < 6.5), which 

limits its application in medical research [60]. Chitosan has not yet been used in human 

studies as an adjuvant, nor has it been approved for human use, and currently there are no 

commercialised chitosan products on the market [62]. 

 

1.1.2 Lipid nanoparticles 

Lipid carriers have been intensively explored as drug vectors in the last few decades [63, 

64]. In recent years research into their potential use as vaccine carriers have markedly 

increased [65]. Liposomes, which are vesicular structures composed of lipid bilayers and 

an aqueous inner component, are the most commonly used lipid NPs [66]. Liposomes 

have many advantages over other vaccine delivery systems as they have good biocom-

patibility, are able to enclose various agents, have versatility, and plasticity [66]. Lipid 

NPs have a great deal of flexibility in terms of their synthesis, and this flexibility enables 

for modification of the lipid composition for a variety of properties such as size, charge, 
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and to design a liposome that can entrap either a lipophilic component or hydrophilic 

antigen [44]. A recent study applied lipid NPs as immunomodulatory adjuvants where, 

combined with a TLR9 agonist, induced significantly CD4+ and CD8+ T cell responses 

to Ovalbumin (OVA), suggesting that lipid NPs could act as a potent subunit vaccine 

carriers [67]. Another study demonstrated that, in a mouse cancer model, modified lipid 

NPs incorporating a tumour metastasis targeting (TMT) peptide greatly inhibited tumour 

metastasis progression, and lengthened the survival time of mice, showing the potential 

for a lipid NP vaccine to prevent tumour metastasis [68]. In order to optimise the 

characteristics of NPs, researchers have also synthesised lipid-polymer nanoparticles that 

consist of a polymeric core and a lipid shell. These lipid-polymer nanoparticles enhanced 

cellular uptake by DCs and protected antigens from elimination during circulation [69]. 

Despite these advantages, lipid carriers are not stable when they come into contact with 

serum both in vitro and in vivo. Upon contact the liposomes can quickly leak encapsulated 

molecules (such as antigens) before being captured by APCs, thus limiting their use in 

vaccine delivery [66]. Taken together, lipid NPs have better cellular uptake, and the abil-

ity to elicit strong humoral and cell-mediated immune response [70]. For the successful 

application of lipid NPs in vaccine delivery, further studies on solving their instability at 

physiological conditions need to be performed. 

 

1.1.3 Gold nanoparticles 

Gold nanoparticles (Au NPs) are also suggested as vaccine candidates as their surface can 

be highly modified with diverse ligands, they are biocompatible, physiologically stable, 

their size and shape can be easily controlled, and because they are easy to synthesis [71]. 

In vaccine studies Au NPs are often conjugated with protein/peptide antigens or carbo-

hydrates in order to determine the interactions between Au NPs and leukocyte cell-mem-

brane receptors [72]. In one study, Au NPs were coated with ovalbumin (OVA) that had 

been conjugated with a peptide antigen.  In a mouse tumour model, the coated Au NPs 

induced strong antigen-specific immune responses, which resulted in significant anti-tu-

mour activity and prolonged survival time. Notably, this anti-tumour response occurred 

without the need for additional adjuvants, suggesting Au NPs are competent peptide vac-

cine delivery systems in vaccination [73]. A recent study has shown that the size and 

shape of Au NPs can affect the immunogenicity of vaccine compounds. Niikura and co-

workers found that 40 nm spherical Au NPs coated with West Nile virus (Au NP-Es) 
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elicited a high antibody titre, and was twice as effective as rod-shaped Au NP-Es induced 

in terms of antibody titre [74]. It has also been shown that different Au NPs shapes can 

activate different cytokine pathways; rod-shaped Au NPs significant induced production 

of interleukin-1β (IL-1β) and interleukin-18 (IL-18), while spherical Au NPs and Cube-

shaped Au NPs both greatly promoted inflammatory cytokine production (TNF-α, IL-6, 

IL-12) [72]. However, there are several disadvantages that limit the potential use of Au 

NPs as a cancer therapy. They are non-porous and non-biodegradable, and thus they are 

not suitable for the time-release of small molecules [75]. In addition, although the Au NPs 

are considered safe, the repeated use of Au NPs may result in bioaccumulation, which 

might have long term effects that are yet to be determined [24]. More knowledge con-

cerning Au NPs adjuvant efficacy is also required because  Au NPs are attractive vaccine 

carriers. 

 

1.1.4 Silica nanoparticles 

Other inorganic nanoparticles such as silica have also been considered for vaccine carrier 

development [76]. Despite polymeric and lipid NPs showing significant promise as vac-

cine delivery systems, these nanoparticles are not stable and are easily degraded during 

interstitial transit [32]. After the polymer matrix has been hydrolysed, the encapsulated 

or adsorbed molecules (such as antigens or drugs) is released within hours of administra-

tion [32]. This is one of the major obstacles to vaccine development. For this reason silica 

NPs have drawn considerable attention in recent years as a possible solution to antigen 

leakage and NP instability [76]. In addition, it is relatively easy to control the size, shape, 

and structure of silica NPs. Silica also has excellent chemical stability, biocompatibility, 

and can be easily modified through surface functionalization. These characteristics make 

silica NPs highly promising vehicles for protein, gene and drug delivery [76]. Currently, 

various studies have applied silica NPs in biomedical research, there are lots of publica-

tions that describe the use of silica NPs as antigen delivery systems [77-80]. Of these 

reports it has been reported that silica NPs could reinforce the immune response as a 

vaccine adjuvant and as delivery vehicles [81]. It has been recently reported that smaller-

sized silica NPs (30 nm) show a greater adjuvant influence and stronger T helper (Th)1, 

Th2, and Th17 immunity than larger-sized silica NPs (100, and 1,000 nm) [81]. It has 

also been reported that silica NPs can enhance mucosal and systemic immunity, and can 

act as a carrier for the oral vaccine to prevent many infectious diseases (such as hepatitis 
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and influenza) [82]. As a result, silica NPs are attractive as vaccine carriers, and more 

information concerning their adjuvant efficacy is required. 

 

In addition, there still have many other types of nanoparticles such as carbon, VLPs (virus 

like particles), immunostimulating complex and dendrimers. Many literatures have sum-

marised their chateracterics and demonstrated that they have the ability to induce antibody 

and cytokine responses [25, 83-85]. In summary, when nanoparticles are used as vaccine 

delivery system are able to enhance vaccine efficacy against infectious disease and can-

cers [33, 84, 86]. However, there still remains some potential problems that require fur-

ther research to overcome. First, the instability of biomaterials at physiological conditions 

is a concern for some medical applications [87]. Additionally, the potential of adverse 

local inflammatory reactions induced by nanoparticle vaccines is a potential issue for 

some materials that needs to be further investigated. Additionally, the biodegradability 

and solubility of the materials can be a major problem for some nanomaterials [25] Con-

sequently, further research is needed covering the general issues as well as issues for 

specific nanomaterials in the development of effective and safe nanoparticle-based mate-

rials for vaccine applications. 

 

1.2 The immune system and vaccination 

The immune system is composed of the innate and the adaptive immune response (Figure 

1.3) [88]. Vaccination aims to stimulate the adaptive immune response for effective and 

long-term immunogenicity [33]. For this to occur, vaccines need to be initially recognised 

by the host defence system that triggers an immune response [25] (Figure 1.4).  
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Figure 1. 3: The components of the immune system.  
The immune system is composed of the innate and the adaptive immune response. The innate immunity is 
the first line of defence that fights against any pathogen in a nonspecific manner. After infection by a path-
ogen (bacteria, viruses and fungi), the innate immune system would activate quickly within a few hours. 
The adaptive immune system takes several days to provide long-lasting protection. The adaptive immunity 
is composed of humoral immunity and cell-mediated immunity. Macrophages and dendritic cells are anti-
gen-presenting cells that play an important in bridging innate and adaptive immune responses. Adapted 
with permission from ref [89]. Copyright (2015) Expert Opin Drug Deliv. 
 

 

Figure 1. 4: The desired immune response following vaccination.  
The aim of vaccination is to stimulate the body’s immune system to cure infections and diseases and prevent 
them from spreading. Immunity are composed of innate and adaptive immunity. The former is regarded as 
the first line that fights against any pathogen and nonspecific. In the meantime, its function is closely asso-
ciated with adaptive immunity. Because DC are the component of the innate immune system, which uptake 
and present antigen to B and T cells, leading to stimulation and activation of humoral and cellular immune 
responses, respectively. Humoral immunity is the aspect of immunity that secrete antibodies to the foreign 
antigens, while cell-mediated immunity includes CD4+ and CD8+ T cells. CD4+ T cells could differentiate 
into Th1 cells (drive cellular immunity) and Th2 cells (support humoral immunity). CD8+ T cells could 
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differentiate into cytotoxic T cells, which are able to directly kill cancer and infected cells. DC: dendritic 
cell; Th: T helper cell; IFN-γ: Interferon-gamma. 

 

1.2.1 Innate immunity  

The innate immune response is regarded as the first line of defence that, when triggered, 

responds to pathogens in a nonspecific manner [90]. After damage caused by a pathogen 

(bacteria, viruses and fungi), the innate immune system activates within a few minutes  

[91]. These responses to invading pathogens are mediated by cellular effectors (e.g. mac-

rophages, neutrophils, DCs, and natural killer (NK) cells) and other soluble factors (such 

as the complement cascade proteins) [90]. Macrophages are phagocytic cells that can both 

circulate or reside in tissues. They play a central role in presenting antigens, mediating 

inflammatory processes by clearing pathogens and apoptotic cells [90, 92]. Macrophages 

encountering foreign antigens in the tissues are primed to secrete cytokines and chemo-

kines that mediate the activation of adaptive immune responses [93]. This process, in-

flammation,  plays a crucial role in the elimination of pathogens [94]. APCs and muco-

sal/oral epithelial cells express PRRs, such as Toll-like receptors (TLRs) [95], which are 

involved in inducing and enhancing the innate and adaptive immune responses [95, 96]. 

TLRs are a group of cell surface or intracellular transmembrane proteins that recognise 

microbial components called pathogen-associated molecular patterns (PAMPs) to initiate 

an immune response [97]. They are able to identify microbial components from viruses, 

bacteria, and fungi [98]. TLRs are known to facilitate the recognition of pathogens by 

immune cells, resulting in the increased expression of pro-inflammatory cytokines, chem-

okines and co-stimulatory molecules such as CD80, 86 and 40, leading to the production 

of robust innate immunity [95]. Innate immunity makes a significant contribution to in-

duce adaptive immune response activation [94]. 

 

1.2.2 Adaptive immunity  

The adaptive immune system takes several days to provide long-lasting protection [88]. 

Adaptive immunity is composed of humoral immunity and cell-mediated immunity, both 

of which is essential for the complete elimination of pathogens [88, 99]. Humoral immun-

ity is the aspect of the immune system that secretes antibodies to the foreign antigens 

[100]. B lymphocytes produce antibodies such as IgA, IgG, IgE, IgM and IgD and provide 
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protection against extracellular antigens [101]. The cell-mediated immunity manly in-

cludes CD4+ and CD8+ T cells, which are activated by APCs. CD4+ T cells can differen-

tiate into Th1 cells (drive cellular immunity) and Th2 cells (support humoral immunity) 

[102]. Th1 cells play a significant role in the elimination of intracellular pathogens and 

are involved in organ-specific autoimmunity, while Th2 cells trigger an immune response 

to extracellular parasites and associate with the induction and persistence of asthma and 

other allergic diseases [103]. CD8+ T cells play a significant role in combatting cancer 

and intracellular infections and are able to directly kill cancer and infected cells [100]. 

 

1.2.3 Antigen-presenting cells (APCs)  

Antigen-presenting cells (APCs) are a component of the innate immune system that up-

take and present antigen to B and T cells, leading in turn to stimulation and activation of 

humoral and cellular immune responses, respectively [104]. DCs, B cells and macro-

phages can all act as APCs. The most robust and professional APCs are DCs, which play 

a crucial role in both the innate and adaptive immunity. DCs serve as a modulator between 

innate and adaptive immunity, triggering T cells activation and differentiation  [93]. 

Through the PRR, DCs can recognise a variety of antigens, which induces DCs matura-

tion and proliferation [95]. Moreover, antigens can be captured and processed by DCs 

and presented to naïve T cells as peptides bound on the MHC, which then stimulates a T 

cell response [105]. 

 

1.2.4 T cells (CD4+ and CD8+ T lymphocytes) 

1.2.4.1 T cell development and differentiation 

The activation and maturation of CD4+ and CD8+ T lymphocytes is influenced by several 

factors, including epigenetic modification, interactions between cell to cell, intracellular 

transcription factors, signals by intracellular cytokines, a family of E26 transformation 

proteins and the level of receptor expression [106-108].  

 

T cells derive from bone marrow and the thymus [103, 108], and go through a series of 

selective maturation steps, including positive (ensures T cell could induce potent immun-

ity to foreign antigens) and negative pressures (to protect against T cell self-tolerance) 
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that lead to single-positive thymocytes, which express CD4 or CD8. The positive selec-

tion determines if a T cell will become a CD4+ T cell or a CD8+ T cell. These T cells 

remain in the thymus medulla during maturation before being released to localise in pe-

ripheral lymphoid organs [103, 106, 108, 109]. 

 

Under the stimulation of several cytokines such as IL-2, 4, 6, 12, 21, 23, TGF-β and IFN-

γ, the naïve CD4+ T cells further differentiate into various subtypes of T lymphocytes, 

including the helper T-helper (Th) 1, 2, 9, 17 cells and the regulatory T cell (Treg) [103]. 

These populations play a pivotal role in coordinating and regulating immune responses 

and can enhance the induction of cytotoxic T lymphocytes (CTL) responses and increase 

the generation of antibodies. For example, IFN-γ secreted by Th1 cells can initiate cellular 

immune responses and increase IgG2 antibody generation [103, 108]. Th2 cells can pro-

duce IL-4, 5, 10, which in turn mediate B cells activation and enhance the generation of 

IgE and IgG1 antibodies [100]. In the presence of IL-12, 18 and IFN-γ, naïve CD8+ T 

cells could differentiate into CTLs, which contribute to protecting the body from infec-

tious disease progression and cancer [108, 110]. While the majority of CTLs are degraded 

after infection resolution a small population will further progress into effector memory 

CD8+ T cells, which have a central role in the function of immune memory [106]. 

 

1.2.4.2 Antigen recognition by CD4+ and CD8+ T cells 

APCs mature during their migration to secondary lymphoid organs, these cells are then 

capable of activating naïve T cells (CD4+ and CD8+) by present antigens on their surface 

as peptide/MHC-class I/II complexes [111]. Antigen, T cell receptor (TCR) interaction, 

and co-stimulatory signals are essential for naïve T cells stimulation [103, 108]. The co-

stimulatory signals released by CD28 on T cells bind to the CD80/86 on DCs. This results 

in naïve T cells proliferation and differentiation into effector cells [103, 108]. Extracellu-

lar antigens are usually presented by MHC-class II molecules on DCs, which can then 

lead to CD4+ T cells activation [103]. Cytosolic antigens presented by MHC-class I mol-

ecules on DC give rise to the activation of CD8+ T cells (cytotoxic T cells). Additionally, 

antigens released after lysis of infected cells can be captured by bystander DCs and pre-

sented to MHC-class I molecules to CD8 T cells, which is termed antigen cross-presen-

tation, helps to induce cell-mediated immune responses, which is vital to generate an ef-

fective CTL-based vaccine [112, 113].   
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1.2.4.3 Induction of effector cytotoxic T cell responses  

The induction of a cytotoxic lymphocyte (CTL) response is essential for the eradication 

of cancers as well as viral and some bacterial infections [110]. A CTL response can be 

divided into 4 phases, which includes effector, contraction, immunological memory and 

a quick recall response [114]. DCs present antigen in the context of MHC class I to CD8+ 

T cells, which is crucial for the activation of naïve and memory CD8+ T cells [115]. There 

are three signals for the CD8+ T cell to develop an optimal CTL response during this 

process. The first signal is elicited by the TCR/peptide-MHC class I interactions. The 

second signal comes from several co-stimulatory receptors/ligands, which are expressed 

by the activated DC and CD8+ T cell. The third signal is delivered via IL-12 or type I 

interferons (IFN) or through inflammatory signals from TLR ligands, finally leading to 

the required CTL response [114, 116] (Figure 1.5). It is generally believed that for the 

induction of effective long-lived CD8+ T cells, CD4+ T cell help is essential for APCs 

activation and the resulting production of IL-2 and IFN-γ [117, 118]. Furthermore, CD4+ 

T cells also help CD8+ T cells maintain and infiltrate at a tumour site by rendering the 

tumour environment permissive [118]. As a result, activation of both CD4+ and CD8+ T 

cell responses are essential to induce an effective anti-tumour immune response [119]. 

 

 

 

Figure 1. 5:  Induction of effector T cell responses needs three signals.  
The first signal is elicited by the TCR/peptide-MHC complexes interactions. The second signal comes from 
co-stimulatory receptors/ligands, which are expressed by the activated DC and T cell. The third signal is 
the production of inflammatory cytokines. Adapted with permission from ref [116]. Copyright (2011) 
Chemical Society Reviews. 
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As previously described, CTLs are a primary immune cell associated with killing cancer 

cells, giving rise to the eradication of a tumour [110]. The two major mechanisms that are 

involved in this process are via granule exocytosis (perforin and granzymes), or by the 

induction by death ligands/death receptor system [120]. Activation of CTLs relies on the 

interaction of a tumour antigen (processed by APCs and presented as a peptide) bound to 

an MHC class I molecule with TCR–CD3 complex, along with costimulatory signals 

(CD28-CD80/86). Once the CTL response is stimulated, granules are quickly secreted by 

the microtubule-organising centre to the presynaptic membrane [120]. Granules then fuse 

with the plasma membrane and release perforin and granzymes, resulting in target cell 

death. For the death ligands/death receptor system, after CTL activation, the expression 

of death ligands on the CTLs cell surface such as FasL (Fas ligand) or TRAIL (TNF-

related apoptosis-inducing ligand) would increase, which can destroy susceptible cancer 

cells by interaction with death receptors  [120, 121].  

 

1.2.5 Vaccine adjuvants, delivery system and TLR ligands 

Vaccine adjuvants, delivery systems and TLR ligands are considered three important 

components for an effective vaccine [122]. Nonliving vaccine antigens, particularly re-

combinant subunit vaccines, are usually weakly immunogenic [123]. Natural/synthetic 

molecules such as aluminium mineral salts act as immune-stimulatory adjuvants that in-

duce the desired potent immune responses [124]. An adjuvant is used as a component of 

the vaccine that can boost the immunogenicity of vaccine antigens [125], while a delivery 

system ensures optimal delivery of antigen and adjuvant cargo to the desired site or im-

mune cell [19]. Vaccine adjuvant and delivery systems are not mutually exclusive, and 

can both act to prevent the antigen from degradation while it is carried to the desired site 

[19]. Appropriate and optimised adjuvants play a central role in vaccine design as they 

can overcome immunosuppression and help induce a strong immune response [126].  

 

At present, only a few adjuvants (such as mineral salts, aluminium salts (alum), calcium 

phosphate and MF59, AS03 and AS04) have been widely approved for human use [127]. 

These adjuvants are effective at inducing humoral immune response but with the excep-

tion of calcium phosphate materials have a poor ability to stimulate a cellular immune 

response, which is critical for viral and tumour eradication [19, 125]. They also with the 
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exception of calcium phosphate have several drawbacks such as severe local tissue irrita-

tion, longer inflammatory response and induction of allergic responses [128]. Conse-

quently, there is an urgent need for a novel delivery vehicle and adjuvant to increase 

cancer vaccine immunogenicity. 

 

The induction of a robust and specific CTL response by vaccination is still a challenging 

goal in cancer immunotherapy as cancers cells typically induce immunosuppression of T 

cells via a number of pathways [110]. A key factor in enhancing the efficacy of a vaccine 

is to increase its binding to host cells and to deliver the antigen cargo to the endocytic 

pathway of APCs, thus initiating a strong immune response [33]. Toll-like Receptors 

(TLRs) are a group of transmembrane protein complexes that recognise microbial com-

ponents called pathogen-associated molecular patterns (PAMPs) in order to initiate an 

immune response [97]. The use of TLR agonists as adjuvants has gained increased interest 

due to their ability to improve the efficacy and immunogenicity of vaccines formulations 

[39, 45, 51, 129-134]. Pattern recognition receptors (PRRs), such as TLRs, are expressed 

on APCs (such as dendritic cells and macrophages) and mucosal/oral epithelial cells. 

PRRs play a significant role in inducing and enhancing both innate and adaptive immune 

responses [134]. TLRs facilitate the recognition of pathogens by immune cells, resulting 

in increased antigen uptake and processing, expression of pro-inflammatory cytokines, 

chemokines, and co-stimulatory molecules such as CD80, 86 and 40, leading to the in-

duction of a robust innate and adaptive immune response [135, 136]. Several different 

TLR ligands have been investigated for use as vaccine adjuvants, including ligands for 

TLR2, TLR3, TLR4, TLR5, TLR7 and TLR9 [137-139]. The selection of the ligand often 

depends on the disease being targeted [140]. Figure 1.6 shows different types of TLRs, 

antigen presentation and the elicited immune response. One of the main challenges in 

cancer immunotherapy is the difficulty to abrogate the immunosuppressive tumour envi-

ronment. However, immunosuppression can be overcome by co-immunising an antigen 

with a TLR ligand, with the benefit of combining mechanisms of up-regulating the pro-

duction of co-stimulatory molecules, and induction of pro-inflammatory cytokines [141]. 

Ligation of TLRs 2, 3, 4, 7 and 9 enhances DC activation and antigen phagocytosis, which 

in turn improves CTL priming [142, 143].  
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Figure 1. 6:  Different types of Toll-like receptors, antigen presentation and the elicited immune response.  
LPS, lipopolysaccharide; IL-1, interleukin-1; TLR, toll‐like receptor; APC, antigen‐presenting cell; MHC, ma-
jor histocompatibility complex; TCR, T cell receptor; CTL, cytotoxic T lymphocyte. Adapted with permission 
from ref [125]. Copyright (2014) Apmis. 

 

1.2.6 CTL vaccines for oral cancer 

Oral cancer, particularly oral squamous cell carcinoma (OSCC), are amongst the most 

common cancers thought the world [144]. In the United States in 2016, it was estimated 

that 48,330 new cases of OSCC were be diagnosed, and that approximately 10,000 people 

died from these diseases [145]. Despite advances in the diagnosis, operative techniques, 

chemotherapy and radiotherapy, five-year survival rates (roughly 50%) have not im-

proved over the past three decades [146]. Consequently there is a great need for novel 

therapeutic strategies. Therapeutic cancer vaccines are considered to be promising 

strategies to improve disease outcome by eliciting a potent adaptive immune response, 

giving rise to the eradication of cancer cells [6]. 

       

Currently, several therapeutic peptide vaccines are under investigation for oral cancer 

[147-149]. While it is now well established that the high-risk human papillomavirus 

(HPV) is highly associated with oral cancer, it is widely accepted that HPV 16 is the 
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major contributor for this cancer [150, 151]. The oncoproteins E6 and E7 are encoded by 

HPV 16, and thus immunotherapy targeting E6 and E7 may offer an effective way to 

prevent and treat HPV-related diseases [152]. More recently, Domingos-Pereira et al. 

used a synthesised HPV E7-long-peptide therapeutic vaccine with an encapsulated TLR9 

agonist CpG, combined with carboplatin/paclitaxel (C + P) chemotherapy, to target HPV-

associated malignancies in a mouse model of disease. It was reported that compared to 

any of the dual treatments, the vaccine significantly increased mouse survival rate. It was 

also shown that the addition of CpG greatly leads to increased E7-specific CD8 T cells 

[147]. Ye et al. reported that, in a OSCC model, a HPV-16mE6Delta/mE7/TBhsp70Delta 

fusion-protein vaccine not only suppressed tumour growth, but also elicited tumour death 

and provided protection against OSCC [153]. 

  

The immunotherapy potential of protein used in combination with adjuvants has been 

proposed as a new way to treat oral carcinoma. For example, the use of Mollusk Hemo-

cyanins in conjunction with vaccine adjuvants (such as alum, AddaVax, and QS-21) in 

OSCC has been investigated [148]. Results from this study revealed that the hemocyanins 

together with QS-21 had high immunogenicity, which was reflected by a potent, specific 

humoral response (IgG2a antibodies) against OSCC and a sustained cellular response. 

The keyhole limpet hemocyanin (KLH) and Fissurella latimarginata (FLH)-QS-21 for-

mulations have demonstrated decreased tumour development and higher overall survival 

[148].     

 

Some of these vaccines have previously been used in clinical trials. A survivin-derived 

peptide vaccine in phase I clinical trial has demonstrated the induction of an effective 

CTL response, and consequently has therapeutic potential for advanced or recurrent oral 

cancer patients [149]. Survivin is an inhibitor of apoptosis that reinforces cell cycle pro-

gression and enhances angiogenesis. While it is rarely detectable in normal tissues, over-

expression of survivin can be found in approximately 80% of OSCC, and consequently, 

it is often used as a tumour antigen for oral cancer [154, 155]. Recently, the Kinesin fam-

ily member 11 (KIF11) has been identified as a potential therapeutic target for oral cancer. 

KIF11 is a motor protein that essential to establish a bipolar spindle in cell division, and 

high expression of KIF11 has been closely associated with poor prognosis in oral cancer 

patients [156]. MAGED4B is a melanoma antigen that promotes cell proliferation and 

migration that overexpresses in OSCC and high expression. Research into MAGED4B 
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has led to the identification of immunogenic MAGED4B peptides for potential oral can-

cer vaccine targets. The results demonstrated that the vaccine induced anti-tumour im-

mune responses  [157]. These findings demonstrate that peptide-based vaccines are a 

promising treatment for OSCC patients. 

 

Although there have been recent advances in the development of novel therapies includ-

ing anti-tumour vaccines, these results to date have not yet been transferred into clinical 

use and thus have not increased the survival rate of OSCC patients. As a result, further 

investigations need to be made to establish an effective immunotherapy. 

 

1.3 Calcium phosphate nanoparticles (CaP NPs) 

Of the different synthetic antigen delivery carriers currently available, calcium phosphate 

nanoparticles (CaP NPs) are one of the most promising vaccine transporters and have 

attracted increasing attention during the past decade [158, 159]. CaP is a natural compo-

nent of the human body (bone and teeth) [158]. The biomedical research involving CaP 

increased in the 1970s [158] and CaP have been studied in a number of applications such 

as DNA/gene silencing [160, 161], drug delivery [162, 163], protein/peptide delivery [30, 

31, 132, 164], dental implant and restorations materials [165-167], imaging [168, 169], 

bone tissue engineering [170, 171] and achieved significant outcomes (Figure 1.7). CaP 

NPs are non-toxic, biodegradable, cost-effective, and have pH-dependent solubility [159]. 

Most importantly, they provide protection to the antigen cargo from premature enzymatic 

and proteolytic degradation [84] and prevent elimination by the body [128, 172]. Further, 

they can be functionalised with various molecular adjuvants to enhance active cell target-

ing and consequently the efficacy of vaccines [131, 173-175].  
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Figure 1. 7: Schematic representation of CaP NPs functions (outer ring, blue), surface functionali-
sation methods (left sector, green) and moieties (right sector, orange).  
Adapted with permission from ref [176]. Copyright (2018) Drug Dev Ind Pharm. 
 
 
1.3.1 Synthesis of CaP NPs 

Current strategies of CaP NPs preparation generate various sizes and shapes. Synthesis 

methodologies can be divided into the dry method [177, 178] and wet chemical routes 

[179, 180]. Dry methods mainly includes solid-state [177] and mechanochemical [178] 

techniques, while wet methods includes chemical precipitation [179, 181, 182], sol-gel 

[180], microemulsion [183-186], hydrothermal [187, 188], sonochemical [189], hydroly-

sis [190] and microwave methods [191]. Comparison of main methods for synthesis CaP 

NPs is summarised in Table 1.1. Various kinds of CaP NPs can be obtained via the afore-

mentioned manufacturing methods, such as particle size (10 nm to 10 mm), size distribu-

tion (from narrow to broad), shape (from spherical to rod-shaped), crystallinities (low to 

high) and compositions (all CaP NPs forms). 
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Table 1. 1: Comparison of main methods for synthesis CaP NPs. 
 

Method of 
Preparation 

Synthesis 
complex-
ity 

Synthe-
sis time 

Size Size 
distri-
bution 

Shape Crys-
tallinity 

Cost Pro-
duc-
tion 

Ref. 

Solid-state 
synthesis 

Simple Days Nano to 
micron 

Very 
broad 

Diverse Very 
high 

Low High [177] 

Mechano-
chemical 
method 

Simple Days Nano to 
micron 

Very 
broad 

Diverse Very 
high 

Low High [178] 

Co-precipi-
tation 

Very 
simple 

Minute
s 

Nano to 
micron 

Very 
broad 

Diverse Usually 
low 

Low High [179, 
181] 

Hydrolysis 
method 

Simple Days Nano to 
micron 

Very 
broad 

Diverse Varia-
ble 

High High [190] 

Sol–gel 
method 

Simple Hours Nano Narrow Diverse Varia-
ble 

High Low [180] 

Hydrother-
mal 

Simple Days Nano to 
micron 

Broad Usually 
needle-
like 

High High High [187, 
188] 

Emulsion  Complex Days Nano Very 
Narrow 

Diverse Low High Low [183, 
184] 

Sonochemi-
cal method 

Simple Hours Nano Narrow Diverse Varia-
ble 

Low Low [189] 

Microwave-
assisted 
method 

Simple Hours Nano to 
micron 

Broad Diverse Varia-
ble 

Low Low [191] 

Combustion Simple Minute
s 

Nano to 
micron 

Very 
broad 

Diverse Varia-
ble 

Low Low [192] 

Pyrolysis Rela-
tively 
simple 

Hours Nano to 
micron 

Very 
broad 

Diverse High Low High [193] 

 

 
 
1.3.2 Properties of CaP NPs 

1.3.2.1 Safety, biocompatibility and stability 

As calcium phosphate is a natural component of the human body, and CaP NPs are re-

ported to have no side effects as a vaccine adjuvant [194-196]. It has also been approved 

by the FDA, and that they are safe and bioresorbable [197]. A phase I study revealed that 
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when administered subcutaneously in healthy volunteers, CaP was safe and no toxic ef-

fects were found [32]. Viswanathan et al. demonstrated that CaP NPs are suitable for 

biological applications as CaP NPs did not show any significant cytotoxicity on periph-

eral blood mononucleated cells (PBMCs) by MTT assay [196]. According to one study, 

CaP NPs elicited nearly no inflammation at the injection site, no local tissue irritation and 

induced no allergic reaction [195]. CaP is stable both in vitro and in vivo, especially when 

the ratio of Ca/P is similar to HAP (Ca10 (PO4)6(OH)2, Ca/P = 1.67), which is a naturally 

occurring calcium phosphate [198]. Their storage stability is excellent as they are very 

poor microbial subtracts [128]. 

 
CaP NPs have excellent biocompatibility compared to other NPs because they mimic 

naturally occurring calcium phosphate found in the human body such as teeth (enamel, 

dentine), tendons and bones. They are well-tolerated and would not be considered as for-

eign materials by the immune system. CaP NPs biocompatibility is associated with the 

surface charge of the particle. Chen et al. reported that positive charged HAP has better 

biocompatibility to negatively charged HAP on MC3T3-E1 cell lines (osteoblast) based 

on MTT and LDH assay results [198]. Regarding biodegradability, CaP could be quickly 

captured by HeLa cells (human epithelial cervical cancer cells) within a few hours [199] 

and dissolved in lysosomes [200]. As a result, the calcium ions are easily pumped out of 

the cell [201]. 

   
1.3.2.2 CaP NPs pH-dependent solubility 

CaP has pH-dependent solubility, and they are stable at human blood pH (7.4) and more 

alkaline environments but easily dissolved at low pH (< 5.0). A low pH is often found in 

tumour zones, endosome and lysosome, making CaP more suitable delivery systems and 

used for human body application [15]. As shown in Figure 1.8, there are four steps in-

volved in CaP NP cargo release. First, CaP NPs are endocytosed by the cell and entered 

the endosome. Then in the low pH environment of the endosome the CaP NPs dissolve 

and disassemble. Third, the release of Ca2+ and PO4
3- ions from the dissolved NPs give 

rise to high osmotic pressure, causing the endosome to expand. Finally, the endosome 

ruptures, releasing the cargo, Ca2+, and PO4
3- ions into the cytoplasm. This mechanism 

has been used to deliver siRNA to cells [202]. 
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Figure 1. 8: The release process of siRNA entrapped in lipid-coated CaP NPs in the endosome.  
There are four steps involved in CaP NP cargo release. First, CaP NPs are endocytosed by the cell and 
entered the endosome. Then in the low pH environment of the endosome the CaP NPs dissolve and disas-
semble. Third, the release of Ca2+ and PO4

3- ions from the dissolved NPs give rise to high osmotic pressure, 
causing the endosome to expand. Finally, the endosome ruptures, releasing the cargo, Ca2+, and PO4

3- ions 
into the cyto-plasm. Adapted with permission from ref [202]. Copyright (2010) J Control Release. 
 
 
1.3.2.3 Ease of surface modification 

It is well known that physicochemical properties such as size, shape and surface charge 

have a crucial role in the efficacy of vaccines [33].  Additionally, the control of NP size 

and shape is essential to vaccine formulations. As previously described, numerous syn-

thetic protocols for CaP NPs have been developed to regulate the size and shape precisely 

[203]. For example, by increasing the number of amino groups on the surface of the 

Poly(amidoamine) (PAMAM) dendrimers, the size of  CaP NPs decreased gradually from 

82, 77, 48 to 38 nm [204]. Another example of this is that size and shape could be changed 

by modifying the pH and reaction temperature [205]. 

 

Ease of surface modification makes CaP NPs suitable for vaccine applications, and they 

can load both hydrophobic and hydrophilic molecules [128]. The surface of HAP pos-

sesses positively charged C (Ca2+) and negatively charged P (PO4
3-) sites that provide 

binding sites for stabilisation as well as bio-conjugation to agents such as polymers [206]. 

For instance, polyethyleneimine (PEI) and poly (ethylene glycol) (PEG) could be added 

to the surface of CaP NPs to increase stabilisation in the physiological environment [30, 

207]. Furthermore, the addition of agents on the NP surface such as peptide/protein, drugs, 

DNA/siRNA, or toll-like receptors (TLR) ligands during the manufacturing process en-

hances the immunological effects required for the vaccine [208]. CaP can also be prepared 
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in a multi-shell system to protect biomolecules inside from degradation and increase 

transfection efficiency [164]. 

 

1.3.2.4 High adjuvanticity  

Compared with conventional adjuvants such as aluminium (alum) salts, CaP NPs have 

higher adjuvanticity and greater biological affinity to biological materials such as proteins, 

cells and enzymes [209]. Calcium phosphate materials have been reported to induce a 

higher immunoglobulin G1 (IgG1) production after the administration of tetanus and per-

tussis in vivo [210]. In comparison with alum, calcium phosphate promoted a higher level 

of antibody response to Bothrops asper snake venom [211]. CaP NPs was more potent 

compared to alum to facilitate a high production of IgG2a and neutralising antibody 

against Epstein-Barr (EBV) infections [195]. In addition, CaP NPs can be an efficient 

mucosal adjuvant. He et al. reported that herpes simplex virus type 2 (HSV-2) vaccine 

using CaP NPs as an adjuvant significantly elicited potent mucosal and systemic immun-

ity when administered intravaginally and intranasally in vivo than Alum [212]. Another 

study by Saeed showed human Enterovirus-71 vaccine encapsulated CaP NPs enhanced 

the antibody responses (IgA & IgG) in rabbits [213]. This indicates that CaP NPs has 

great potential to be used as a vaccine adjuvant [195]. 

 
1.3.3 Strategies for antigen loading onto CaP NPs 

In order for NPs to act as effective vectors for the delivery of antigens to the desired site, 

a strong interaction between NPs and the antigen is required. In general, there are four 

approaches for the attachment of antigen to NPs: adsorption; encapsulation; mix and 

chemical conjugation (Figure 1.9) [33]. Adsorption and encapsulation are the most com-

mon methods used for antigen loaded onto CaP NPs and is normally achieved by charge 

attraction and hydrophobic interaction. However, the antigen adsorbed onto the surface 

of NPs in this way is a considerably weak interaction (as compared to other antigen load-

ing methods), which can lead to a burst release of antigen from NPs in vivo [214]. Elec-

trostatic attraction between antigen and CaP NPs plays the most important role in surface 

adsorption. For example, the adsorption of bovine serum albumin (BSA) on HAP arises 

from electrostatic interaction between Ca2+ and PO4
3− anions of HAP with the COO− and 

NH4+ cations of BSA protein [206, 215-217]. Other examples can be found in ovalbumin 

(OVA) and lysozyme [218, 219]. 
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Encapsulation and conjugation can be an appropriate alternative to achieve steady antigen 

release. Encapsulation can be achieved by antigens mixed with chemical reagents and 

solvents during NP synthesis route, resulting in interaction that is strong, similar to that 

of chemical conjugation. This method can enhance antigen transfection efficiency as the 

antigen cannot release until the dissolution of NPs, thus delivering the antigen at the de-

sired site. This is reported by Dasgupta et al. where BSA (here used as a model for protein 

loading) with Ca2+ solution during synthesis to achieve controlled release of protein [220]. 

Similarly, Li et al. encapsulated siRNA in PO4
3− aqueous solution before the manufacture 

of CaP NPs as a systemic siRNA delivery in cancer therapy [221]. 

 

Chemical conjugation has also been used to incorporate antigenic molecules such as pro-

teins and peptides that are covalently linked to the surface of NP [222]. Phosphate groups 

can be conjugated to amine-containing molecules by carbodiimide-mediated reactions 

[223]. One research group selected CaP binding peptides and inserted these peptides on 

CaP NPs surface, demonstrating a novel route for vaccine applications  [224]. Ramachan-

dran et al. modified the surface of CaP NPs through conjugation with PEG for oral insulin 

delivery, leading to increased stability [207]. Kozlova et al. synthesised CaP NPs coated 

with a silica shell that was covalently functionalized by thiol/amino groups or salinization, 

leading to stable molecules/NP construct [30]. Antigen-conjugated NPs are a strong can-

didate for mucosal immunisation as the antigen is protected by the NP cross-linked amino 

system [102]. CaP NPs act as an immune potentiator so that the vaccine formulations can 

be achieved by a mixture of antigen and NPs. Conjugation between antigens, adjuvants 

and NPs may give better immunity in comparison to a mixed solution, further improving 

the immunogenicity of the vaccine [225, 226]. Hen Egg Lysozyme (HEL) conjugated 

with CaP as well as TLR 9 ligand elicited a significantly higher humoral immune response 

than non-conjugated NPs [131]. Many studies have also shown that modified peptides or 

antibodies chemically conjugated to HAP in bone tissue engineering [227, 228] and drug 

delivery [229, 230]. For example, Hydroxyapatite encapsulated anticancer drug copper 

bis(8-hydroxyquinoline) has controlled drug release and 98.67% of encapsulation effi-

ciency [231]. However, the use of NPs as vaccine candidates has attracted little attention 

in the published literature, indicating that further investigation of the use of NPs as vac-

cines would be advantageous [232, 233].  
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Figure 1. 9: Strategies of antigen interaction with CaP NPs through conjugation, encapsulation, ad-
sorption or simple mixing. 
  
 
1.3.4 CaP NPs uptake and immunogenicity  

1.3.4.1 CaP NPs cellular uptake 

The effective uptake of NPs by DCs is crucial to induce a protective immune response. 

By using CaP NPs as adjuvants and antigen carriers, the efficiency of the delivery antigen 

to DCs is greatly enhanced compared with antigen alone [212]. As previously stated, the 

capabilities of NPs uptake is influenced by particle size, shape, surface charge, and com-

position. Elucidating the effect of these parameters is essential for the development of 

effective, novel NP vaccines.  

 

It has been widely accepted that the size of NPs plays a critical role in vaccine immuno-

genicity [234-237]. Foge et al. have shown that size is the most critical factor that affects 

NP uptake [234]. At a size range of 20 to 100 nm,  NPs can easily enter lymph vessels 

[238]. Once localised in the lymph nodes NP-released antigens can directly activate B 

cells and be effectively phagocytosed by DCs, resulting in the induction of both long-

lasting cell-mediated and humoral immunity. Larger NPs (~ 200 nm) can be efficiently 

taken up by cells (via endocytosis or micropinocytosis) before migration to the lymph 

nodes and inducing a robust immune response [238]. In vitro studies have suggested that 

NPs of a size below 500 nm are optimal for DC uptake [239]. Researchers have also 
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reported that compared with micro-sized CaP particles (size range), nano-sized CaP par-

ticles elicited higher antibody responses and that they significantly inhibited the genera-

tion of human gastric cancer cells [208, 240, 241]. Additionally, nano-sized particles can 

easily penetrate cells and induce higher immune responses [237]. Similarly, a recent study 

compared a smaller or larger sized range of CaP NPs, and the size range between 100 to 

400 nm could elicit significantly stronger antibody responses [234]. 

 

The immunological effects induced by NPs is strongly influenced by their surface charge. 

It has been reported that positively charged HAP are more readily taken up by cells than 

those with a negative or neutral charge [198].  This may be due to the negatively-charged 

cell membrane, and thus the NPs and cell are electrostatically attracted to each other [198]. 

This study also reported that positively charged HAPs have the strongest enhancement 

for osteoblast cells (MC3T3-E1) proliferation and viability compared to negatively 

charged HAPs [198]. In addition to surface charge, particle shape plays a significant role 

in the stimulation of immune responses [234, 242, 243]. Ramesh et al. observed that 

knife-shaped CaP NPs are more stimulatory than both plate-like and spherical NPs [242]. 

Rod-shaped HAPs generated greater IL-1β production in vitro than spherical NPs, but 

induced similar humoral immunity in vivo [234]. Cell adhesion and proliferation may also 

be influenced by the composition of NPs. Hu et al. observed that compared with ACPs, 

more bone marrow mesenchymal stem cells adsorb and proliferate on HAP film and that 

cellular differentiation was significantly promoted by HAP [243]. 

 

1.3.4.2 Targeting the innate immune system 

The innate immune system composed of various cells and proteins that play a significant 

role in the early recognition and subsequent pro-inflammatory immune response, and the 

role of the innate immune system in promoting adaptive immunity [96].  It is also well 

established that when the innate immune response is triggered by microbial pathogens it 

can induce and recruit the cellular components of the adaptive immune system and even-

tual long-lasting adaptive immunity [244]. Because of these immune mechanisms, the 

innate immune system is crucial in vaccine formulations. Generally, pattern-recognition 

receptors (PRRs) on the surface of APCs (particularly DCs) recognise microbial infec-

tions, which results in the induction of inflammatory responses by the innate host de-

fences and the eventual induction of adaptive immune responses [245]. In the last decade, 
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the adjuvant effect of CaP NPs in the innate immune system has been investigated [246]. 

An India-based research group demonstrated that Labeo rohita H. S-layer protein (of Aer-

omonas hydrophila) loaded CaP elicited a robust innate immunity in the fish model via 

parenteral immunisation [247]. This study included several experiments such as respira-

tory burst mechanisms and myeloperoxidase activity and found that antigen adsorbed on 

CaP were significantly higher compared with negative control groups [247]. Matesanz et 

al. reported that BSA loaded nano-sized CaP produced an early stimulation of the innate 

immune response in mice. It was reported that macrophage proliferation and phagocytic 

activity were greatly decreased, while the generation of inflammatory cytokines such as 

IL-6, TNF-α was strongly enhanced [248]. Additionally, Tai et al. found that β-tricalcium 

phosphate (β-TCP) may also have an immunostimulatory effect on macrophages. Mice 

injected with β-TCP NPs elicited extensive migration of mouse monocyte/macrophage 

cells to the injection site, and that it significantly enhanced the production of macrophage 

inflammatory protein 1 alpha (MIP-1α), suggesting a novel role for β-TCP in vaccine 

application [249]. 

 

As mentioned previously, the innate immune system depends on the recognition of path-

ogen-associated molecular patterns (PAMPs) by PRRs such as TLRs. TLR activation can 

elicit inflammatory cytokines production, enhance macrophage phagocytosis activity, 

and reinforce antigen presentation to induce adaptive immunity [98, 250]. Consequently, 

the TLR agonists in vaccine development have been widely investigated in preclinical 

studies [251]. Sokolova et al. evaluated the adjuvant effect of CaP when encapsulated 

TLR ligands CpG and poly (I:C) in a mouse model. They showed that functionalized NPs 

elicited high levels of the innate inflammatory cytokines IL-12p70 and TNF-α, which 

resulted in DCs maturation and CD4+ T cell activation rapidly [174]. Similarly, other 

researchers have developed a flagellin-functionalized CaP NPs and studied the im-

munostimulatory effect on the innate immunity both in vitro and in vivo in mice [252]. 

Flagellin is a PAMP that can be recognised by TLR5 on the host cell surface [253]. Com-

pared to free flagellin, flagellin-functionalized CaP NPs produced a high-level production 

of the proinflammatory cytokines IL-1β on bone marrow-derived macrophages [246]. 

These findings suggest that CaP NPs could effectively activate the innate immune system 

with or without the help of TLR ligands. 
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1.3.4.3 Targeting the adaptive immune system  

1.3.4.3.1 Effects of CaP NPs on humoral immunity 
 
The capability of vaccines to induce an active humoral immunity plays an essential role 

in the elimination of microbial infections. Some earlier studies have shown that CaP can 

elicit stronger and longer-lived antibody responses (IgG, IgG1) when compared to tradi-

tional adjuvants such as aluminium salts [195, 219, 254]. Behera and Swain reported that 

administration of CaP NPs loaded with Labeo rohita H. S-layer protein elicited high B 

cell antibody response against viral infection in the fish model [247]. Viswanathan et al. 

developed a Newcastle disease virus (avian avulavirus 1)-conjugated CaP NP vaccine and 

conducted trials in chickens [197]. They observed that the vaccine induced higher and 

earlier humoral immunity than live commercial vaccines [196]. A significant humoral 

immune response was also found in a guinea pig model of disease [255]. In a recent study, 

Temchura et al. developed and tested CaP NPs functionalized with Hen Egg Lysozyme 

(HEL), which effectively targeted and activated B cells in vitro and in vivo using BCR-

transgenic B-cells from SW-HEL mice as a model. These NPs significantly increased the 

expression of B cell activation markers and were 100 times more effective in the matura-

tion of B cells than soluble antigen protein [256]. Similar studies have shown that nano-

sized CaP coated with an inactivated human enterovirus-71 virus (HEV-71) led to a 

higher antibody response than the unadsorbed vaccine alone or micro-sized CaP NPs in 

rabbits via intradermal injection [208]. Moreover, Chua et al. developed a novel vaccine 

that used OVA as a model antigen and chitosan and HAP as the delivery vehicles. After 

immunisation with a single dose of vaccine, a strong antibody response was induced in 

mice, which persisted for at least twelve months [257]. Additionally, Zilker et al. opti-

mised the administration route of CaP-HEL NPs without additional adjuvants and demon-

strated that intramuscular immunisation elicited a higher antibody response in compari-

son to the monovalent antigen. In this report, the authors also compared different types 

of TLR ligands for CaP-HEL, and reported that TLR ligands loaded with CaP-HEL gave 

higher IgG antibody levels than when CaP-HEL was used without TLR ligands. This 

study also demonstrated that CaP-HEL NPs with various TLR ligands allowed modulat-

ing the IgG response, and the production of mucosal IgA antibodies. Such a vaccine could 

theoretically induce strong humoral immunity without the help of Th2 cells, which are 

known to influence the differentiation of B cells to generate IgG and IgE [131]. Taken as 

a whole, these data demonstrate that CaP NPs loaded with antigens and TLR ligands are 
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promising vaccine candidates for effective induction and modulation of the antibody re-

sponse. 

 

1.3.4.3.2 Effects of CaP NPs on T cell-mediated immunity 
 
A potent T cell immune response is indispensable to clearing and recovering from infec-

tious disease. There are multiple studies that have demonstrated that CaP NPs are able to 

activate T cell responses against viral and bacterial infections [173, 258, 259]. A novel 

vaccine has been developed for use in preclinical trials, and it has been reported that im-

munisation with malaria antigen (merozoite surface protein-119, MSP-119) in HAP could 

elicit a vigorous cellular response (IL-2 and IFN-γ) in mice [254]. Nanoparticles can be 

surface-functionalized with antigenic moieties to enhance activation of immune cells. For 

example, CaP loaded with TLR9 ligand (CpG) as well as the antigen hemagglutinin (HA) 

could induce DCs maturation and significantly triggered CD4+ T cell proliferation [174]. 

The same group in 2013 showed that immunisation of mice with functionalized CaP NPs 

can be effectively taken up by DCs as well as inducing high production of CD4+ and 

CD8+ effector T cells [260]. Others have reported that CaP loaded with model antigen 

ovalbumin (OVA), combined with a fusion protein induced a robust and long-lasting 

CD8+ T cell response in mice that were characterised by the high production of IFN-γ and 

TNF-α [259]. It has also been shown that magnesium (Mg) and zinc (Zn) loaded with 

HAP NPs could effectively promote Th1 and Th2 immunity in vitro, and a considerable 

amount of type 1 and 2 cytokines was observed in the RPMI 1640 media from bone mar-

row dendritic cells (BMDCs), suggesting these particles can be used as human adjuvants 

[261]. Furthermore, in a recent study, CaP NPs encapsulating CpG combined with vial 

peptides from murine leukaemia Friend retrovirus (FV) were shown strongly enhanced 

anti-viral immunity [262].  

 

It is interesting to note that different kinds of adjuvant can strongly affect T-cell immunity. 

Knuschke et al. compared CpG and poly (I:C) functionalized NPs with CaP NPs in vitro, 

and observed that CpG loaded with CaP NPs elicited a more robust T cell-mediated im-

munity [263]. In another study, CaP NPs encapsulating both CpG and poly (I:C) ligands 

and the antigen hemagglutinin were found to elicit DC maturation and T cell activation 

significantly [258] (Figure 1.10). Sokolova et al. demonstrated CaP NPs functionalised 

with TLR ligand poly (I:C) results in a pronounced immunostimulation to liver cells both 
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in vitro and in vivo [132]. DNA vaccines have also been delivered by using CaP as an 

adjuvant [264]. Joyappa et al. used CaP to carry the foot and mouth disease virus P1-3CD 

gene in mouse and guinea pig disease models. This work demonstrated CaP was a potent 

adjuvant in DNA vaccine, as well as inducing a strong cell-mediated immune response 

[255]. 

 

Figure 1. 10: A triple-shell calcium phosphate nanoparticles loaded an antigen and a TLR ligand 
(CpG or poly (I:C)) for cellular uptake.  
The first step is the functionalisation of the CaP NPs with CpG and HA to form single-shell nanoparticles. 
Then, calcium and phosphate solution was added to form double-shell nanoparticles. CpG or poly (I:C) was 
added next to form triple-shell nanoparticles. Finally, CaP NPs were uptake by dendritic cells. CaP, calcium 
phosphate; HA, hemagglutinin. Adapted with permission from ref [258]. Copyright (2010) Biomaterials. 

   

In the case of cancer vaccines, the potential of CaP as a vaccine carrier and adjuvant has 

also been explored [175, 265]. The induction of a potent CTL response is crucial for the 

eradication of cancer cells and prevent cancer recurrence [2, 14]. Xu et al. have used a 

mouse model of cancer to study the effect of NPs on CTL responses. In this model, female 

mice were subject to the induction of melanoma. Prior to the induction of the disease, 

mice were immunised with either free melanoma antigen (Tyrosinase-related protein 2, 

p-Trp2) with free TLR 9 ligand (CpG), or NPs loaded with lipid-calcium-phosphate (LCP) 

NPs containing p-Trp2 peptide and TLR 9 ligand [173]. Mice vaccinated with the Trp2-

TLR ligand NPS that inhibit tumour growth and its lung metastasis, exhibited a robust 
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and specific CTL response in vivo and generated significant production of  IFN-γ, indi-

cating that CaP is a promising peptide vaccine delivery system for cancer immunotherapy 

[173]. However, this vaccine was less effective in a late-stage melanoma, despite the fact 

that the CTL response was consistent. In order to completely modify the suppressive tu-

mour microenvironment, and to achieve a more effective therapeutic outcome,  this group 

subsequently designed a novel LCP delivered Transforming Growth Factor-β (TGF-β) 

siRNA to contribute to tumour immunosuppression. Through silencing and decreased 

levels of TGF-β in cells, this vaccine resulted in greatly inhibited tumour growth and 

significantly increased the levels of CD8+ T cells compared with vaccine treatment alone 

[175]. The anti-tumour effect on advanced stage melanoma has also been enhanced by a 

combination of chemotherapeutic agents and LCP [265]. Another type of CaP, β-TCP, 

has also shown anti-tumour activity in vivo and have immune-stimulatory effects on im-

mune cells [266]. Naito et al. reported that in an experimental xenograft tumour model in 

mice the growth rate of tumour TCP group was greatly lower than the control group and 

that macrophages might play a role in tumour growth inhibition [266]. To fully under-

stand the biological effects of β-TCP in-depth, Tai et al. studied the in vivo and in vitro 

effect of β-TCP in C57bl/6 mice and a macrophage cell lines (J774A.1 cells), respectively. 

They found that vaccination with β-TCP elicited substantial migration of abundant neu-

trophils to the injection area in immunocompetent B6 mice. Additionally, β-TCP elicited 

upregulation of surface marker (CD86) expression and secretion of TNF-α and MIP-1α 

in mouse monocyte/macrophage cells [249]. 

           

1.4 Summary 

Although there has been significant research on the use of CaP NPs in the field of vaccine 

development (Table 1.2), they currently have several critical problems which prevent 

their clinical usage [267]. Low antigen loading capacity and rapid aggregation are major 

issues of CaP NPs [268]. For in vivo use of CaP NPs, it is necessary to synthesis CaP NPs 

of uniform size to avoid batch-to-batch variation [268]. However, the reproducibly of the 

synthesis of non-aggregated CaP NPs with uniform size and shape remains a significant 

challenge [268]. Similarly, it is challenging to predict release kinetics in the normal phys-

iological environment has there can be the premature release of the antigen cargo from 

NPs at physiological pH. Since the application of CaP NPs in vaccine development is a 

relatively new concept, and that has not been investigated in great detail, further studies 
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on how manipulating the physical properties of CaP NPs to influence their pharmacoki-

netics, bio-distribution, and targeting are needed. To fully explore the potential of CaP 

NPs as antigenic carriers more research is required to address these issues [15, 42, 62]. 

 
In conclusion, the interaction between CaP NPs and the immune system has received a 

high level of interest in the last two decades. They can be used as an effective vaccine 

adjuvant and delivery vehicles for vaccine formulations to achieve immunity, especially 

in mucosal vaccination. The immunological effects of CaP NPs can be influenced by their 

physicochemical properties such as size, shape and surface charge. Although there are 

some difficulties that need to be addressed for NPs to be used as vaccine vehicles, it is 

clear that there is a rare opportunity to pursue the use of CaP NPs as a promising new 

platform in immunotherapy.   
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Table 1. 2: The recent research of CaP NPs in vaccine applications. 1 

Molecule 
coupled to 
CaP NPs 

Antigen/disease Synthesis 
method 

Size (SEM/ 
TEM)/Shape/surfaces 

charge/phase 

Adjuvant Model animal  
vaccination site  

Immunological outcomes Reference 

        

Protein Herpes simplex 
virus type 2 

(HSV-2) and Ep-
stein-Barr virus 

(EBV) infections 

Chemical pre-
cipitation  

< 1000 nm None Mice  
Intra-peritoneal  

Robust adjuvant,  
Elicited greater production of IgG2a antibody and 
neutralising antibodies. 

[47] 

Protein Herpes simplex 
virus type 2 

(HSV-2) 

Chemical pre-
cipitation  

< 1200 nm None Mice 
Intravaginal and in-

tranasal 

Potent mucosal adjuvant for viral infections 
Induced high mucosal IgA and IgG antibodies. 

[58] 

Protein Malarial merozo-
ite surface pro-

tein-1(19) (MSP-
1(19)) 

Chemical pre-
cipitation  

784 ± 5.8 nm/spheri-
cal/  

-19.2 ± 1.2 mV/HAP 

None Mice 
Subcutaneous 

Induced a strong IgG, IgG2a antibodies  
Significant amount of IFN- γ and IL-2 in mice. 

[85] 

Gene Foot and mouth 
disease (FMD) 

Chemical pre-
cipitation  

50-100 nm/spherical None Mice and guinea pigs 
Intra-peritoneal 

Robust cell-mediated and humoral immunity 
were elicited. 

[86] 

Peptide Hemagglutinin/ 
Viral infection 

Chemical pre-
cipitation 

150 nm/ 
Spherical/-25 mV 

CpG, poly 
(I:C) 

Mice CaP can be effectively uptake by DCs.   
Induced innate inflammatory cytokines IL-12p70 
and TNF-α  
Strong stimulation of antigen-specific CD4+ T 
cells 

[95] 

Gene Fab094/Rabies Chemical pre-
cipitation 

260 nm None Mice 
 

Induced Fab094 neutralizing antibodies. [96] 

Protein Labeo rohita 
H. S-layer protein 

(of Aeromonas 
hydrophila) 

Commercial 
CaP NPs 

200nm/spherical/-
34.81 ± 3 mV 

None Fish 
Intra-peritoneal 

Induced both innate and cell-mediated immunity  [80] 

Protein a dendritic cell-
specific antibody 

(CD11c) 

Chemical pre-
cipitation 

< 120 nm/spheri-
cal/+15 ± 9 mV 

None Mice 
 

CaP NPs effectively uptaken by cells. [55] 
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Protein OVA Chemical pre-
cipitation 

350 ± 22.5 nm/-12.93 
± 1.02 mV/ HAP 

None Mice 
Intradermal 

High antibody titers (IgG and IgG1).  [67] 

Peptide Tyrosinase-related 
protein 2 (Trp2)/ 

Melanoma 

Micro-emul-
sion 

30 nm/15 mV CpG Mice 
Subcutaneous 

Induced inhibition of tumour growth  
Elicited high IFN-γ production. 

[20] 

Peptide Hemaggluti-
nin/Viral infection 

Chemical pre-
cipitation 

250 nm CpG Mice 
Intraperitoneal and in-

tranasal 

Rapidly uptake by DCs. 
High numbers of IFN-γ–producing effector 
CD4+ and CD8+ T cells. 

[88] 

Protein Newcastle disease Continuous 
flow  

< 100 nm/Spherical/ 
+8 mV 

None Chicken 
Intramuscular 

Chicken immunized with these particles elicited 
higher and earlier antibody responses. 

[46] 

Protein Model protein Chemical pre-
cipitation 

60-100 nm/Spheri-
cal/+10 mV 

Flagellin Mice 
Intra-peritoneal 

Induced the production of the proinflammatory 
cytokines IL-8, IL-1β and IL-6. 

[84] 

Peptide CD8+ or CD4+ T 
cell epitope pep-

tides/(GagL85–93 
or Env gp70123–
141) of Friend ret-

rovirus (FV) 

Chemical pre-
cipitation 

120 nm/Spherical/-21 
mV 

CpG  Mice 
Subcutaneous 

Elicited a greatly efficient T cell-mediated im-
mune response (CD4+ and CD8+ T cells). 
 

[74] 

Protein Hen Egg Lyso-
zyme (HEL) 

Chemical pre-
cipitation 

100-170 nm/ 
Spherical/-21 ± 4 mV 

None Mice 
 

Activation of antigen-specific B-cells response. [57] 

None None Chemical pre-
cipitation 

5.373 ± 0.342 nm/ 
β-TCP 

None Mice 
Subcutaneous 

Elicited an immune-stimulatory effect. [82] 

Protein OVA Chemical pre-
cipitation 

75 ± 12 nm None Mice 
Subcutaneous 

Robust CD8+ T cells response.  [89] 

Protein BSA Chemical pre-
cipitation 

< 50 nm/HAP  None None Early activation of innate response  
Increased production of IL-6, TNF-α. 

[81] 

Peptide Tyrosinase-related 
protein 2 (Trp2)/  

Melanoma 

Micro-emul-
sion 

30 nm/15 mV CpG Mice 
Subcutaneous 

 

30 nm CaP elicited a potent T cell immunity in 
advanced cancer by silencing TGF-β in cancer 
cells. 

[23] 
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Inactivated 
virus 

Human enterovi-
rus-71 virus 
(HEV-71) 

Commercial 
CaP NPs 

30 nm/905 nm None Rabbits 
Intradermal, Intramus-

cular 

Nano-sized particles showed safer and greater an-
tibody response through the intradermal route 

[76] 

Peptide Tyrosinase-related 
protein 2 (Trp2)/  

Melanoma 

Micro-emul-
sion 

30 nm/Spherical/-15 
mV 

CpG Mice 
Intra-peritoneal 

Co-delivery with methyl-2-cyano-3, 12-dioxoole-
ana-1, 9(11)-dien-28-oate (CDDO-Me) 
Significantly inhibited tumour growth  
Increased CTL infiltration in mice. 

[93] 

Protein Hen Egg Lyso-
zyme (HEL) 

Chemical pre-
cipitation 

40-125 nm/Spheri-
cal/+20 mV 

 

CpG,  
Poly(I:C),  

R848,  
Flagellin 

Mice 
Intramuscular, Subcu-
taneous, Intravenous 

Effectively induced B cell activation 
Significantly humoral immunes in vivo. 

[21] 

Peptide CD8+ or CD4+ T 
cell epitope pep-

tides/(GagL85–93 
or Env gp70123–
141) of Friend ret-

rovirus (FV) 

Chemical pre-
cipitation 

120 nm/Spherical/-21 
mV 

CpG Mice 
Subcutaneous 

Rapidly CD8+ T cell activation  
Greatly decreased the viral loads,  
Enhanced anti-viral immunity. 

[91] 

mRNA mRNA/melanoma Micro-emul-
sion 

45 nm/0 mV TRP2 Mice 
Intra-peritoneal 

Significant antigen-specific cytotoxic T cell re-
sponse and humoral immune response 
Inhibited the melanoma growth. 

[97] 

Protein Viral infection Chemical pre-
cipitation 

275 nm/20 mV Poly (I:C) Mice 
Intra-peritoneal 

The production of IFN-α/β, TNF-α, IL-6 and IP-
10 in hepatocytes,  
NPCs and LSECs greatly upregulated. 

[98] 

siRNA siRNA/hepatocel-
lular carcinoma 

Micro-emul-
sion 

76 ± 3.9 nm/12 mV None Mice 
Intra-peritoneal 

Significant inhibition of tumour growth. [99] 

2 
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1.5 Hypothesis and aims of the thesis 

Hypothesis:  

Calcium phosphate nanoparticles that contain antigens and molecular adjuvants can be 

used for vaccine delivery and to stimulate immune cells. 

The overall aim of this study is to develop a biodegradable nanoparticle vaccine delivery 

system. To achieve this aim, several objectives need to be addressed: 

(1) To develop an efficient and reproducible method for the synthesis of various sizes 

of calcium phosphate nanoparticles. 

(2) To optimise the functionalisation of CaP NPs vaccine by using the layer-by-layer 

approach. 

(3) To evaluate the immunological effects of different sizes of CaP NPs vaccine on 

oral epithelial cells and macrophages.  

(4) To investigate TLR2 ligand loaded calcium phosphate nanoparticles induce mac-

rophages maturation and activation. 
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Chapter 2 

Development, evaluation and optimisation of a 

method for calcium phosphate nanoparticle syn-

thesis with defined sizes and narrow polydisper-

sity index 
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2.1 Introduction  

In recent years, there has been growing interest in using nanoparticles as vaccine carriers 

and adjuvants [25, 71]. Adjuvants are used as a component of the vaccine to boost the 

immunogenicity to the antigen cargo [125]. Appropriate and optimised adjuvants play a 

central role in vaccine formulations as they can help induce a strong immune response 

and overcome immunosuppression [126]. To date, only a few adjuvants (such as the min-

eral adjuvants aluminium salts (alum), calcium phosphate and the oil-based adjuvants 

MF59, AS03 and AS04) have been approved for human use [127]. These adjuvants are 

effective at inducing humoral immune response [269]. However, with the exception of 

calcium phosphate, they have poor ability to stimulate a cellular immune response, which 

is critical for viral and tumour eradication [125]. Further, the oil-based adjuvants have 

several drawbacks and side effects such as severe local tissue irritation, longer inflamma-

tory response and induction of allergic responses [128].  

 

The utilisation of mineral adjuvants in the field of vaccine research has a long established 

efficacy [270]. These mineral adjuvants include aluminium hydroxide, aluminium phos-

phate and calcium phosphate [271]. In the mid-20th century, both aluminium and cal-

cium-based adjuvants were initially used in a range of vaccine formulations [270, 272, 

273]. However, aluminium-based formulations became a favoured adjuvant in the late 

1980’s [270]. Although widely used aluminium-based adjuvants have come under scru-

tiny due to reported side effects such as inducing autoimmunity, utero toxicity and low 

biodegradability [274, 275]. Calcium phosphate adjuvants, first reported by Relyveld and 

his colleagues in 1964 [276], have been used for many years as a vaccine adjuvant [277]. 

Calcium phosphate (CaP) adjuvant has been used in diphtheria, pertussis, tetanus and 

poliomyelitis vaccines in France [272, 273, 278]. Several recent papers have highlighted 

that CaP material should be considered as a replacement of alum salts in vaccine formu-

lations [279, 280]. Major advantages of CaP materials is that they are non-toxic, biode-

gradable, production cost is low, and have pH-dependent solubility and can be produced 

as nanoparticles (NPs) [159]. Additionally, CaP adjuvants have been shown to provide 

protection to the antigen cargo from premature enzymatic and proteolytic degradation [84] 

and prevent elimination by the reticulohistocytic system (RHS) [172]. Another advantage 

of CaP materials is that they can be functionalised with various molecular adjuvants to 

enhance active cell targeting and vaccine efficacy [131, 173, 175]. Due to these properties, 
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CaP nanoparticles have recently attracted attention in many biomedical applications such 

as DNA/gene silencing [160, 161], drug delivery [162, 163], protein/peptide delivery [30, 

31, 132, 164], dental implant materials [165, 166], imaging [168, 169], bone tissue engi-

neering [170, 171].  

 

Despite the many advantages for the use of CaP nanoparticles as vaccine carriers/adju-

vants, they currently have several major synthesis hurdles which have prevented their 

widespread use [267]. A major issue in the use of CaP NPs is reproducibly synthesising 

non-aggregated CaP NPs with homogeneous size and shape. In addition, the protein an-

tigen loading obtained in many studies using CaP materials is low. CaP NPs have been 

shown to rapidly aggregate in aqueous solutions, which results in uncontrolled biological 

outcomes [268]. Thus the major challenge in the clinical use of CaP is that it is necessary 

to synthesis CaP NPs of uniform size, stable in aqueous solution and production is repro-

ducible [268].  

 

Current strategies of CaP NPs preparation usually generate various sizes, shapes and for-

mulations. Synthesis methodologies can be divided into the dry [177, 178] and wet chem-

ical routes [179, 180]. Dry methods mainly includes solid-state [177] and mechanochem-

ical [178] techniques, while wet methods includes chemical precipitation [179, 181], sol-

gel [180], microemulsion [183-186], hydrothermal [187, 188], sonochemical [189], and 

hydrolysis methods [190]. Depending on the manufacturing process CaP NPs can be ob-

tained with a variety of physical properties, such as differing particle size (10 nm to 10 

mm), size distribution (from narrow to broad), shape (from spherical to rod-shaped), crys-

tallinities (low to high) and composition (Ca:P ratio). 

 

Among the various dry and wet methods, the chemical precipitation strategy is the most 

widely used to produce CaP NPs in academic and industry fields for vaccine formulations 

[164, 238, 252, 258]. With this approach, CaP NPs are produced by typically combining 

aqueous calcium chloride with sodium phosphate either via a drop-wise or a rapid addi-

tion method [159, 281]. To prevent CaP NP aggregation sodium citrate is added as a 

particle stabiliser [281]. The advantages of the precipitation method are low cost, rapid 

production, the reaction is carried out under normal pressure and temperature and ease of 

scale-up from laboratory to industrial scale for vaccine applications. Recently, the use of 

the microemulsion method has attracted more attention by academic researchers due to 
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its particular advantage in synthesising NPs of well-defined size and narrow size distri-

bution [282-284]. An advantage of the microemulsion method is that the growth and nu-

cleation of CaP NPs is constrained in the defined micelles in the microemulsion system, 

thus producing CaP NPs with defined sizes, narrow polydispersity with minimal aggre-

gation [203].  Microemulsion routes are currently considered the most efficient way to 

reduce the aggregation of particles and to control particle size. Additionally, this method 

does not require high-temperature conditions during synthesis, thus making it an appro-

priate strategy to load a vaccine antigen by encapsulation.  

 

An intrinsic property of CaP materials is that they have a variety of forms and phases due 

to the humidity, temperature and the presence of impurities in a reaction. Depending on 

the calcium to phosphate ratio in the CaP material, which can range from 0.5:1 to 2:1 

there are eight defined CaP compositions (Table 2.1). Four of these: hydroxyapatite 

(HAP), amorphous calcium phosphate (ACP), tricalcium phosphate (TCP) and monocal-

cium phosphate monohydrate (MCPM) can and are being used in biomedical applications 

because of their superior stability in physiological environments [158]. HAP is the most 

physiologically stable and has been widely used in biomedical engineering applications 

[201, 209].  

 

For CaP NPs to be considered as a viable mineral adjuvant and a replacement for alum 

adjuvant, for today’s commercial needs there needs to be a standardised method that is 

able to be tuned to produce CaP NPs of a desired and defined size. This method must also 

result in CaP NPs having no post-synthesis aggregation, be highly stable, have very low 

polydispersity and can be scaled up for commercial use. In this Chapter the precipitation 

and microemulsion methods are explored along with a novel chelation precipitation 

method to produce CaP NPs with the above desired characteristics.     
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Table 2. 1: Various phases of CaP NPs compounds. 
 

Ca/P ra-
tio 

Compound       Abbreviation Formula Density 

(g/cm3) 

0.5 Monocalcium phosphate 
monohydrate/ 

Monocalcium phosphate an-
hydrous 

MCPM/MCPA Ca(H2PO4)2·H2O/ 

Ca(H2PO4)2 

2.23/2.57 

1.0 Dicalcium phosphate dehy-
drate, mineral brushite/ 

Dicalcium phosphate anhy-
drous, mineral monetite 

DCPD/DCPA CaHPO4·2H2O/CaHPO4 2.3/2.93 

1.33 Octacalcium phosphate OCP Ca8(HPO4)2(PO4)4·5H2O 2.67 

1.5 α-Tricalcium phosphate/β-
Tricalcium phosphate 

α-TCP/β-TCP α-Ca3(PO4)2/β-Ca3(PO4)2 2.86/3.07 

1.2-2.2 Amorphous calcium phos-
phate 

ACP CaxHy(PO4)z·nH2O, n = 3–
4.5; 15–20% H2O 

2.67 

1.5-1.67 Calcium-deficient hydroxy-
apatite 

CDHA Ca10−x(HPO4)x(PO4)6−x(OH)2

−x (0 < x < 1) 
 

--- 

1.67 Hydroxyapatite HA Ca10(PO4)6(OH)2  3.16 

2.0 Tetracalcium phosphate TTCP Ca4(PO4)2O 3.05 
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2.2 Materials and Methods 

2.2.1 Conventional precipitation synthesis method 

Unless otherwise stated, MilliQ water purified through a 0.22 µm filter (Merck-Millipore, Vic-

toria, Australia) was used throughout the synthesis of CaP NPs.  

 

The pH of all solutions was adjusted using a 30% v/v ammonia solution (1 M, NH3.H2O, Chem-

Supply, Victoria, Australia) to pH 9. Reactions were conducted at RT and the molar ratio of 

Ca2+/PO4
3- ions was 1.67:1 to allow for the formation of hydroxyapatite. The CaP NPs were 

fabricated by either rapid or drop wise (1 drop s-1) addition of (0.4 mL) a solution of 18 mM 

calcium chloride (CaCl2, Univar, pH 9.0, NSW, Australia) to 0.4 mL of 10.8 mM disodium 

hydrogen phosphate (Na2HPO4.2H2O, Univar, 99%, pH 9.0, NSW, Australia). The reaction pH 

was maintained at 9.0 by addition of ammonia solution (1 M, NH3.H2O, Chem-Supply, 30% 

v/v, Victoria, Australia). After 10 min, the reaction was stopped by harvesting the CaP NPs by 

centrifugation (7,000 × g, 15 min, RT). The CaP NP pellet was washed 3 times in MilliQ water 

and suspended in MilliQ water and stored at 4 C. Figure 2.1 shows the schematic diagram for 

the preparation of calcium phosphate nanoparticles by the conventional precipitation method. 

 

 
Figure 2. 1: Schematic diagram of the the conventional precipitation method for the formation of CaP 
NPs.  
 

2.2.2 Microemulsion synthesis method 

The microemulsion method was conducted as previously described [221] with the following 

modifications. Triton X-114 (Sigma-Aldrich, NSW, Australia) was used as the surfactant and 

a co-surfactant of hexane (C6H14, Sigma-Aldrich, 95%, NSW, Australia) and cyclohexane 

(C6H12, Sigma-Aldrich, 99.5%, NSW, Australia) as the oil phase. Figure 2.2 shows the sche-

matic diagram for the preparation of calcium phosphate nanoparticles by the microemulsion 
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method. Briefly, a solution of 417.5 mM calcium chloride (CaCl2, Univar, 99%, NSW, Aus-

tralia) and a solution of 250 mM disodium hydrogen phosphate (Na2HPO4.2H2O, Univar, 99%, 

NSW, Australia) were prepared separately in MilliQ water and pH adjusted using 1 M ammo-

nia (NH3.H2O, Chem-Supply, 30%, Victoria, Australia) to pH 10.5. The molar ratio of 

Ca2+/PO4
3- was 1.67:1 to allow for the formation of hydroxyapatite. To 9 mL of cyclohex-

ane/hexane/Triton X-114 (4:2:3 v/v) solution, 150 µL of CaCl2 solution was added and the 

mixture stirred using a stir/hot plate at setting 1 ((IEC model (2093-001), NSW, Australia)) 

overnight to form a reverse water-in-oil microemulsion (emulsion A). In a separate 9 mL cy-

clohexane/hexane/Triton X-114 (4:2:3 v/v) solution, 150 µL of Na2HPO4.2H2O solution was 

added and the mixture stirred using a stir/hot plate at setting 1 overnight to form a microemul-

sion (emulsion B). Following the formation of the microemulsions, emulsion B was added 

dropwise (1 drop s-1) to emulsion A under continuous stirring (setting 1) at RT to form a com-

bined emulsion C. After complete addition of emulsion B the reaction was stirred for 15 min, 

after which 125 µL of 15.8 mM aqueous sodium citrate (Sigma-Aldrich, 99.5%, NSW, Aus-

tralia) was added dropwise (about 1 drop s-1) to the emulsion C. After addition of sodium citrate 

the reaction was incubated for 15 min after which 20 mL of absolute ethanol (Chem-Supply, 

99.9%, Victoria, Australia) was rapidly added to break the emulsion system. The dispersed 

emulsion was stirred for 10 min (RT) after which the CaP NPs were harvested by centrifugation 

(4,500 × g, 15 min, RT). The CaP NP pellets were washed 3 times ((ethanol (99.9% v/v), 4,500 

× g, 15 min, RT)). Following the final wash, the CaP NP pellet was dispersed in MilliQ water 

and stored at 4 C.  

 

Figure 2. 2: Schematic diagram of the preparation of CaP NPs by the microemulsion method. 
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2.2.3 Calcium citrate chelation method 

CaP NPs were prepared using a chelated-calcium precipitation method, as outlined in Figure 

2.3. All solutions had their pH adjusted to 9 using 1 M ammonia (NH3.H2O, Chem-Supply, 30% 

v/v, Victoria, Australia), and the molar ratio of Ca2+/PO4
3- was 1.67:1 to allow for the formation 

of hydroxyapatite. To an aqueous solution (5 mL) of 0.05 M calcium chloride (CaCl2, Univar, 

99%, NSW, Australia) or calcium nitrate (Ca(NO3)2.4H2O, Univar, 99%, NSW, Australia), 5 

mL of 0.085 M citric acid (C6H8O7, MP Biomedical, 99.5%, NSW, Australia) was added, and 

the reaction incubated (1 h, stirring speed setting 1 ((IEC model (2093-001), NSW, Australia)), 

RT). Following incubation, 5 mL aqueous solution of 0.03 M monosodium phosphate 

(NaH2PO4, Univar, 99%, NSW, Australia) or disodium hydrogen phosphate (Na2HPO4.2H2O, 

Univar, 99%, NSW, Australia) or ammonium phosphate monobasic (NH4H2PO4, Sigma-Al-

drich, 98%, NSW, Australia) or ammonium phosphate dibasic ((NH4)2HPO4, Sigma-Aldrich, 

98%, NSW, Australia) was immediately added to the calcium-citric acid solution, and the mix-

ture stirred at setting 1 ((IEC model (2093-001), NSW, Australia)) for 10 min at RT. Following 

incubation, the temperature was increased and maintained at 40 C for 6 h under stirring (set-

ting 1) after which the reaction was cooled to RT, and the CaP NPs were harvested by centrif-

ugation (10,000 × g, 5 min, 4 C, Avanti J-25I Centrifuge, Beckman Coulter, NSW, Australia). 

The CaP NP pellet was resuspended and washed three times with MilliQ water. The CaP NP 

pellet was finally resuspended in MilliQ water and sonicated for 1 min using a probe sonicator 

(Cole-Parmer, probe dimensions: L 150 mm; D 5 mm, at 25% amplitude, pulse on for 1 s and 

pulse off for 1 s). The particle preparations were stored at 4 C.     
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Figure 2. 3: Schematic diagram of the preparation of CaP NPs by the calcium citrate chelation method. 
 

2.2.4 CaP NPs characterisation 

The zeta potential, hydrodynamic diameter, and size distributions (polydispersity index, PDI) 

were determined by dynamic light scattering (DLS, Malvern Zetasizer, ATA Scientific Vic 

Australia) [285]. CaP NPs were diluted in MilliQ water for all measurements. The measure-

ments were performed at 25 C with a wavelength of 532 nm. All measurements were per-

formed in triplicate. 

 

The morphology and diffraction pattern of the CaP NPs was determined by transmission elec-

tron microscopy (TEM, FEI Tecnai G2 F30 instrument, FEI Company, American) imaging, 

CaP NPs were prepared in MilliQ water at 1 mg/mL for measurements. 30 µL of the diluted 

sample solution containing nanoparticles was aliquoted on a carbon-coated copper grid (300 

mesh, Quantifoil) and air dried. The dried nanoparticles were then examined by a transmission 

electron microscopy with an acceleration voltage of 200 kV. Image J software was used to 

analyse images. 

   

Scanning electron microscopy (SEM, Philips XL30 FEG, Eindhoven, Netherlands) was used 

to examine the average particle size of CaP NPs and observe particle shape at an acceleration 
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voltage of 5 kV. The CaP NPs sample was dispersed in MilliQ water (1 mg/mL), and 30 µL of 

the sample was loaded onto a carbon-coated copper grid (300 mesh, Quantifoil) and air dried. 

Measurements were performed on the dried samples. Electron dispersion spectroscopy (EDS) 

microanalysis was used to analyse the elemental composition of CaP NPs. 

 

The CaP particle size and surface morphology was also examined by helium ion microscopy 

(HIM, Zeiss, Orion Nanofab, Australia). The CaP NPs sample was dispersed in MilliQ water 

(1 mg/mL), and 30 µL of the sample was aliquoted onto a carbon-coated copper grid (300 mesh, 

Quantifoil) and air dried. The dried nanoparticles were then examined by the HIM microscopy, 

with a beam current of 3.2 pA, an acceleration voltage of 32 kV and dwell time 100 µs. 

 

2.2.5 Compositional analysis of CaP NPs 

Fourier transform infrared spectroscopy (FTIR) was carried out for structural analysis of nano-

particles, and to confirm the presence of OH and PO4 functional groups on NPs. For the prep-

aration of CaP NPs, 1 mg/mL of CaP NPs in MilliQ water were lyophilised (CHRIST, Quan-

tum, Australia). The lyophilised samples were analysed with a scanning time for each sample 

of 64 seconds.  FTIR spectra were collected on a Varian 7000 FTIR (Varian, CA) within the 

range of 4000 - 400 cm−1, at a resolution of 4 cm −1. The spectrum was analysed with respect 

to the standard IR series data.  

 

The conversion rate as a percentage of calcium and phosphate in the solutions before and after 

synthesis and the proportion of calcium and phosphate in the nanoparticles was measured by 

atomic absorption spectrophotometry (Varian-AA240, Varian, Inc., NSW, Australia) for cal-

cium concentration and the malachite green phosphate assay (Sigma, NSW, Australia) used to 

determine the phosphate concentration. After the preparation of CaP NPs the synthesised CaP 

NPs were centrifuged at 10,000 × g for 5 min at 4 C (Avanti J-25I Centrifuge, Beckman Coul-

ter, NSW, Australia), and the unreacted calcium and phosphate ions in the supernatant were 

collected and measured. The phosphate concentration was determined by a colourimetric 

method with malachite green dye according to the manufacturer’s instructions (Sigma, NSW, 

Australia). Atomic absorption spectrophotometry was used to measure calcium concentration 

into the solution. To determine the percent conversion, the reaction efficiency was calculated 

as the difference between the initial calcium or phosphate amount added to the solutions, and 

the measured unreacted calcium or phosphate amount, using the formula (E%) = (total calcium 
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or phosphate added – unreacted calcium or phosphate / total calcium or phosphate added) × 

100%. 

 

In order to determine the phase of CaP NPs, X-ray diffraction (XRD) was conducted. The XRD 

analysis of lyophilised CaP NPs was conducted using a diffractometer (Bruker, D8, Bruker, 

Germany) with Cu Kα radiation (λ = 1:5408 Å). Samples were analysed by the Materials Char-

acterisation and Fabrication Platform (University of Melbourne, VIC, Australia). 

 

2.2.6 Statistical analysis 

GraphPad Prism 5 software was used to analyse data in experiments. One-way ANOVA and 

student T-test were used to determine P and a P < 0.05 was considered statistically significant.  
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2.3 Results      

2.3.1 Conventional precipitation synthesis method 

The conventional precipitation method was used to study the efficiency of preparing low pol-

ydispersity particles using either the rapid or dropwise addition of a calcium chloride solution 

to a solution of disodium hydrogen phosphate. 

 

The rapid addition method resulted in nanoparticles with an average diameter of 330 ± 120 nm, 

a PDI of 0.863 ± 0.12 and a zeta potential of -16.7 ± 0.05 mV. Figure 2.4 shows the correlation 

curve and particle intensity distribution of the CaP NPs and indicates that there are several 

distinct particle populations. SEM image analysis confirmed a heterogeneous NP population 

and showed the particles had a cuboidal shape (Figure 2.4D). Further, CaP NPs synthesis 

showed significant batch to batch variation (Figure 2.4E and Table 2.2).  

 

To address the high PDI and size variation from different reactions the dropwise method was 

evaluated. However, this method also resulted in CaP NPs with high PDIs and significant batch 

to batch variation in size (Table 2.2). 
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Figure 2. 4: Characterisation of particles synthesised by conventional precipitation method.  
(A) correlation curve, (B) size distribution, (C) zeta potential, (D) SEM image and (E) synthesis reproducibility. 
Data are expressed as mean ± SD of at least 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001 were considered statistically significant. 
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Table 2. 2: Comparison of rapid and dropwise addition obtained particles by conventional precipitation 
method (n = 3). Data are expressed as mean ± SD of at least 3 biological replicates.   
 

Group     Size (nm) Polydispersity index (PDI) Zeta potential (mV) 

Rapid (Batch #1)        410 ± 78         0.46 ± 0.15 -16.0 ± 0.09 

Rapid (Batch #2) 1212 ± 765 0.75 ± 0.22 -15.1 ± 0.15 

Rapid (Batch #3) 895 ± 221 0.68 ± 0.23 -14.7 ± 0.08 

Rapid (Batch #4) 1876 ± 322 0.86 ± 0.12 -16.7 ± 0.05 

Rapid (Batch #5) 574 ± 56 0.57 ± 0.19 -14.3 ± 0.10 

Dropwise (Batch #1) 598 ± 97 0.66 ± 0.20 -14.9 ± 0.03 

Dropwise (Batch #2) 356 ± 107 0.60 ± 0.19 -13.8 ± 0.10 

Dropwise (Batch #3) 501 ± 111 0.72 ± 0.17 -14.0 ± 0.11 

Dropwise (Batch #4) 486 ± 179 0.79 ± 0.16 -12.7 ± 0.12 

Dropwise (Batch #5) 309 ± 85 0.62 ± 0.21 -13.4 ± 0.09 

 

2.3.2 Microemulsion synthesis method 

The microemulsion method was investigated to produce CaP NPs with a low PDI. Several 

parameters in the microemulsion method are known to affect particle size. These are reaction 

time, surfactant, water to surfactant ratio (W0), centrifuge speed and sonication time. Each of 

these parameters were investigated to produce an optimised method. Following the co-mixing 

of emulsion A and B the reaction time was varied (15, 60, 120, 180 min) and the resultant 

particles analysed by DLS. Table 2.3 shows that reaction times greater than 15 mins produced 

particles under 100 nm but with a high PDI. Only the 15 min reaction time produced particles 

with a low PDI of 0.30 ± 0.06. Using the 15 min reaction time, the effect of Triton X-114 and 

Tween-20 as compared to Triton X-100 was investigated. Triton X-114 produced an NP of 124 

± 8.4 nm with a low PDI of 0.15 ± 0.04. Although Triton X-100 and Tween-20 produced NPs 

of different sizes the PDI was higher than Triton X-114 (Table 2.3). Using Triton X-114 and a 

reaction time of 15 mins, the effect of water to surfactant ratio (W0) was investigated (Table 

2.3). As can be seen in Table 2.3 increasing W0 results in an increase in particle size. Each of 

the particles had a similar low PDI ranging from 0.35 to 0.41. Finally it can be seen that har-

vesting NPs at 4,500 g and a 30 min sonication time resulted in particles with lower PDIs 

(Table 2.3). 
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Table 2. 3: Effect of the various parameters on CaP NPs from microemulsion method (n = 3). Data are 
expressed as mean ± SD of at least 3 biological replicates. 
 

Category Parameter Particle size 

(nm) 

Polydispersity in-

dex (PDI) 

Zeta potential 

(mV) 

 

Emulsion incubation 

(min) 

15 130 ± 26 0.30 ± 0.06 -35 ± 0.7 

60 85 ± 28 0.82 ± 0.15 -5.9 ± 1.4 

120 13 ± 3.5 0.64 ± 0.08 -20.1 ± 2.2 

180 20 ± 0.6 0.69 ± 0.08 -13.2 ± 3.3 

 

Surfactant 

Triton X-114 124 ± 8.4 0.15 ± 0.04 -31.1 ± 0.3 

Triton X-100 198 ± 34 0.74 ± 0.07 -5.8 ± 0.1 

Tween-20 68 ± 39 0.77 ± 0.18 -7.5 ± 0.4 

    

Ratio of water to sur-

factant 

1:1 130 ± 26 0.35 ± 0.06 -32 ± 2.3 

2:1 652 ± 143 0.41 ± 0.10 -15.7 ± 3.7 

4:1 1247 ± 205 0.37 ± 0.11 -9.57± 2.2 

 

Centrifuge speed (g) 

4,500 147 ± 36 0.34 ± 0.15 -32 ± 1.3 

12,000 218 ± 62 0.45 ± 0.17 -34 ± 2.3 

 

Sonication time (min) 

30 177 ± 26 0.10 ± 0.06 -35 ± 0.7 

60 100 ± 42   0.65 ± 0.13     -30.7 ± 0.9 

 

Using the optimised conditions (15 min reaction time, Triton X-114, Wo of 1:1, 4,500 g and 

30 min sonication) the reproducibility of the method was investigated (Figure 2.5). The first 

experiment produced particles with an average diameter of 124 ± 10 nm and a low PDI of 0.15 

± 0.04 and zeta potential of -31.1 ± 0.3 mV (Figure 2.5A, B and C). Image analysis of the NPs 

by TEM and SEM confirmed the DLS data with a medium NP size of 105 ± 22 nm and that 

the NPs were spherical (Figure 2.5D and E). As indicated by the zeta potential the particles 

were found to be stable in MilliQ water for up to 28 days with no evidence of aggregation 

(Figure 2.5F). 

 

Figure 2.5G shows that the microemulsion method has significant batch to batch variation with 

an average particle size varying from 123 ± 4 to 515 ± 30 nm. Interestingly, the PDI of each 

batch was low ranging from 0.12 ± 0.05 to 0.27 ± 0.08. Further, EDS analysis of the NPs found 



53 
 

that the Ca2+ and PO4
3- ions were detected with a relative atomic percentage of 0.16 and 0.22, 

respectively, resulting in a Ca/P molar ratio of 0.73:1. This is considerably lower than the initial 

Ca/P molar ratio of 1.67:1 and indicates the NPs are dicalcium phosphate anhydrous (DCPA) 

(Supplementary Figure 2.1). Using atomic absorption spectrophotometry and the malachite 

green colourimetric assay to measure Ca2+ and PO4
3- ions respectively. The rate of conversion 

of Ca2+ and PO4
3- ions into CaP NPs was determined by evaluating the levels of each ion in the 

pre and post reaction solutions. The result showed 1.3% Ca2+ and 2.2% PO4
3- of the starting 

material converted to CaP NPs, indicating this method has a low reaction efficiency. 
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Figure 2. 5: Characterisation results of nanoparticles (A) correlation curve, (B) size distribution, (C) zeta 
potential (D) TEM image and (E) SEM image (F) size stability (G) reproducibility from microemulsion 
method.  
Data are expressed as mean ± SD of at least 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001 were considered statistically significant. 
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2.3.3 Citrate chelation synthesis method 

2.3.3.1 Optimisation of citrate chelation method 

A common feature of the traditional precipitation and microemulsion method is that initial 

particle nucleation is poorly controlled resulting particles of varying sizes between batches 

and/or high PDI. It was hypothesised that if particle nucleation could be inhibited at one time, 

the resultant particles would have a uniform size, low PDI and this could be repeated. By add-

ing a moiety to chelate calcium, the phosphate solution could be added without the initiation 

of nucleation and the precipitation of CaP NPs. Heating the chelated-calcium and phosphate 

solution would result in destabilising the calcium-chelate and initiating nucleation under a con-

trolled parameter.  

 

Five Ca2+ chelators (EDTA, glycine, citric acid, L-glutamic acid and iminodiacetic acid) were 

initially investigated at a calcium to chelator ratio of 1:1.5. Figure 2.6 shows that on addition 

of the phosphate solution only EDTA and citric acid prevented precipitation at room tempera-

ture and at a solution of pH 8, with no observable particles detected by DLS (Table 2.4). All of 

the other chelators resulted in large particles with high PDI. It was found that increasing either 

glycine or glutamic acid to a calcium to chelator of 1:40 did not prevent precipitation (data not 

shown). Increase the ratio of calcium:iminodiacetic acid (IDA) to 1:30 was found to prevent 

precipitation at room temperature (Supplementary Figures 2.2). Heating the 1:30 calcium:IDA 

phosphate solutions resulted in precipitation of CaP NPs at 45 C respectively producing par-

ticles of 898 ± 309 nm with a high PDI of 0.52 ± 0.38. Interestingly, heating the calcium-

EDTA/phosphate solution up to 95 C did not result in CaP NPs precipitation, and lower cal-

cium:EDTA ratios did not prevent precipitation, thus this approach was abandoned. 
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Figure 2. 6: Photo-image of CaCl2 plus a chelating agent 1 hour after addition of NaH2PO4: (A) EDTA; (B) 
Glycine; (C) Citric acid; (D) L-glutamic acid; (E) Iminodiacetic acid and (F) MilliQ water at pH 8 and room 
temperature. 
 

Table 2. 4: Particle size and polydispersity index (PDI) of precipitated particles. Data are expressed as mean 
± SD of at least 3 biological replicates.  
 

Sample Size (nm) PDI 

EDTA 0 0 

Glycine 2161 ± 562 0.79 ±0.23 

Citric acid 0 0 

L-glutamic acid 2472 ± 369 0.67 ±0.26 

Iminodiacetic acid 3601 ± 523 0.74 ±0.21 

MilliQ water 1889 ± 237 0.69 ±0.24 

 

It was noted that at a calcium:citrate ratio of 1:1.5 there was occasionally precipitation at room 

temperature. However, increasing the ratio to 1:1.7 and pH of the solutions to 8.5 resulted in 

stable solutions at room temperature. Heating the calcium:citrate (1:1.7) and phosphate solu-

tion resulted in precipitation of CaP NPs at 40 C (Table 2.5). The 1:1.7 calcium to citrate ratio 

produced particles with the lowest PDI as compared to reactions using lower calcium:citrate 

ratios (Table 2.5). Interestingly, a calcium:citrate ratio of 1:1.8 did not result in the precipitation 

of CaP NPs at 40 C over 6 hours (Table 2.5). A known phenomenon with calcium phosphate 

particles is that once formed they stabilise over time. To investigate this aliquots from the cal-
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cium:citrate (1:1.7) / phosphate solution were taken hourly and particle size and PDI deter-

mined. Figure 2.8 shows that the particle size and PDI decreased from 1 to 4 hours and plat-

eaued at 5 and 6 hours. 

 

In a serious of experiments to investigate the effect of mixtures of chelating agents (citric acid, 

L-glutamic acid and iminodiacetic acid) had on NP size and PDI were conducted. The Supple-

mentary Figures 2.2, 2.3, 2.4, 2.5 and 2.6 and Supplementary Tables 2.1 and 2.2 show that 

mixtures of chelators produced particles larger than a calcium:citric ratio of 1:1.7 and high 

PDIs.  

 

 

                        

Figure 2. 7: Photograph of various molar ratios of CaCl2 to citric acid: A (1:1.4); B (1:1.5); C (1:1.6); D 
(1:1.7); E (1:1.8) after 1 hour following addition of NaH2PO4 at room temperature pH 8.5. 
 

Table 2. 5: Effect of different molar ratios of CaCl2 to citric acid on CaP NPs at 40 C for 6 h. Data are 
expressed as mean ± SD of at least 3 biological replicates.  
 

Ratio of calcium/citric 
acid 

Particle Size (nm) PDI 

1:1.5 62 ± 18 0.39 ± 0.20 

1:1.6 92 ± 39 0.32 ± 0.14 

1:1.7 185 ± 26 0.14 ± 0.03 

1:1.8 - - 
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Figure 2. 8: Effect of reaction time on particle size and polydispersity index as determined by DLS.  
Data are expressed as mean ± SD of at least 3 biological replicates, blue bars = particle size, red bars = PDI. 

 

Using the optimised reaction conditions of a calcium-citrate ratio of 1:1.7, reaction pH 8.5, 

time 6 h and precipitation temperature of 40 C, the variation in particle size and PDI for dif-

ferent batches was investigated. As can be seen in Figure 2.9A, the calcium-citrate method 

produced particles with similar size (range from 156 ± 43 to 190 ± 32 nm) and low PDI (range 

from 0.09 ± 0.03 to 0.17 ± 0.07) across all five batches. Each batch was stable in MilliQ water 

for 32 days (Figure 2.9B) and the DLS results showed a smooth and exponential decay function 

and an average particle size of 185 ± 26 nm (Figure 2.9C). The morphologies of the CaP NPs 

synthesised by citrate chelation method were visualised by TEM and SEM and show that the 

CaP NPs have a rod-like shaped structure (Figure 2.9F and Figure 2.9G). 
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Figure 2. 9: Characterisation results of nanoparticles (A) reproducibility from citrate chelation method, (B) 
size stability, (C) correlation curve, (D) size distribution, (E) zeta potential, (F) TEM image and (G) SEM 
image.  
Data are expressed as mean ± SD of at least 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001 were considered statistically significant. 

 

2.3.3.2 Effect of different calcium salts and phosphate salts on CaP NPs synthesis 

In the preparation of CaP NPs, typically two calcium salts (calcium chloride and calcium nitrate) 

and four phosphate salts (monosodium phosphate, disodium hydrogen phosphate, ammonium 

phosphate monobasic and ammonium phosphate dibasic) have been used as starting materials. 

Using the optimised calcium-citrate chelation method for the synthesis of CaP NPs the effect 

of the different salts on CaP formulation and size was investigated. As can be seen from the 

Figure 2.10 and Table 2.6, each calcium salt and phosphate salt combination resulted in CaP 

NPs of distinct sizes with low PDI’s (range from 60 ± 17 to 338 ± 13 nm). Interestingly, all of 
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the CaP NPs produced using calcium chloride were around 50% larger than CaP NPs synthe-

sised using calcium nitrate (Table 2.6). Further, CaP NP’s synthesis using monosodium phos-

phate were 50% smaller than CaP NPs synthesised using disodium hydrogen phosphate (Table 

2.6). Ammonium phosphate monobasic produced CaP NPs that were 40% smaller than CaP 

NPs produced using ammonium phosphate dibasic (Table 2.6). All of the CaP NPs had a large 

and similar negative zeta potentials (Table 2.6). 

 

Table 2. 6: Effect of different calcium salts and phosphate salts on CaP NPs synthesis. Data are expressed 
as mean ± SD of at least 3 biological replicates.  
 

Calcium salts Phosphate salts Size (nm) Polydispersity in-

dex (PDI) 

Zeta potential 

(mV) 

CaCl2 NaH2PO4 185 ± 26 0.18 ± 0.05 -20.93 ± 0.33 

CaCl2 Na2HPO4.2H2O 338 ± 13 0.08 ± 0.05 -23.06 ± 1.56 

CaCl2 NH4H2PO4 126 ± 45 0.27 ± 0.03 -24.80 ± 1.08 

CaCl2 (NH4)2HPO4 264 ± 59 0.23 ± 0.04 -24.63 ± 0.91 

Ca(NO3)2.4H2O NaH2PO4 99 ± 24 0.23 ± 0.16 -24.86 ± 1.65 

Ca(NO3)2.4H2O Na2HPO4.2H2O 173 ± 46 0.27 ± 0.02 -22.56 ± 0.51 

Ca(NO3)2.4H2O NH4H2PO4 60 ± 17 0.19 ± 0.05 -21.10 ± 1.02 

Ca(NO3)2.4H2O (NH4)2HPO4 89 ± 36 0.22 ± 0.05 -26.50 ± 1.43 
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Figure 2. 10: The particle size and correlation curve of eight combinations at 40 C for 6 h reaction time by 
citrate chelation method.  
Data are expressed as mean ± SD of at least 3 biological replicates. (A) CaCl2 + NaH2PO4, (B) CaCl2 + 
Na2HPO4.2H2O, (C) CaCl2 + NH4H2PO4, (D) CaCl2 + (NH4)2HPO4, (E) Ca(NO3)2.4H2O + NaH2PO4,  (F) 
Ca(NO3)2.4H2O + Na2HPO4.2H2O, (G) Ca(NO3)2.4H2O + NH4H2PO4, (H) Ca(NO3)2.4H2O + (NH4)2HPO4. 
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Figure 2. 11: The pH change of eight combinations at 40 C for 6 h reaction time and drift pH 8.5 by citrate 
chelation method.  
Data are expressed as mean ± SD of at least 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001 were considered statistically significant. 

 

Interestingly, monitoring the pH of the citrate chelation method over the course of the reaction 

showed that the solution pH from all reactions decreased from 8.5 to approximately 6.5 over 

the 6 hour period (Figure 2.11). This ‘drifting’ pH is commonly reported in CaP NP synthesis 

and the effect of a constant pH of 8.5 over the course of the reaction for each calcium salt and 

phosphate salt combination was investigated. 

 

2.3.3.3 Effect of constant pH (8.5) on CaP NPs synthesis   

For each calcium salt and phosphate salt combination the pH was maintained at pH 8.5 over 

the 6 h reaction time by addition of 1 M ammonia solution. Figure 2.12 and Table 2.7 shows 

that each calcium salt and phosphate salt combination produced CaP NPs that were larger than 

those produced by the ‘drifting’ pH method and all NPs had low PDI’s (range from 0.18 ± 0.09 

to 0.26 ± 0.19) and a large negative zeta potential. Similar to ‘drifting’ pH, CaP NPs synthe-

sised with calcium chloride and ammonium phosphate mono or di-basic were around 50% 

larger than these synthesised with calcium nitrate. There was a small, < 25%, difference in size 

of particles synthesised using sodium phosphate salts except for calcium chloride where the 

use of disodium phosphate produce NPs that were 50% larger than those produced using mon-

osodium phosphate salt.  
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Table 2. 7: NP characteristics of CaP NPs produced using different calcium salts and phosphate salts and 
the citrate chelation method at constant pH 8.5. Data are expressed as mean ± SD of at least 3 biological 
replicates of 3 replicates.  
 

Calcium salts  Phosphate salts Size (nm) Polydispersity in-

dex (PDI) 

Zeta potential 

(mV) 

CaCl2  NaH2PO4  246 ± 6 0.18 ± 0.09 -27.95 ± 0.25 

CaCl2  Na2HPO4.2H2O 526 ± 30 0.21 ± 0.08 -23.45 ± 0.25 

CaCl2  NH4H2PO4  397 ± 80 0.23 ± 0.06 -32.5 ± 0.1 

CaCl2  (NH4)2HPO4 425 ± 112 0.25 ± 0.06 -30.15 ± 1.55 

Ca(NO3)2.4H2O NaH2PO4 360 ± 130 0.26 ± 0.19 -32.75 ± 0.85 

Ca(NO3)2.4H2O Na2HPO4.2H2O 488 ± 99 0.20 ± 0.07 -26 ± 0.5 

Ca(NO3)2.4H2O NH4H2PO4 197 ± 110 0.22 ± 0.03 -31.2 ± 0.1 

Ca(NO3)2.4H2O (NH4)2HPO4 232 ± 16 0.23 ± 0.02 -28.8 ± 0.5 
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Figure 2. 12: The particle size and correlation curve of eight combinations at 40 C for 6 h reaction time 
and constant pH 8.5 by citrate chelation method.  
Data are expressed as mean ± SD of at least 3 biological replicates. (A) CaCl2 + NaH2PO4, (B) CaCl2 + 
Na2HPO4.2H2O, (C) CaCl2 + NH4H2PO4, (D) CaCl2 + (NH4)2HPO4, (E) Ca(NO3)2.4H2O + NaH2PO4,  (F) 
Ca(NO3)2.4H2O + Na2HPO4.2H2O, (G) Ca(NO3)2.4H2O + NH4H2PO4, (H) Ca(NO3)2.4H2O + (NH4)2HPO4. 
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2.3.3.4 Characterisation of the CaP NPs 

The efficiency of synthesis was determined by the percentage of ions remaining in the reaction 

supernatant following NP synthesis compared to the starting solutions. The free calcium ions 

and phosphate ions in the respective supernatants were analysed by atomic absorption spectro-

photometry (AAS) and colourimetric assays, respectively. As can be seen in Table 2.8 the per-

centage of Ca2+ and PO4
3- ions converted into CaP NPs was approximately 95% to 70%  in the 

constant and drifting pH conditions (Table 2.8). The calculated calcium to phosphate ratios 

based on the amounts converted show that CaP NPs synthesised with CaCl2 had a Ca/P ratio 

consistent with being hydroxyapatite (Ca/P ratio 1.67:1) using the constant and ‘drifting’ pH 

method. CaP NPs synthesised using Ca(NO3)2.4H2O and a constant pH also had a hydroxyap-

atite formula (Ca10(PO4)6(OH)2), however, with ‘drifting’ pH, the Ca/P ratio was consistent 

with being calcium deficient hydroxyapatite (Ca/P ratio 1.5-1.67:1). 
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Table 2. 8: Percent of calcium and phosphate converted to nanoparticles and the Ca/P ratio of CaP NPs 
synthesised under constant pH 8.5 and drifting pH 8.5 by citrate chelation method.  
 

 

Group 

Constant pH 8.5 Drifting pH 8.5 

Ca2+ con-
verted a 

PO4
3- con-

verted a 
Ca/P 
ratio 

Ca2+ con-
verted a 

PO4
3- con-

verted a 
Ca/P ra-

tio 

 

 

CaCl2 

+ 

NaH2PO4 93.89% 94.75% 1.65 76.5% 77.8% 1.64 

Na2HPO4.2H2O 93.83% 93.9% 1.67 70.2% 73.15% 1.60 

NH4H2PO4 92.99% 93.9% 1.65 79.1% 79.6% 1.66 

(NH4)2HPO4 92.03% 93.55% 1.64 71.8% 75.2% 1.59 

 

 

Ca(NO3)2.4
H2O 

+ 

 

NaH2PO4 89.94% 93.5% 1.61 74.2% 80.2% 1.55 

Na2HPO4.2H2O 92.28% 91.5% 1.68 76.5% 80.46% 1.59 

NH4H2PO4 94.19% 90.35% 1.74 71.2% 76.1% 1.56 

(NH4)2HPO4 93.95% 87.1% 1.80 68.0% 76.15% 1.50 

 

a percent of ion (calcium or phosohate) converted into nanoparticles. 

 

2.3.3.5 Fourier transform infra-red spectroscopy (FTIR)   

Fourier transform infra-red spectroscopy (FTIR) was carried out for structural analysis of the 

CaP NPs and to confirm the presence of OH and PO4 functional groups in the NPs. Figure 2.13 

shows the FTIR spectra of the CaP NPs in the presence or absence of citric acid. As can be 

seen from the Figure 2.13, the CaP NPs produced a FTIR spectrum with the main vibrational 

bands at 1022, 953, 603, 557 and 455 cm-1 which correspond to PO4
3- characteristics of a tet-

rahedral apatite structure.  
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Figure 2. 13: FTIR spectra of the CaP NPs in the presence (A) or absence (B) of citrate acid (CaCl2, 
NaH2PO4) by citrate chelation method. The two patterns have been normalised.  
 
 
Two strong peaks at 1571 and 1408 cm-1 for CaP NPs with citric acid can be assigned to citrate 

carboxylate groups COO- (Figure 2.13A). Compared with CaP NPs prepared in the absence of 

citric acid (Figure 2.13B), the spectra results confirmed that citric ions were adsorbed onto the 

particle surface.  

 

The particles prepared by the eight combinations at drifting/constant pH 8.5 were also charac-

terised by FTIR (Supplementary Figure 2.7 and 2.8) and show the same PO4
3- and COO- vibra-

tional band patterns for each CaP NPs prepared by drifting or constant pH 8.5. Overall, all the 

NPs prepared by using different calcium salts, phosphate salts and drifting or constant pH are 

likely to have similar CaP phase. 

 

2.3.3.6 EM images 

The morphologies of the CaP NPs were visualised by SEM and HIM (Figure 2.14), which 

shows that the CaP NPs from the smallest to the largest have a rod-like shape. Using 

Ca(NO3)2.4H2O + NH4H2PO4, the obtained CaP NPs were much shorter and thinner compared 

to CaCl2 + NaH2PO4 (Figure 2.14A and D), while the NPs were longer and broader from the 

combination of CaCl2 + Na2HPO4.2H2O (Figure 2.14C and F). 

 



68 
 

 

Figure 2. 14: SEM (A, B, C) and HIM (D, E, F) images of rod-like CaP NPs synthesised by citrate chelation 
method.  
CaP NPs produced using Ca(NO3)2.4H2O + NH4H2PO4 (A, D), CaCl2 + NaH2PO4 (B, E), CaCl2 + Na2HPO4.2H2O 
(C, F).  
 
 
2.3.3.7 X-ray diffraction 

X-ray diffraction was used to identify the types of chemicals compounds are present in the 

synthesised CaP NPs. To understand the phase of CaP NPs, an X-ray measurement was used 

to determine X-ray diffraction (XRD). The X-ray diffraction measurement can give several 

diffraction broad peaks, which can be assigned to CaP crystalline phase. The crystalline phase 

of different sizes of CaP NPs was identified by XRD. The diffraction peaks in X-ray spectra 

coincided with standard hydroxyapatite XRD pattern [219, 286, 287] and confirmed at the peak 

at 2Ɵ = 25.5°, 31.5°, 31.8° and 32.5° for each CaP NP, indicating that these nanoparticles were 

hydroxyapatite, Ca10(PO4)6(OH)2 (Figure 2.15) [288]. The samples did not show any other 

phase from the X-ray pattern.  
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Figure 2. 15: X-ray diffraction pattern of various sizes of CaP NPs synthesised by citrate chelation method. 
 CaP NPs produced using CaCl2 + Na2HPO4.2H2O (A),  CaCl2 + NaH2PO4 (B),  Ca(NO3)2.4H2O + NH4H2PO4 (C). 
The three patterns have been normalised.  
 
   
2.3.3.8 Process scale-up of the calcium citrate chelation method 

An important part of nanoparticle synthesis for biomedical applications is that the process when 

scaled-up results in the production of the same material. The optimised calcium-citrate chela-

tion method reaction volume was increased from 15 mL to 600 mL, a 40 fold increase as a 

proof of concept that the method would work on a large scale. Figure 2.16 shows that the 

scaled-up reaction produced CaP precipitate and Table 2.9 shows that the size, PDI and zeta 

potential of CaP NPs produced using ‘drifting’ pH and CaCl2 + NaH2PO4 salts were not signif-

icantly different from the CaP NPs produced at a small scale. The batch to batch variation in 

particle diameter from different scales of volume is about ± 20%. 
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Figure 2. 16: Photograph of the 600 mL reaction synthesis scale; pre-heating (A) and post-heating (B). 
 

Table 2. 9:  Characteristics of the prepared CaP NPs by the citrate chelation method, by a small volume 
(15 mL) and large volume (600 mL) synthesis scale. Data are expressed as mean ± SD of at least 3 biological 
replicates.  
 

Parameters Small volume (15 mL) Large volume (600 mL) 

Diameter (SEM and HIM, nm) 162 ± 32 185 ± 25 

Diameter (DLS, nm) 159 ± 21 174 ± 19 

Polydispersity Index (PDI) 0.12 ± 0.06 0.16 ± 0.03 

Zeta potential (mV) -18.7 ± 2.6 -20.1 ± 1.5 

Molar Ca/P ratio 1.64 1.72 

Batch-to-batch variation ± 20 % ± 14 % 

 

 

 

 

 

 

 

 

(A) Photographs of mixing re-
agents at room temperature 

(B) Photographs of mixing rea-
gents at 40 C after 6 h 
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2.4 Discussion 

Calcium phosphate materials hold great promise as delivery vehicles for vaccines and/or drugs 

[176, 289]. They are biocompatible, production cost is low, and have pH-dependent solubility 

and can be produced as nanoparticles [159, 289]. However, current synthesis methods have 

limited CaP NPs use because of issues around reproducibility, aggregation and yield [290]. 

Here, a novel, efficient and reproducible synthesis method to produce CaP NPs of a defined 

size, with a low PDI, and can be easily scaled-up was developed.  

 

CaP NPs were synthesised and compared by three different routes: a conventional precipitation 

method, a microemulsion method, and a citrate chelation method. Although conventional pre-

cipitation method is quick, cost-effective and widely used, this strategy is unsuitable to be used 

in vaccine studies [291] due to the severe aggregation, irregular size, shape and high polydis-

persity.  

 

The inverse microemulsion method has the potential to mitigate the issues of the precipitation 

method as the water-in-oil emulsion is achieved by nano-sized water droplets that are dispersed 

in a continuous oil phase. The droplets are surrounded by surfactant and adsorbed on the sur-

face of NPs are not only inhibiting particle aggregation but acting as a soft template to regulate 

the size and shape of NPs [292-294]. The synthesis of CaP NPs by this method is influenced 

by several process parameters, such as forming microemulsion and sonication time, centrifuge 

speed, pH, type of surfactant and the ratio of water to surfactant. Among these factors, the type 

of surfactant and the ratio of aqueous to surfactant play a critical role in particle synthesis and 

microemulsion droplet size. 

 

Recently, Guo et al. [295] manufactured CaP NPs in the water-in-oil emulsion system using 

mixed surfactants, Triton X-100 and Tween-80. Their study demonstrates that the microemul-

sion route can significantly decrease particle size and degree of aggregation compared to the 

conventional precipitation method. Guo et al. also suggests that various size (10 - 90 nm) and 

shape of CaP NPs could be obtained by changing the weight ratio of Triton X-100 and Tween-

80 [295]. Their study showed that the morphology and size of CaP NPs can be controlled by 

modifying different synthesis parameters. Similarly, Sing et al. [292] reported that the size, 

shape and crystallinity of CaP NPs could be controlled by the cationic surfactant Aliquot 336. 

By decreasing the concentration of Aliquot 336, the size of the particle can decrease from 129 
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to 47 nm and the shape of particle change from rod-like to spherical particles. Additionally, 

they demonstrated that an increase of Aliquot 336 concentration would give rise to high crys-

tallinity of the CaP NPs [292]. Three different surfactants were used in the present study, which 

includes Triton X-100, Triton X-114 and Tween-20. Based on the DLS results, all three sur-

factants tested can be used to obtain nanosized particles, of which Triton X-114 resulted in the 

lowest PDI. It indicates that Triton X-114 plays an essential role in CaP NPs synthesis. Sun et 

al. investigated the influence of  Triton X-114 on particle formulation [296]. First, the addition 

of surfactant reinforces the homogeneous mixing of the materials in the emulsion system. Fur-

thermore, Triton X-114 can prevent excess particle aggregation after nanoparticles are formed. 

Most importantly, it can act as a soft template to regulate particle growth and nucleation, these 

effects of Triton X-114 may explain why the use of Triton X-114 resulted in CaP NPs with the 

lowest PDI. 

 

In the microemulsion method, the molar ratio of water to surfactant (W0) is a crucial factor in 

controlling the particle size [297, 298]. As shown in this study, the higher value of W0 leads to 

the larger water droplets, which is consistent with the findings in this study and those reported 

by García et al. and Granata et al. [186, 297]. García and co-workers reported that the size of 

hydroxyapatite particles can increase as the value of W0 increases. Similarly, Granata et al. 

demonstrated that the size of manganese carbonate nanoparticles increased from 10 nm to 100 

nm by adjusting the water to surfactant molar ratio of 5 - 7.5 using the microemulsion method 

[297]. 

 

Although the microemulsion method resulted in nano-sized particles, the method had poor re-

producibility with different reactions producing different sized NPs. Furthermore, large 

amounts of organic solvents such as cyclohexane would be required during synthesis and this 

limits its use to academic research [203]. Further, cyclohexane would need to be completely 

removed from the CaP NPs as it has acute neurotoxicity [299, 300]. Moreover, the yield is low, 

which in turn means it is more difficult to scale up for in vivo and clinical studies.  

 

As previously mentioned, one of common features of the conventional precipitation and mi-

croemulsion method is that initial particle nucleation is poorly controlled. It was predicted that 

if particle nucleation could be initiated at one time, the produced nanoparticles may have a 

uniform size and low PDI. By chelating calcium with citric acid the phosphate solution could 

be added without the typical precipitation of CaP NPs, and heating the chelated-calcium and 
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phosphate solution would lead to destabilising the calcium-chelate and inducing nucleation of 

particles [301, 302]. To generate stable calcium chelator complexes, various molar ratios of 

CaCl2 to chelators were investigated. Different chelation of organic compounds was used to 

control nucleation and particle growth. The results in this study demonstrate that only EDTA 

and citric acid can form stable calcium chelator complexes at room temperature. However, 

calcium-EDTA complexes did not result in CaP NPs precipitation even at 95 C and this ap-

proach was abandoned. After mixing with calcium and citric acid solutions, the synthesis so-

lution can form very stable calcium citrate complexes and would inhibit the precipitation of 

calcium and phosphate ions [303]. Another advantage of citric acid is that it is non-toxic and 

is a common food additive. With these considerations, citric acid is considered an attractive 

chelating agent in biomedical applications [304]. It has been reported that the solubility of CaP 

NPs can decrease with increasing temperature [301]. As shown in this study, nanosized CaP 

NPs can be obtained with citrate chelation method with a calcium phosphate phase typical of 

hydroxyapatite. This is in accordance with a previous publication demonstrating that nanosized 

CaP NPs produced from the mixtures of calcium/citrate/phosphate solutions were the hydrox-

yapatite, no matter using conventional heating or microwave heating [302]. Similarly, Tan et 

al. demonstrated that water-dispersible hydroxyapatite was obtained by using calcium nitrate, 

sodium citrate and triammonium phosphate as calcium salt, chelator and phosphate salt [305]. 

Again, this observation is consistent with the recent findings by Snihirova and co-workers who 

found that through heating the mixtures of calcium nitrate, citric acid and ammonia phosphate 

solution at 37 C for 24 h, hydroxyapatite microparticles were produced [306]. 

 

This study demonstrates that the TEM, SEM and HIM images showed CaP particles are rod-

like shaped. This finding is consistent with a recent paper that citrate chelation method resulted 

in rod-like shaped hydroxyapatite (length: 300–400 nm, width: 40–60 nm) [305]. Conversely, 

several other investigations have shown different shaped CaP NPs can be obtained through 

citrate-chelation method. Martins et al. demonstrated that the shape of CaP NPs was ranging 

from a microsized bundlelike to a nanosized needle-like shape [301]. Previous studies have 

also found that by using citric acid as a stabiliser the obtained hydroxyapatite microparticles 

were bowtie-shaped [306]. These discrepancies may be explained by the pH of reactions be-

tween these studies, as in one study Martins et al. demonstrated that small changes in solution 

pH from 7.4 to 8.5 resulted in various shaped CaP NPs [301]. The formed CaP particles were 

rod-like shaped for all of the calcium and phosphate salt combinations used and were directly 
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used as vaccine carriers because of good size range and reproducibility. It has been reported 

that for hydroxyapatite, size instead of shape is the most important factor that affects vaccine 

efficacy [234]. 

 

An important aspect of NP synthesis is the stability of the formulation and the surface charge 

of nanoparticles determined by zeta potential gives an indication of the stability of NPs in the 

suspension [285, 307]. Generally the relationship of the NP size stability with zeta potential 

values is classified as: ±0 – 10 mV, highly unstable; ±10 – 20 mV, relatively stable; ±20 – 30 

mV, moderate stable; ˃ ±30 mV highly stable [285, 307]. The zeta potential of CaP NPs pre-

pared by citrate chelation method was within the moderately stable range of -20 – 30 mV. The 

conventional precipitation method produced CaP NPs with relative stability, while the micro-

emulsion method produced particles with high stability. The negative charge associated with 

all CaP NPs would be due to the citrate ions adsorbed on the particle surface [221, 308]. Alt-

hough the citrate chelation method produced NP with moderate stability as determined by zeta 

potential, the NPs were found not to aggregate over 30 days indicating they were highly stable. 

Interestingly, silica particles are shown to be extremely stable but have a zeta potential of 0 

mV [309], thus it is important to conduct time stability studies as zeta potential is only a guide 

to NP emulsion stability. 

 

In CaP NPs synthesis, typically two calcium salts (calcium chloride and calcium nitrate) and 

four phosphate salts (monosodium phosphate, disodium hydrogen phosphate, ammonium 

phosphate monobasic and ammonium phosphate dibasic) are used as starting materials. Using 

the optimised citrate chelation method for the synthesis of CaP NPs the influence of the differ-

ent salts on CaP formulation and size was first investigated. While several reports used differ-

ent calcium and phosphate salts for the CaP NPs synthesis [301, 302, 305, 306], there was no 

paper compared the effect of these had on NP size and zeta potential. Here, current study anal-

yses eight combinations of calcium and phosphate to determine the optimal conditions for CaP 

NP synthesis. Each calcium salt and phosphate salt combination resulted in CaP NPs of distinct 

sizes with low PDI’s. This is probably because different salts would have an effect on nano-

particle nucleation rate and reaction speed during synthesis [310-312]. All the formed CaP NPs 

displayed the same phase, indicating that they might be all the hydroxyapatite. Additionally, 

the values of zeta potential did not change with different combinations. The reason for this may 

be due to the similar negative surface charge by the same concentration of citrate ions.   
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2.5 Conclusion 

In conclusion, a novel CaP NPs preparation method has been developed, which used citric acid 

as a chelating agent to prevent initiation of nucleation at room temperature. Raising the tem-

perature to 40C resulted in nucleation of calcium and phosphate at a specific point leading to 

CaP NPs of a defined size which was reproducible. This method displayed advantages over the 

conventional precipitation method and microemulsion method, in that the method of synthesis 

was able to control the size of NPs, it is straight forward, highly reproducible and scalable. 

Furthermore, with this strategy, various size of particles (50 ~ 600 nm) can be obtained by 

using different calcium or phosphate salts alone with having a drifting or constant pH (Table 

2.10). The influence of different types of calcium and phosphate sources on the formation of 

CaP NPs is a unique finding. Various sizes of homogenous nanoparticles with different calcium 

and phosphate sources can be obtained. Overall, in this chapter, a novel citrate chelating 

method was developed, which can be a valuable, reliable and effective strategy in nanoparticle 

synthesis. 

 

Table 2. 10:  Summary of various size range synthesised by different material and pH via citrate chelation 
method. 
 

Nanoparticle 
size range (nm) 

pH and starting material  

50 ~ 100 Drifting pH 8.5 Ca(NO3)2.4H2O + NaH2PO4; Ca(NO3)2.4H2O + NH4H2PO4; Ca(NO3)2.4H2O 
+ (NH4)2HPO4 

100 ~ 200 Drifting pH 8.5 CaCl2  + NH4H2PO4; CaCl2 + NaH2PO4; Ca(NO3)2.4H2O + Na2PHO4.2H2O 

Constant pH 8.5 Ca(NO3)2.4H2O + NH4H2PO4 

200 ~ 300 Drifting pH 8.5 CaCl2 + (NH4)2HPO4 

Constant pH 8.5 CaCl2 + NaH2PO4; Ca(NO3)2.4H2O + (NH4)2HPO4 

300 ~ 400 Drifting pH 8.5 CaCl2 + Na2PHO4.2H2O 

Constant pH 8.5 CaCl2 + NH4H2PO4; Ca(NO3)2.4H2O + NaH2PO4 

400 ~ 500 Constant pH 8.5 CaCl2 + (NH4)2HPO4; Ca(NO3)2.4H2O +  Na2PHO4.2H2O 

500 ~ 600 Constant pH 8.5 CaCl2 + Na2PHO4.2H2O 
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2.6 Supplementary Information 

 

                            

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 2. 1: Electron dispersion spectroscopy (EDS) microanalysis of OVA-loaded CaP 
NPs synthesised by microemulsion method. (A) SEM image, (B) EDS spectrum, (C) elemental analysis. 
 
 

 

                                    

 
Supplementary Figure 2. 2: Different molar ratios of CaCl2 to IDA: A (1:15); B (1:20); C (1:25); D (1:30) 
and NaH2PO4 at room temperature.  
 

 

 

A B 

C 
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Supplementary Figure 2. 3: Different molar ratios of CaCl2 to citric acid to IDA: A (1:0.5:15); B 
(1:0.5:20); C (1:0.5:25); D (1:0.5:30); E (1:0.5:35) and NaH2PO4 at room temperature.  
 
 

                                 

 

Supplementary Figure 2. 4: Different molar ratios of CaCl2 to citric acid to IDA: A (1:1:10); B (1:1:12); C 
(1:1:15); D (1:1:18) and NaH2PO4 at room temperature.  
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Supplementary Table 2. 1: Effect of different molar ratios of calcium: citric acid: IDA on CaP NPs. Data 
are expressed as mean ± SD of at least 3 biological replicates.  
 

 

 

 

 

 

 

 

                           

 

 

 

Supplementary Figure 2. 5: Different molar ratios of CaCl2 to L-glutamic acid: A (1:15); B (1:20); C 
(1:25); D (1:30); E (1:35); F (1:40); G (1:50); H (1:60); I (1:70); J (1:80) and NaH2PO4 at room tempera-
ture.  
 

Group Reaction 
time        
(min) 

Particle size (nm) Zeta potential      
(mV) 

PDI 

calcium: IDA = 
1:30 

30 568 ± 277 -6.4 ± 1.4 0.87 ± 0.26 

60 898 ± 309 -6.4 ± 1.4 0.52 ± 0.38 

calcium: citric acid: 
IDA = 1:0.5:25 

30 1267 ± 924 -10.1 ± 0.97 0.62 ± 0.34 

60 1063 ± 827 -10.1 ± 0.97 0.78 ± 0.28 

calcium: citric acid: 
IDA = 1:1:15 

30 1133 ± 565 -15.3 ± 0.78 0.25 ± 0.21 

60  728 ± 106 -15.3 ± 0.78 0.16 ± 0.08 
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Supplementary Figure 2. 6: Different molar ratios of CaCl2 to citric acid to L-glutamic acid: A (1:1:10); B 
(1:1:20); C (1:1:30); D (1:1:40); E (1:1:50) and NaH2PO4 at room temperature.  
 

Supplementary Table 2. 2: Effect of different molar ratios of calcium: citric acid: L-glutamic acid on CaP 
NPs. Data are expressed as mean ± SD of at least 3 biological replicates. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group Reaction 
time        
(min) 

Particle size (nm) Zeta potential      
(mV) 

PDI 

 

1:1:10 

30 2667 ± 856 -17.1 ± 0.86 0.59 ± 0.28 

60 4257 ± 675 -13.5 ± 0.73 0.69 ± 0.30 

 

1:1:20 

30 1325 ± 437 -13.3 ± 0.67 0.47 ± 0.23 

60  865 ± 397 -11.7 ± 0.69 0.67 ± 0.19 
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Supplementary Table 2. 3: Comparison of DLS and SEM images on CaP NPs by citrate chelation method 
at drifting pH 8.5. Data are expressed as mean ± SD of at least 3 biological replicates. 
 
 

 

 

 
Supplementary Figure 2. 7: FTIR spectra of the CaP NPs synthesised in different combinations at drifting 
pH 8.5 by citrate chelation method.  
(A) Ca(NO3)2.4H2O + (NH4)2HPO4, (B) Ca(NO3)2.4H2O + NH4H2PO4, (C) Ca(NO3)2.4H2O + Na2HPO4.2H2O, 
(D) Ca(NO3)2.4H2O + NaH2PO4, (E) CaCl2 + (NH4)2HPO4, (F) CaCl2 + NH4H2PO4, (G) CaCl2 + Na2HPO4.2H2O, 
(H) CaCl2 + NaH2PO4. The eight patterns have been normalised.  
 

                         Group 

 

DLS number 
distributions 

SEM analysis 

Length Width 

Ca(NO3)2.4H2O, NH4H2PO4 67 ± 15 66 ± 12 25 ± 6 

CaCl2, NaH2PO4 159 ± 21 152 ± 32 39 ± 7 

CaCl2, Na2HPO4.2H2O 335 ± 45 434 ± 68 121 ± 17 
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Supplementary Figure 2. 8: FTIR spectra of the CaP NPs synthesised in different combinations at constant 
pH 8.5 by citrate chelation method.  
(A) Ca(NO3)2.4H2O + (NH4)2HPO4, (B) Ca(NO3)2.4H2O + NH4H2PO4, (C) Ca(NO3)2.4H2O + Na2HPO4.2H2O, 
(D) Ca(NO3)2.4H2O + NaH2PO4, (E) CaCl2 + (NH4)2HPO4, (F) CaCl2 + NH4H2PO4, (G) CaCl2 + Na2HPO4.2H2O, 
(H) CaCl2 + NaH2PO4. The eight patterns have been normalised.  
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Chapter 3  

Optimisation of antigen loading of calcium phos-

phate nanoparticles 
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3.1 Introduction  

For nanoparticles (NPs) to be effective carriers and delivery vehicles of antigens to a desired 

site, there needs to be a strong interaction between NPs and the antigen. In general, there are 

four approaches of antigen attachment to NPs: adsorption; encapsulation; mix and chemical 

conjugation [33]. Adsorption and encapsulation are the most common methods used to load 

antigen onto CaP NPs and is normally achieved by charge attraction and hydrophobic interac-

tion [214]. Electrostatic attraction between antigen and CaP NPs plays the most important role 

in surface adsorption. For example, the adsorption of bovine serum albumin (BSA) on hydrox-

yapatite (HAP) arises from electrostatic interaction between Ca2+ and PO4
3− anions of HAP 

with the COO− and NH4+ cations of BSA protein [206, 215-217]. Chemical conjugation has 

also been used to incorporate antigenic molecules such as proteins and peptides via a covalent 

linker to the surface of NP [222]. Ramachandran et al. modified the surface of CaP NPs through 

conjugation with PEG by activating the phosphate group using carbodiimide chemistry for oral 

insulin delivery, leading to increased stability [207]. Kozlova et al. synthesised CaP NPs coated 

with a silica shell that were covalently functionalised by thiol/amino groups or salinisation, 

leading to stable molecules/NP construct [30]. Antigen-conjugated NPs are thought to be strong 

candidates for mucosal immunisation as the antigen is protected to some degree from degrada-

tion by being cross-linked on and to the NP surface [102].  

 

Layer-by-layer (LbL) technology offers a promising way to formulate multilayered thin films 

and coatings on a nanometer scale that has been widely applied in several biomedical fields, 

such as drug delivery systems and nano bioreactors [313-318]. The type of polymer used in an 

LbL approach is dependent on the core nanoparticle size, shape, and charge. Typically, poly-

mers, proteins, or small molecules are assembled by LbL using electrostatic interaction [314]. 

Recently, the LbL approach has been widely used in the delivery of siRNA [315, 319], DNA 

[313], protein [30, 320, 321], and peptides [322]. During LbL approach several parameters, 

including the type of polymer, polymer concentration, the ion strength of the solution, and the 

protein cross-linking, need to be optimised to avoid nanoparticle aggregation in aqueous and 

media solutions [323]. Although the use of LbL technology has been investigated in many 

studies [313, 316, 323, 324], there remains significant issues during the formulation process 

that lead to the aggregation of NPs, thus a specific LbL strategy needs to be optimised for each 

application. 
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Several cationic nanoparticles, formulated form amino acids, polylysine, chitosan, amine-

dendrimers and polyethyleneimine (PEI), have been extensively studied as protein delivery 

systems [325]. Among these polymers, PEI is widely used as it is readily soluble in water, is 

cost-effective, and has both high transfection efficiency and cellular uptake efficiency. A 

disadvantage of PEI is that it has a degree of cytotoxicity and can cause severe problems for 

clinical applications, it has been reported that PEI with lower molecular weights incorporated 

into the delivery vehicle or NP can reduce or eliminate cell toxicity [326].  

 

Typically an electrostatic interaction does not result in a highly stable bond between the antigen 

protein and the nanoparticle, and this may lead to protein detachment from the nanoparticle 

over time or if the surrounding environment changes, such as with injection into an animal or 

human [33, 214]. Other factors that would affect NP-cell interactions are the size of the NP, 

and the formation of a protein corona on the nanoparticle surface when the NP vaccine is 

exposed to body fluids. It is reported that the NP protein corona forms immediately after the 

particle is suspended in a protein containing medium which may hinder the NP biological 

activity [327]. Thus, it is necessary to have a better understanding of plasma protein adsorption 

on the particle surface, as these proteins may affect NP-cell interactions. 

 

In this study the LbL approach of nanoparticle formulation was used and optimised to avoid 

aggregation, and to enhance stability. Additionally, the effects of various commonly used media 

and serum on particle size and zeta potential and protein corona were evaluated. Chicken egg 

ovalbumin (OVA) was used as a model antigen to investigate the LbL strategy. The 

investigations in this chapter will provide valuable knowledge regarding the effect of 

environmental influences on the synthesis of nanomaterials. Moreover, this LbL approach 

offers significant potential as a useful template for protein delivery and vaccine generation. 
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3.2 Materials and Methods 

3.2.1 Preparation of the CaP NPs 

The citrate chelation synthesis method for CaP NPs was performed as described in Chapter 2. 

Unless otherwise stated, MilliQ water was purified through a 0.22 µm filter (Merck-Millipore, 

Victoria, Australia) was used to prepare chemical solutions and to disperse CaP NPs. All 

nanoparticle analyse were conducted at room temperature. 

  

3.2.2 Preparation of OVA-loaded CaP NPs via encapsulation 

Ovalbumin (OVA, lyophilised powder, 98%, Sigma-Aldrich, NSW, Australia) encapsulation 

into CaP NPs was performed using the citrate-chelation method; where by OVA (1.2 mg/mL) 

was mixed with CaCl2 (0.05 M, pH = 9.0) solution only, or OVA (0.6 mg/mL) was mixed with 

both the CaCl2 (0.05 M, pH = 9.0) and NaH2PO4 (0.03 M, pH = 9.0), respectively, or OVA (1.2 

mg/mL) was mixed with NaH2PO4 (0.03 M, pH = 9.0) solution only and the formation of CaP-

OVA NPs conducted using the process described in Chapter 2. The efficiency of OVA 

encapsulation in CaP NPs was determined by firstly pelleting the CaP-OVA NPs by 

centrifugation (10,000 × g, 5 min, 4 C) in an ultracentrifuge (Avanti J-25I Centrifuge, 

Beckman Coulter, NSW, Australia). The collected NPs were then washed and resuspended in 

2 mL MilliQ water. The protein loading efficiency was determined by placing OVA-loaded 

particles in HCl (1 M, pH = 3.0, 1 h), and the released protein in solution was measured by the 

BCA protein assay kit according to the manufacturer’s instructions (BCA assay kit, Thermo 

Fisher Scientific, NSW, Australia). The protein loading efficiency was quantified as (OVA in 

the nanoparticles/total protein added) × 100%. A standard curve using OVA was used to 

calculate OVA concentration in the NPs (concentration range 0 ~ 2000 µg/mL, R2 = 0.99). 

 

3.2.3 SDS-PAGE analysis 

OVA-loaded CaP NPs were evaluated by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). To examine OVA in CaP NPs, the NPs were dissolved in HCl (1 

M, pH = 3.0, 1 h) to release OVA protein. The extracted protein was added to loading dye ((200 

mM Tris-HCl (pH 6.8, Sigma-Aldrich, NSW, Australia), 400 mM dithiothreitol (DTT, 

Invitrogen, USA), 8% (w/v) sodium dodecyl sulfate (SDS, Sigma-Aldrich, NSW, Australia), 

0.4% (w/v) bromophenol blue (Sigma-Aldrich, NSW, Australia), 40% (v/v) glycerol 

(PubChem, USA)) and were heated at 90 C for 10 min. The samples were then electrophoresed 



86 
 

on 4 ~ 12% NuPAGE Bis-Tris pre-cast gel using MOPS running buffer (Invitrogen, USA) for 

50 min at 180 V. The gel was stained using Coomassie blue G-250 staining (Thermo Fisher 

Scientific, NSW, Australia). The protein bands were analysed using ImageQuant software (GE 

Healthcare, CA). Band detection was conducted manually. All experiments were performed in 

triplicate. 

 

3.2.4 Synthesis of stable, positively charged CaP NPs 

To reverse the surface charge of CaP NPs produced via the citrate chelation method, a variety 

of amino acids L-lysine, L-arginine, L-lysine ethyl ester, and L-arginine ethyl ester and PEI 

polymers were used and their effect on both particle size and zeta potential determined. To 

aqueous L-lysine, L-arginine, lysine ethyl ester and arginine ethyl ester at various 

concentrations (6.25, 12.50, 25.00, 50.00 mM), pH adjusted to 8.0 by an ammonia solution 

(NH3.H2O, Chem-Supply, 30%). Synthesised CaP NPs (3 mg/mL) were added dropwise to an 

equal volume of the amino acid. The CaP NPs/amino acid solutions were incubated under 

agitation (1 h, RT) using a stir/hot plate at setting 1 ((IEC model (2093-001), NSW, Australia)) 

then centrifuged (10,000 × g, 5 min, 4 C). The particles were washed three times and dispersed 

in MilliQ water, then characterised by DLS as described in Chapter 2. All amino acids were 

supplied by Sigma-Aldrich (NSW, Australia). 

 

In another approach to reverse the surface charge of CaP NPs, different molecular weights 

(MWs) of polyethyleneimine (PEI, Sigma-Aldrich, NSW, Australia) were used. The following 

PEI polymers were used; Linear PEI (MW = 0.423 kDa, 1.8 kDa, 2.5 kDa, 5.0 kDa, 10.0 kDa), 

Branched PEI (MW = 25.0 kDa) (Sigma-Aldrich, NSW, Australia), Branched PEI (MW = 10.0 

kDa) (Polysciences, CA). Various concentration of PEI polymers were added dropwise to an 

equal volume of CaP NPs (3 mg/mL). The CaP NPs/PEI solutions were incubated under 

agitation at setting 1 (1 h, RT) and the NPs collected by centrifugation (10,000 × g, 5 min, 4 

C). After washing with MilliQ water (3×, 10,000 × g, 5 min, 4 C) to remove any unbounded 

PEI, the particles were dispersed in MilliQ water and characterised by DLS as described in 

Chapter 2.      
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3.2.5 Optimisation of OVA adsorption onto CaP-PEI NPs 

OVA was adsorbed onto the surface of CaP-PEI NPs by electrostatic interaction. Various 

concentrations of OVA (0.25, 0.5, 1.0, 2.0, 4.0, 8.0 10.0, 12.0, 14.0, 16.0 mg/mL) in MilliQ 

water (pH 6.5) were used to optimise adsorption. To obtain monodispersed NPs, equal volumes 

of NP suspensions (1.5 mg/mL) were added dropwise to OVA under constant agitation using a 

stir/hot plate at setting 1 ((IEC model (2093-001), NSW, Australia)) and incubated for 30 min 

at room temperature.  The NPs were then pelleted by centrifugation (10,000 × g, 5 min, 4 C) 

and dispersed in MilliQ water and size, PDI and zeta potential determined as described in 

Chapter 2.   

 

To study protein loading efficiency and capacity, OVA-loaded particles were dissolved in HCl 

(1 M, pH = 3.0, 1 h), and the released protein was measured by the BCA protein assay kit 

according to the manufacturer’s instructions. The protein loading efficiency was quantified as 

(OVA in the nanoparticles/total protein added) × 100%.  

 

3.2.6 Optimisation of cross-linking OVA on CaP NPs 

Electrostatic adsorbed OVA on the CaP-PEI NPs were cross-linked using either GA 

(glutaraldehyde solution 50 wt. % in H2O, Sigma, NSW, Australia), or DMTMM (4-(4,6-

dimethoxy-1,3,5-triazine-2-yr)-4-methylmorpholinium chloride, Sigma, NSW, Australia),  or 

bis(sulfosuccinimidyl)suberate (BS3, Thermo Fisher Scientific, NSW, Australia). 

 

In order to produce GA and DMTMM cross-linking, the CaP-PEI-OVA NPs were redispersed 

in 200 mM sodium phosphate buffer (pH 7.5) by centrifugation (10,000 × g, 5 min, 4 C). 

Different molar ratios of GA/OVA (0.11, 0.33) or DMTMM/OVA (2.7, 4.2) were added to the 

nanoparticle suspension (0.75 mg/mL) with under constant stirring with a magnetic stirrer at 

300 rpm, then incubated at RT for 2 h with constant shaking. After incubation, the nanoparticles 

were harvested by centrifugation (10,000 × g, 5 min, 4 C), washed three times with MilliQ 

water and dispersed in MilliQ water. The nanoparticle size, PDI and zeta potential was 

determined as described in Chapter 2.   

 

For the BS3 cross-linking, CaP-PEI-OVA NPs (0.75 mg/mL) were suspended in 5 mM borate 

buffer (500 μL, pH 8.5) followed by the addition of 10 µL of freshly prepared 50 mM BS3 in 

MilliQ water. The solution was then incubated under constant stirring with a magnetic stirrer 
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at 300 rpm (30 min, RT). After incubation, the reaction was quenched by adding 250 µL 150 

mM glycine (pH 7.5, Sigma-Aldrich, NSW, Australia) to a final concentration of 50 mM 

glycine and incubated at RT for 15 minutes. The nanoparticles were harvested by centrifugation 

(10,000 × g, 5 min, 4 C). The collected NPs were washed three times with MilliQ water and 

dispersed in MilliQ water. The nanoparticle size, PDI and zeta potential was determined as 

described in Chapter 2.   

 

To validate the chemical cross-linking with the cross-linked CaP-PEI-OVA NPs were analysed 

by mass spectrometry as previously reported [328]. Briefly, the cross-linked CaP-PEI-OVA 

NPs pellets were resuspended in PBS containing 10 mM DTT and incubated at 37 °C for 1 h. 

The solution was then alkylated with 25 mM iodoacetamide (30 min, RT, no light). After in-

cubation, 25 mM NH4HCO3 was used to dilute the solution to a final 1 M urea concentration. 

The solutions were digested with trypsin (10 ng/μL) at 37 °C overnight. Millipore μC18 Zip-

tips (Sigma-Aldrich, NSW, Australia) were used to desalt and concentrate the digested peptides 

according to the manufacturer’s instructions. Orbitrap LC-MS was used to analyse the eluted 

samples. The cross-link search was conducted using pLink V 1.23, which downloaded from 

http://pfind.ict.ac.cn/software/pLink (Fan SB, 2015 Curr Protoc Bioinformatics) [329] with the 

following settings. Cross-linker = BS3, Enzyme = trypsin, spectra format = mgf, missed cleav-

ages = 3, spectra type = HCD, MS tolerance = 5 ppm, variable modification = oxidation_M, 

fixed modification = carbamidomethyl_C. 

 

3.2.7 Cell culture and cell cytotoxicity assay 

Human embryonic kidney (HEK) and rat hepatoma (H4IIE) cell lines were used to test 

nanoparticle cytotoxicity. The HEK and H4IIE cells were cultured in complete media 

((Dulbecco’s modified Eagle’s medium (DMEM) with 10% Fetal bovine serum (FBS), 1% 

penicillin/streptomycin, 1% L-glutamine)) under 5% CO2 at 37 C. DMEM, FBS, 

penicillin/streptomycin, L-glutamine, trypsin were obtained from Life Technologies. Cell 

cytotoxicity was measured by the lactate dehydrogenase (LDH, Promega, NSW, Australia) and 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Promega, NSW, 

Australia) methods (performed according to the manufacturer’s directions). HEK and H4IIE 

cells were seeded in 96 well plates at a concentration of 5 × 103 cells per well in 200 µL of 

complete DMEM. After overnight incubation to attain 80 ~ 90% confluency, the supernatant 

was removed and replaced with 200 μL complete media containing nanoparticles and incubated 
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for 90 min at 37 C. After treatment, 50 µL of media from each well was transferred to a 96 

well plate and measured for LDH. For the MTS assays, MTS was diluted in 100 µL fresh cell 

media and added to the cells after removing NPs in suspension, then assessed by MTS kits 

according to the manufacturer’s protocol.  

 

3.2.8 The size stability of nanoparticles vaccine in serum containing media 

Non-cross-linked and cross-linked CaP-PEI-OVA NPs were resuspended in either DMEM 

(Dulbecco’s Modified Eagle’s Medium, 10% FBS), SBF (Simulated Body Fluid with 55% 

human serum) or PBS buffer (Sigma, D8537, NSW, Australia) and incubated at RT for 6 hours. 

After incubation, the nanoparticles were harvested by centrifugation (10,000 × g, 5 min, 4 C) 

and washed three times (MilliQ water) and dispersed in MilliQ water. The nanoparticle size, 

PDI and zeta potential was determined as described in Chapter 2. Human serum was obtained 

from healthy individuals from Melbourne Dental School. Blood from the donor was 

centrifuged (800 × g, 5 min, 25 C) and discard blood cells. The supernatant plasma was stored 

at - 80 C. 

 

3.2.9 Identification of serum proteins absorbed onto CaP-PEI-OVA NPs 

For protein corona analysis, non-cross-linked and cross-linked CaP-PEI-OVA NPs were 

incubated with cell culture media (DMEM with 10% FBS) or simulated body fluid 

(SBF) buffer with 55% human serum (6 h, RT). The preparation of SBF buffer was used as 

previously published [330, 331]. The NPs were harvested by centrifugation (10,000 × g, 5 min, 

4 C) and washed three times (MilliQ water) and were dispersed in MilliQ water by sonication 

for 1 min by a probe sonicator (Cole-Parmer, at 25% amplitude, pulse on for 1 s and pulse off 

for 1 s).  

 

The proteins adsorbed on the particle surface were analysed by SDS-PAGE and mass spec-

trometry. SDS-PAGE method was performed as described in section 3.2.3. Mass spectrometry 

was used Tryptic in-gel digested samples were analysed by mass spectrometry as previously 

described [328, 332, 333]. Briefly, protein gel bands were excised, then washed in 50 mM 

NH4HCO3/ethanol 1:1 solution. After reduction with DTT and alkylation with iodoacetamide, 

in-gel digestion by trypsin was conducted at 37 C overnight using trypsin (10 ng/µL) 

(Promega, NSW, Australia). The tryptic peptides were analysed using LTQ orbitrap Elite mass 
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spectrometer with a nano ESI source interfaced with an ultimate 3000 RSLC nano-HPLC (Go-

rasia, DG 2016, Plos Pathogens) [334]. Protein identification was analysed by Mascot MS/MS 

ions search using the following settings: Enzyme = trypsin, protein database = Swiss-Prot, 

fixed modification = carbamidomethyl (Cys), MS/MS tolerance = 0.2 Da, variable modifica-

tion = Oxidation (Met), MS tolerance = 10 ppm, missed cleavages = 1. 

 

3.2.10 Statistical analysis 

GraphPad Prism 5 software was used to analyse data in experiments. One-way ANOVA and 

student T-test were used to determine P and a P < 0.05 was considered statistically significant. 
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3.3 Results 

3.3.1 Ovalbumin encapsulation into CaP NPs 

Initially, encapsulation of OVA into CaP NPs was attempted using the citrate-chelation method. 

OVA was either incorporated in the calcium salt buffer, or phosphate salt buffer or distributed 

equally in both buffers. As shown in Table 3.1, the formation of CaP NPs loaded with OVA 

under different buffer conditions did not resulted in a significant change in the size of the NPs 

as compared to non-OVA loaded CaP NPs (P > 0.05). Furthermore, the PDI of OVA-loaded 

particles were similar to non-OVA loaded CaP NPs (P > 0.05). However, the zeta potential of 

OVA-loaded CaP NPs were higher as compared to non-OVA loaded CaP NPs (P < 0.01). 

Table 3. 1: Characterisation of OVA-loaded CaP NPs at different loading methods. Data are expressed as 
mean ± SD of at least 3 biological replicates; error bars show the SDs. 
 

Group  Size (nm) 
Polydispersity 
index (PDI) 

Zeta potential (mV) 

Without OVA loading  185 ± 26  0.13 ± 0.02  -20.25 ± 0.55 

OVA + Calcium chloride  186 ± 17  0.18 ± 0.02  -26.3 ± 0.68 

OVA + Calcium chloride and 
sodium phosphate 

196 ± 12  0.23 ± 0.06  -24.6 ± 0.69 

OVA + Sodium phosphate  188 ± 19  0.16 ± 0.03  -26.9 ± 0.65 

 

As shown in Figure 3.1A, the loading efficiency of OVA was dependent on the buffer was 

initially dissolved in. The loading efficiency of these three methods were 0.75 ± 0.16%, 

(calcium chloride), 1.19 ± 0.10% (calcium chloride and sodium phosphate) and 1.34 ± 0.13% 

(sodium phosphate) respectively, indicating that OVA loading was significantly less when OVA 

was dissolved in calcium chloride initially that in the other buffers. 
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Figure 3. 1: (A) Effects of different loading methods on OVA loading efficiency. (B) The SDS-PAGE anal-
ysis of the standard curve and OVA-loaded CaP NPs.  
Lane 1: pure OVA (5 µg); lane 2: pure OVA (10 µg); lane 3: pure OVA (15 µg); Lane 4 (20 µg) and 5: OVA 
released from CaP NPs. Data represent the mean loading efficiency (%) of three replicates; error bars show the 
SDs. *** = points were found to be significantly different (p < 0.001) from the calcium chloride loading buffer. 

To confirm the loading efficiency 150 µg of OVA loaded using both buffers to form the CaP-

OVA NPs was loaded onto an SDS-PAGE gel with known amounts of free OVA protein as a 

set of standards (Figure 3.1B). According to the band intensity measured from the gel using 

ImageQuant software, a standard curve (range from 5 to 20 µg) was created with an R2 = 0.97 

(Figure 3.1B). Figure 3.1B shows that the amount of OVA encapsulated in CaP NPs is 2.3 µg, 

which corresponds to an OVA loading efficiency of 1.6%. 

 

3.3.2 Absorption of OVA onto CaP NPs using a layer-by-layer approach 

To improve OVA loading efficiency, a layer-by-layer approach was adopted. Initially, amino 

acids (L-lysine, L-arginine, L-lysine ethyl ester and L-arginine ethyl ester) were used to reverse 

the CaP NPs charge from negative to positive. Amino acid concentration of 6.25 mM, 12.5 mM, 

25 mM and 50 mM at pH 8 (L-lysine, L-arginine, L-lysine ethyl ester and L-arginine ethyl 

ester) were incubated with CaP NPs. For all of the amino acids tested there was an increase in 

particle size and PDI with increasing concentration of amino acid with only a slight decrease 

in CaP NPs surface charge as compared to the starting CaP NP (Table 3.2). From these results 

it can be surmised that an increasing concentration of amino acids during preparation 

additionally leads to NPs aggregation. 
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Table 3. 2: Influence of different concentration of amino acids on CaP NPs size and zeta potential. Data 
are expressed as mean ± SD of at least 3 biological replicates. 
 
   

Amino acid 
Amino acid 

concentration (mM)
Particle size

(nm)
Polydispersity 
index (PDI)

Zeta potential
(mV) 

 0.00  185 ± 26  0.12 ± 0.06  -20.0 ± 3 

L-arginine 

6.25  335 ± 65  0.33 ± 0.08  -18.3 ± 0.43 

12.50  362 ± 39  0.29 ± 0.10  -18.4 ± 0.25 

25.00  389 ± 67  0.35 ± 0.07  -17.9 ± 0.55 

50.00  989 ± 378  0.70 ± 0.22  -17.4 ± 0.46 

L-lysine 

6.25  275 ± 65  0.21 ± 0.10  -17.1 ± 0.60 

12.50  333 ± 54  0.32 ± 0.05  -16.03 ± 0.45 

25.00  896 ± 350  0.69 ± 0.23  -15.7 ± 0.58 

50.00  1425 ± 323  0.75 ± 0.16  -16.5 ± 0.38 

L-arginine ethyl ester 

6.25  375 ± 50  0.33 ± 0.06  -17.3 ± 0.21 

12.50  328 ± 53  0.34 ± 0.09  -18.8 ± 0.05 

25.00  340 ± 135  0.30 ± 0.15  -18.7 ± 0.49 

50.00  902 ± 490  0.69 ± 0.30  -17.7 ± 0.21 

L-lysine ethyl ester 

6.25  286 ± 101  0.18 ± 0.06  -17.5 ± 0.50 

12.50  319 ± 53  0.31 ± 0.08  -18.03 ± 0.49 

25.00  819 ± 410  0.65 ± 0.33  -15.7 ± 0.31 

50.00  1321 ± 267  0.79 ± 0.15  -17.0 ± 0.21 

 

 

To investigate if decreasing CaP NP concentration affected NP aggregation, lower 

concentrations of NP were tested. Lowing CaP NP concentration did alter the CaP NP surface 

charge from approximately -20 mV to -5.82 mV for all amino acids tested (Table 3.3). However, 

this resulted in significant aggregation as indicated by increase in particle size and PDI (Table 

3.3). Consequently, in the subsequent studies, a particle dilution factor of 1:2 was chosen to 

study the incubation time effect (Table 3.4). A significant increase in NP size was observed 

with increasing the incubation time with the CaP NPs forming aggregates 3-5 µm (Table 3.4).  
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Table 3. 3: Effect of different nanoparticle dilution factor on CaP NPs size and zeta potential. Data are 
expressed as mean ± SD of at least 3 biological replicates. 
 

Amino acid 
(500 mM) 

Particle dilution 
factor 

Particle size 
(nm) 

Polydispersity 
index (PDI) 

Zeta potential 
(mV) 

 0  185 ± 26  0.12 ± 0.06  -20.0 ± 3.1 

L-lysine 

1:2  1398 ± 101  0.21 ± 0.10  -11.3 ± 0.32 

1:4  1659 ± 133  0.16 ± 0.06  -7.73 ± 0.11 

1:8  1582 ± 57  0.11 ± 0.05  -6.18 ± 0.75 

L-lysine ethyl ester 

1:2  1740 ± 64  0.36 ± 0.22  -11.8 ± 0.25 

1:4  1763 ± 25  0.33 ± 0.02  -8.32 ± 0.40 

1:8  1649 ± 185  0.86 ± 0.15  -5.82 ± 0.38 

L-arginine 

1:2  1596 ± 55  0.47 ± 0.07  -11.4 ± 0.87 

1:4  1178 ± 15  0.30 ± 0.02  -10.1 ± 0.76 

1:8  1555 ± 321  0.55 ± 0.32  -7.5 ± 0.27 

L-arginine ethyl ester 

1:2  1723 ± 103  0.35 ± 0.06  -11.8 ± 0.45 

1:4  1436 ± 329  0.57 ± 0.31  -8.1 ± 0.66 

1:8  1970 ± 922  0.45 ± 0.40  -7.44 ± 0.45 

 

Table 3. 4: Effect of various incubation time on particle size and zeta potential. Data are expressed as 
mean ± SD of at least 3 biological replicates. 
 

Amino acid 
(500 mM) 

Incubation time Particle size 
(nm) 

Polydispersity 
index (PDI) 

Zeta potential 
(mV) 

 0 h  185 ± 26  0.12 ± 0.06  -20.0 ± 3.1 

L-lysine 

2 h  1398 ± 101  0.21 ± 0.10  -11.3 ± 0.32 

4 h  3282 ± 533  0.38 ± 0.06  -12.9 ± 1.39 

18 h  3307 ± 588  0.37 ± 0.12  -14.2 ± 0.81 

L-lysine ethyl ester 

2 h  1740 ± 64  0.36 ± 0.22  -11.8 ± 0.25 

4 h  2931 ± 685  0.78 ± 0.01  -12.1 ± 0.78 

18 h  4157 ± 309  0.27 ± 0.22  -8.15 ± 0.56 

L-arginine 

2 h  1596 ± 55  0.47 ± 0.07  -11.4 ± 0.87 

4 h  3132 ± 112  0.23 ± 0.08  -16.8 ± 0.41 

18 h  4959 ± 911  0.51 ± 0.01  -13.5 ± 1.16 

L-arginine ethyl ester 

2 h  1723 ± 103  0.35 ± 0.06  -11.8 ± 0.45 

4 h  3212 ± 353  0.44 ± 0.16  -13.0 ± 0.99 

18 h  3381 ± 171  0.54 ± 0.18  -13.5 ± 2.99 
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3.3.3 The different molecular weight of PEI adsorption onto CaP NPs 

The use of a polycationic material such as polyethyleneimine (PEI) was used to investigate if 

a polymer rather than a monomer (amino acids) would reverse CaP NPs surface charge without 

inducing aggregation. Different molecular weight (MW) of PEI (0.423 kDa, 1.8 kDa, 2.5 kDa, 

5.0 kDa, 10.0 kDa and 25.0 kDa) were used in this study. As can be seen in Table 3.5, the CaP 

NP surface charge (zeta potential) could be increased to positive in a concentration-dependent 

manner by all MWs of PEI concentration with the exception of 0.423 kDa linear PEI which 

also resulted in CaP NP aggregation. Although both 1.8 kDa and 2.5 kDa linear PEI resulted in 

CaP NPs with a positive charge, they also resulted in significant aggregation. As can be seen 

in Table 3.5, increasing the concentration of 5 kDa linear, 10 kDa linear, 10 kDa branched and 

25 kDa branched PEI to 6 mg/mL, 4 mg/mL, 2 mg/mL, 1 mg/mL respectively, resulted in CaP 

NPs with a positive surface charge and similar size and PDI as the non-coated CaP NP. 
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Table 3. 5: Effect of different molecular weight of PEI on CaP NPs size and zeta potential. Data are ex-
pressed as mean ± SD of at least 3 biological replicates. 
 

Type of PEI 
PEI concentration

 (mg/mL) 
Particle size

(nm)
Polydispersity 
index (PDI)

Zeta potential
(mV) 

 0.00  185 ± 26  0.12 ± 0.06  -20.0 ± 3.1 

0.423 kDa Linear 

2.00  1798 ± 361  0.25 ± 0.07  -13.9 ± 0.7 

4.00  1575 ± 59  0.38 ± 0.08  -8.26 ± 0.05 

6.00  1453 ± 65  0.25 ± 0.04  -6.19 ± 0.27 

12.00  1011 ± 180  0.46 ± 0.09  -4.23 ± 0.05 

1.8 kDa Linear 

0.250  2948 ± 651   0.37 ± 0.23  15.53 ± 0.12 

0.500  2581 ± 124  0.37 ± 0.06  19.63 ± 0.18 

1.000  1098 ± 286  0.67 ± 0.46  17.5 ± 0.12 

6.00  978 ± 96  0.31 ± 0.15  27.2 ± 0.37 

2.5 kDa Linear 

2.00  654 ± 185  0.71 ± 0.21  18.1 ± 0.78 

4.00  584 ± 163  0.45 ± 0.17  19.0 ± 0.57 

6.00  515 ± 105  0.67± 0.18  19.5 ± 0.69 

10.00  384 ± 111  0.42 ± 0.07  25.5 ± 0.22 

5 kDa Linear 

1.00  211 ± 27  0.40 ± 0.04  17.6 ± 0.37 

2.00  203 ± 14  0.18 ± 0.09  19.0 ± 0.16 

4.00  195 ± 18  0.13 ±0.06  20.9 ± 0.52 

6.00  189 ± 18  0.09 ± 0.04  23.5 ± 0.81 

10 kDa Linear 

1.00  879 ± 231  0.75 ± 0.25  14.6 ± 0.37 

2.00  509 ± 177  0.45 ± 0.05  19.6 ± 0.35 

4.00  214 ± 10  0.23 ± 0.04  22.8 ± 0.65 

6.00  211 ± 12  0.16 ± 0.10  26.9 ± 0.32 

10 kDa Branched 

0.125  1254 ± 235  0.91 ± 0.07  14.5 ± 0.12 

0.25  1224 ± 124  0.31 ± 0.19  16.5 ± 0.25 

0.50  493 ± 84  0.27 ± 0.15  17.2 ± 0.50 

1.00  321 ± 87  0.31 ± 0.11  21.3 ± 0.18 

2.00  205 ± 27  0.14 ± 0.08  22.5 ± 0.61 

 

25 kDa Branched 

0.125  1136 ± 128  0.54 ± 0.12  10.86 ± 0.27 

0.25  1072 ± 112  0.36 ± 0.13  16.71 ± 0.20 

0.50  870 ± 108  0.32 ± 0.14  20.51 ± 0.43 

1.00  194 ± 35  0.27 ± 0.02  22.13 ± 0.47 

2.00   189 ± 25  0.23 ± 0.04  25.36 ± 0.28 
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3.3.4 Size stability of various molecular weight of PEI coated CaP NPs 

The emulsion stability of CaP-PEI NPs prepared using the 5 kDa linear, 10 kDa linear, 10 kDa 

branched, and 25 kDa branched PEI were investigated over 5 days using DLS. After two days 

the 5 kDa linear and 10 kDa linear CaP-PEI NPs formed aggregate, as seen by an increase in 

size, and the PDI of particles became polydisperse and were observed to sediment (Figure 3.2A, 

B and D). However, both the 10 kDa branched and 25 kDa branched PEI-coated CaP NPs were 

stable at RT, with no change in NP size or PDI or observable sedimentation over the five day 

period (Figure 3.2).  

 

 

Figure 3. 2: The characterisation of CaP NPs with different molecular weight of PEI in MilliQ water.  
(A)  size (B) PDI (C) zeta potential (D) photo-image. Data are expressed as mean ± SD of at least 3 biological 
replicates; error bars show the SDs. 

 

3.3.5 CaP-PEI NPs cytotoxicity 

For the potential use NPs in in vivo applications, the biological safety of NPs must be taken 

into consideration. The toxicity of PEI coated NPs was quantified by MTS (a cell proliferation 

assay) and LDH (lactate dehydrogenase, and indicator of cellular toxicity) assays (Figure 3.3). 

The HEK and H4IIE cell monolayers were incubated with PEI coated CaP NPs at NP to cell 

ratios of 5,000:1, 10,000:1, 15,000:1 and 20,000:1. 5 kDa linear PEI, 10 kDa linear PEI, 10 
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kDa branched PEI, and 25 kDa branched PEI were used in these experiments as they were 

previously shown to both modify the charge of nanoparticles and prevent NP aggregation over 

24 hours. MTT and LDH results indicated that 5 kDa linear PEI, 10 kDa linear PEI, 10 kDa 

branched PEI had no toxic effects on HEK or H4IIE cells across all NP:Cell ratios (Figure 3.3). 

In contrast, 25 kDa branched PEI exhibited slight toxicity on both cell types, but only at the 

highest NP:Cell ratio, as compared to untreated cells. Based on the size stability and CaP-PEI 

NPs cytotoxicity, the 10 kDa branched PEI was chosen as the most suitable polymer for 

formulating positively charged NPs for the subsequent studies.  

 

Figure 3. 3: The toxicity of CaP NPs with different molecular weight of PEI on HEK (A, B) and H4IIE 
cells (C, D). Data are expressed as mean ± SD of at least 3 biological replicates; error bars show the SDs. 
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3.3.6 Optimisation of OVA adsorption  

 

Figure 3. 4: Effect of OVA concentration on particles. (A) size (B) PDI (C) zeta potential (D) SDS-PAGE. 
Data are expressed as mean ± SD of at least 3 biological replicates; error bars show the SDs. 
 

To investigate the optimal conditions for OVA adsorption on the surface of CaP-PEI NPs, a 

series of OVA concentrations were tested. CaP-PEI NPs were added dropwise to various OVA 

concentrations under constant agitation and incubated for 30 min. The CaP-PEI-OVA NPs were 

then pelleted by centrifugation and were dispersed in MilliQ water and characterised by DLS. 

Figure 3.4 shows that at an OVA concentration of 4 mg/mL and less the NPs formed aggregates 

with high PDI’s. The particle size (273 ± 11 nm) and PDI (0.17 ± 0.08) remained low after 

incubation with 8 mg/mL or greater of OVA (Figure 3.4A and B), and that the charge of NPs 

became negative from 2 mg/mL of OVA (-1.74 ± 0.39 mV) (Figure 3.4C). With increasing OVA 

concentration there was an increase in the negative surface charge of the NPs which plateaued 

from 12 mg/mL. The amount of OVA loaded onto particles prepared using 10, 12, 14 and 16 

mg/mL was determined using the BCA method after removal of the CaP core with HCl, 

resulting in 1.06 × 10-14 g/NP, 2.91 × 10-14 g/NP, 2.87 × 10-14 g/NP and 2.80 × 10-14 g/NP, 

respectively. This indicates that the NPs were saturated with OVA at 14 mg/mL and above. 
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Based on the size, PDI and zeta potential, the concentration of OVA (14 mg/mL) was selected 

for adsorption on NPs. CaP-PEI-OVA NPs synthesised using 14 mg/mL OVA were used in an 

SDS-PAGE to confirm protein loading. Figure 3.4D demonstrates that OVA was absorbed onto 

CaP-PEI-OVA NPs.  

   

To indicate the properties of NPs in vivo, the size stability of CaP-PEI-OVA NPs was evaluated 

in various biological media. The DLS results demonstrated that the particles were stable in 

MilliQ water without any aggregation (Table 3.6). However, when the particles were dispersed 

in PBS buffer the particle size increased significantly from 259 ± 24 nm to 4625 ± 335 nm, 

indicating particle aggregation. The size of CaP-PEI-OVA NPs remained unchanged in DMEM 

and SBF buffer with 55% human serum after six hours (Table 3.6). However, there was a 

decrease in the values of zeta potential. Consequently, SDS-PAGE was conducted to investigate 

protein corona and the loss of OVA compared to starting NPs. Figure 3.5 shows that NP-OVA 

adsorbed a number of serum proteins from the cell culture media and serum, which displaced 

absorbed OVA. In an attempt to reduce the protein corona from serum and culture media, 

additional layers of PEI were investigated. 

                              

Figure 3. 5: SDS-PAGE of CaP-PEI-OVA NPs in the various solutions for 6 h at room temperature. 
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Table 3. 6: The size stability of CaP-PEI-OVA NPs in different media for 6 h. Data are expressed as mean 
± SD of at least 3 biological replicates; ± indicates the SDs. 
 

Media 
NP size 

(nm) 
Polydispersity index 

(PDI) 
Zeta potential 

(mV) 

MilliQ water  259 ± 24  0.15 ± 0.05  -13.8 ± 0.54 

PBS buffer  4625 ± 335  0.58 ± 0.38  -3.41 ± 0.60 

DMEM with 10% 
FBS 

265 ± 28  0.22 ± 0.08  -2.56 ± 0.32 

SBF buffer with 55% 
human serum 

277 ± 32  0.29 ± 0.09  -2.08 ± 0.42 
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3.3.7 Second layer of PEI 

To coat the second layer of PEI, the CaP-PEI-OVA NPs were mixed with different 

concentrations of 10 kDa branched PEI. The solution was incubated under constant agitation 

(1 h), then centrifuged and dispersed in MilliQ water. Figure 3.6 shows after the addition of a 

second layer of PEI, the particle size and PDI remained unchanged from 12 mg/mL PEI (Figure 

3.6A). At this concentration, the particle became positively charged at +25 ± 1.25 mV (Figure 

3.6B). The protein content of the NPs was quantified by the BCA protein assay kit and SDS-

PAGE and Figure 3.6C and D demonstrate that the OVA was decreased by more than 90% by 

the addition of PEI. As a result, cross-linking of OVA on the particle surface was investigated 

to avoid detachment and replacement by serum proteins was performed. 

 

Figure 3. 6: Characterisation of the second layer of PEI adsorbed on CaP-PEI-OVA NPs.  
Particle size and PDI (A), zeta potential (B), BCA protein assay results (C), SDS-PAGE (D). Data are 
expressed as mean ± SD of at least 3 biological replicates; error bars show the SDs. The used second layer PEI 
concentration is 14 mg/mL. 
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3.3.8 Cross-linking OVA on the surface of CaP-PEI NPs 

OVA has a number of amino acids (20 lysines, 10 tyrosine, 6 cysteines, 14 aspartic acids, and 

33 glutamic acids) that are suitable for conjugation and cross-linking. Three cross-linking 

agents glutaraldehyde, DMTMM and BS3 were used (Table 3.7). Figure 3.7 shows that at all 

concentrations of GA and BS3 resulted in stable cross-linked OVA, as there was no OVA bands 

detected by SDS-PAGE (Figure 3.7A and B). However, DMTMM resulted in no cross-linking 

(Figure 3.7C).  

Table 3. 7: Different cross-linkers and their structures. 
 

Cross-linkers Structure Reactive groups 

 

GA (Glutaraldehyde) 

 

Aldehydic groups 

DMTMM (4-(4,6-di-
methoxy-1,3,5-triazin-2-
yl)-4-methylmorpholin-

ium chloride)  

 
 

 

  Carboxylic acid  

BS3 (bis[sulfosuccin-
imidyl] suberate) 

 
 

 Sulfo-NHS ester 
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Figure 3. 7: SDS-PAGE analyses of the different molar ratio of cross-linkers to OVA. (A) different molar 
ratio of GA/OVA; (B) different molar ratio of BS3/OVA; (C) different molar ratio of DMTMM/OVA. 
 

Although GA and BS3 successfully cross-linked OVA, cross-linking itself may lead to an in-

crease in NP size and PDI. When the molar ratio of GA/OVA was 0.11 and 0.33, the particle 

size increased to 1,312 ± 115 nm and 1,709 ± 425 nm, respectively. The PDI was 0.87 ± 0.10 

and 0.78 ± 0.19, respectively (Table 3.8). In comparison, the particle size was smaller after BS3 

cross-linking, which was 430 ± 35 nm when the molar ratio of BS3/OVA was 0.02. Considering 

the particle size and PDI, BS3 was chosen as an OVA cross-linker for further optimisation and 

processing for the purpose of decreasing the particle size. 
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Table 3. 8: Characterisation of the different molar ratio of cross-linkers to OVA. Data are expressed as 
mean ± SD of at least 3 biological replicates; ± indicates the SDs. 
 

Group  Size (nm)  PDI 

Non-cross-linked NPs in water  259 ± 24  0.12 ± 0.07 

Molar ratio of GA/OVA at 0.11  1312 ± 115  0.87 ± 0.10 

Molar ratio of GA/OVA at 0.33  1709 ± 425  0.78 ± 0.19 

Molar ratio of BS3/OVA at 0.02  430 ± 35  0.21 ± 0.06 

Molar ratio of BS3/OVA at 0.04  398 ± 39  0.26 ± 0.05 
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3.3.9 Optimal conjugation buffer for the BS3 conjugation 

When conjugation was attempted according to the manufacturer’s instructions (BS3, Thermo 

Fisher Scientific), there a number of BS3 conjugation buffer options there being 100 mM 

sodium phosphate, 0.15 M NaCl, 20 mM HEPES and 50 mM borate. The suggested molar 

ratios of these buffers and a 5 and 10 fold molar reaction were used to evaluate conjugation of 

OVA on the surface of CaP NPs. 

 

Figure 3.8 shows all 10 fold molar reduced buffers resulted in a stable suspension, with the 

starting and 5 fold molar reduced buffer resulting in aggregation. These visual observations 

were confirmed by DLS (Table 3.9), with 10 fold buffers having the smallest aggregation and 

PDI’s. 5 mM borate buffer resulted in same size and PDI as compared to the non-cross-linked 

NPs. Based on these data 5 mM borate buffer was chosen as the OVA conjugation buffer for 

further experimentation. 

 

               

Figure 3. 8: CaP-PEI-OVA NPs in different conjugation buffer after 6 h. 

 

 

 

 

 

(1) 100 mM sodium phosphate 
(2) 150 mM NaCl 
(3) 20 mM HEPES 
(4) 50 mM borate 
(5) 20 mM sodium phosphate 
(6) 30 mM NaCl 
(7) 4 mM HEPES 
(8) 10 mM borate 
(9) 10 mM sodium phosphate 
(10) 15 mM NaCl 
(11) 2 mM HEPES 

      (12) 5 mM borate 
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Table 3. 9: Determination of the optimal concentration of conjugation buffer for cross-linking OVA on 
nanoparticles.  
The non-cross-linked CaP-PEI-OVA NPs were incubated with various concentration of conjugation buffer for 6 
h, and the particle size and zeta potential were measured by DLS. Data represent the mean of three replicates; ± 
indicates the SDs. 
 

      Conjugation buffer  Size (nm)  Polydispersity index (PDI) 

  MilliQ water  259 ± 24  0.12 ± 0.07 

1 100 mM sodium phosphate  3202 ± 523  0.87 ± 0.37 

2  150 mM NaCl  2965 ± 367  0.69 ± 0.25 

3  20 mM HEPES  2513 ± 657  0.62 ± 0.31 

4  50 mM borate  1840 ± 276  0.75 ±0.24 

5  20 mM sodium phosphate  2097 ± 217  0.65 ± 0.32 

6  30 mM NaCl  2273 ± 365  0.78 ± 0.28 

7  4 mM HEPES  1620 ±749  0.68 ± 0.37 

8  10 mM borate  1553 ± 311  0.72 ± 0.28 

9  10 mM sodium phosphate  411 ± 88  0.43 ± 0.14 

10  15 mM NaCl  677 ± 153  0.32 ± 0.23 

11  2 mM HEPES  526 ± 65  0.45 ± 0.11 

12  5 mM borate  255 ± 16  0.12 ± 0.03 

 
 
3.3.10 SDS-PAGE and mass spectrometry analyse OVA cross-linking 

 

               

Figure 3. 9: The SDS-PAGE analysis of non-cross-linked and cross-linked CaP-PEI-OVA NPs. 
 

As can be seen from the SDS-PAGE (Figure 3.9), pure OVA and non-cross-linked CaP-PEI-

OVA NPs all show a protein band at 42.3 kDa. However, for the cross-linked CaP-PEI-OVA 

NPs, there was a faint band on the gel, suggesting the 5 mM borate buffer was suitable for 

conjugation and OVA was successfully cross-linked. In order to further confirm OVA was 

cross-linked by BS3, the cross-linked CaP-PEI-OVA NPs were digested with trypsin, and cross-

linked peptides identified by LC-MS/MS. PLINK software was used to analyse the MS data to 
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identify cross-linked peptides. The results from mass spectrometry identified 29 cross-linked 

peptides of OVA (Table 3.10).  

 

Table 3. 10: Identification of cross-linked peptides by mass spectrometry. 
Number of 

cross-
linked 

 peptides 

Cross-linked 
 peptides 

E-value 

 
Mass error 

(ppm) 

1 279IKVYLPR285-286MKMEEK291 7.68E-08 -0.042834 

2 52TQINKVVR59-286MKMEEK291 2.92E-10 0.636502 

3 277KIKVYLPR284-52TQINKVVR59 3.28E-12 0.927388 

4 279IKVYLPR285-279IKVYLPR285 1.15E-04 1.23394 

5 220VASMASEKMK229-279KIKVYLPR285 2.55E-05 0.169555 

6 188AFKDEDTQAMPFR200-52TQINKVVR59 1.68E-06 0.917232 

7 277KIKVYLPR284-279IKVYLPR285 6.15E-08 1.309315 

8 52TQINKVVR59-279IKVYLPR285 4.79E-09 1.622621 

9 188AFKDEDTQAMPFR200-279IKVYLPR285 9.72E-10 1.921089 

10 188AFKDEDTQAMPFR200-286MKMEEK291 1.07E-04 0.40311 

11 188AFKDEDTQAMPFR200-277KIKVYLPR284 3.86E-10 1.928441 

12 52TQINKVVR59-52TQINKVVR59 1.03E-07 1.335134 

13 220VASMASEKMK229-279IKVYLPR285 4.09E-06 1.159852 

14 52TQINKVVR59-52TQINKVVR59 2.14E-04 1.029619 

15 52TQINKVVR59-286MKMEEK291 1.07E-01 -0.05643 

16 201VTEQESKPVQMMYQIGLFR219-279KIK-

VYLPR285 1.38E-05 1.409808 

17 220VASMASEKMK229-52TQINKVVR59 1.00E+00 0.225184 

18 201VTEQESKPVQMMYQIGLFR219-220VASMA-

SEKMK229 2.83E-05 1.259934 

19 279IKVYLPRMK287-279IKVYLPR285 1.80E-05 2.145591 

20 220VASMASEKMK229-52TQINKVVR59 1.24E-02 1.402131 

21 272KIKVYLPR284-52TQINKVVR59 4.99E-01 -0.893046 

22 112YPILPEYLQCVKELYR127-52TQINKVVR59 1.48E-01 0.362324 

23 220VASMASEKMK229-52TQINKVVR59 1.18E-05 1.048751 

24 279KIKVYLPR285-286MKMEEK291 1.64E-04 0.924623 

25 201VTEQESKPVQMMYQIGLFRVASMASEK227-
286MKMEEK291 6.65E-02 -0.42939 

26 220VASMASEKMK229-277KIKVYLPR284 3.65E-06 1.929082 

27 220VASMASEKMK229-220VASMASEKMK229 6.91E-01 3.82499 

28 220VASMASEKMK229-279IKVYLPR285 1.00E+00 0.366435 

29 279KIKVYLPR285-52TQINKVVR59 2.78E-02 1.50144 
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After BS3 cross-linking it was noted that upon storage, the CaP NPs quickly aggregated (Figure 

3.10). However, this was prevented by quenching unreacted BS3 by adding 150 mM glycine. 

This is supported by the resulting size stability of the quenched CaP-PEI-OVA NPs in MilliQ 

water (Figure 3.10). The DLS data showed the size of unquenched CaP-PEI-OVA NPs in 

MilliQ water increased from 256 ± 22 nm to 1296 ± 256 nm after four days, while the size of 

the quenched CaP-PEI-OVA NPs remained stable in MilliQ water. Taken together, for CaP-

PEI-OVA NPs cross-linking, BS3 was used as a cross-linker, 5 mM borate buffer was the most 

suitable conjugation buffer, and quenching with 150 mM glycine to prevent NP aggregation.  

                                            

Figure 3. 10: Size stability of unquenched and quenched CaP-PEI-OVA NPs in MilliQ water. Data are 
expressed as mean ± SD of at least 3 biological replicates; error bars show the SDs. 

 

3.3.11 Evaluation of the protein corona from cell culture media and serum on cross-
linked CaP-PEI-OVA NPs 

To investigate the interaction of CaP-PEI-OVA NPs with cell culture media and serum, cross-

linked, and non-cross-linked CaP-PEI-OVA NPs were dispersed in various media, and particle 

size and zeta potential were measured by DLS. Figure 3.11 showed when cross-linked, and 

non-cross-linked CaP-PEI-OVA NPs were suspended in MilliQ water, the sizes of NPs showed 

no difference (P > 0.05) (Figure 3.11A and B). Very little difference was observed from the 

non-cross-linked and cross-linked NPs in cell culture media and SBF buffer with 55% human 

serum (Figure 3.11C, D, E and F). However, when non-cross-linked NPs were dispersed in 

PBS buffer, the particle size increased from 259 ± 24 nm to 4625 ± 335 nm, with a high PDI 

of 0.623 ± 0.31 (Figure 3.11A and G). However, cross-linked CaP-PEI-OVA NPs did not ag-

gregate in PBS and had a similar particle size as compared to particles in MilliQ water (261 ± 

20 nm). 
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Table 3. 11: Zeta potential of cross-linked and non-cross-linked CaP-PEI-OVA NPs in various media. 
Data are expressed as mean ± SD of at least 3 biological replicates; ± indicates the SDs. 
 

Type of NPs  Media  Size (nm) Zeta potential (mV) 

Non-cross-

linked NPs 

MilliQ water  259 ± 24  -13.8 ± 0.54 

Cell culture media  269 ± 25  -0.29 ± 0.03 

SBF buffer with 55% human 

serum 

279 ± 26  -2.08 ± 1.0 

PBS buffer  4625 ± 335  -3.41 ± 0.60 

Cross-linked 

NPs 

MilliQ water  261 ± 20  -17.5 ± 1.2 

Cell culture media  275 ± 35  -7.22 ± 0.93 

SBF buffer with 55% human 

serum 

289 ± 28  -10.3 ± 0.65 

PBS buffer  297 ± 32  -9.73 ± 0.39 

 

Furthermore, incubation in cell culture media, SBF buffer with 55% human serum or PBS al-

tered the particle surface charge (Table 3.11). The surface charge of non-cross-linked NPs was 

negative (-13.8 ± 0.54 mV) in water and less negative in cell culture media (-0.29 ± 0.03 mV), 

human serum (-2.08 ± 1.0 mV) and PBS buffer (-3.41 ± 0.60 mV). The surface charge of cross-

linked NPs was negative (-17.5 ± 1.2 mV) in water and less negative in cell culture media (-

7.22 ± 0.93 mV), human serum (-10.3 ± 0.65 mV) and PBS buffer (-9.73 ± 0.39 mV).  
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Figure 3. 11: Size and correlation curve of non-cross-linked and cross-linked CaP-PEI-OVA NPs in various 
media measured by DLS.  
(A, B) non-cross-linked and cross-linked NPs in MilliQ water; (C, D) non-cross-linked or cross-linked NPs in 
cell culture media; (E, F) non-cross-linked or cross-linked NPs in SBF with 55% serum; (G, H) non-cross-
linked or cross-linked NPs in PBS. 
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Figure 3. 12: SDS-PAGE of protein corona comes from non-cross-linked or cross-linked CaP-PEI-OVA 
NPs incubated with various media for 6 h at room temperature. 
 (A) Non-cross-linked NP-OVA in MilliQ water; (B) non-cross-linked (-) or cross-linked (+) CaP-PEI-OVA 
NPs incubated with cell culture media; (C) non-cross-linked (-) or cross-linked (+) CaP-PEI-OVA NPs 
incubated with SBF with 55% serum. The arrow indicates the serum protein adsorbed on NPs. 

 

Non-cross-linked and cross-linked CaP-PEI-OVA NPs then were subjected to SDS-PAGE, 

trypsin digestion and the protein bands identified by mass spectrometry. Cross-linked NPs re-

sulted in substantially fewer serum proteins absorbed as compared to non-cross-linked NPs 

(Figure 3.12). No observable protein bands were found in cross-linked CaP-PEI-OVA NPs 

incubated with cell culture media, 10 bands was found in non-cross-linked NPs (Figure 3.12B). 

In addition, when non-cross-linked or cross-linked CaP-PEI-OVA NPs were incubated with 

SBF with 55% serum, the identified protein bands were 18 and 10, respectively (Figure 3.12C). 

The identified adsorbed coronal proteins are shown in Supplementary Table S3.1, Table S3.2 

and Table S3.3. Serum albumin was found to be the major protein in the corona from both FBS 

and SBF. Apolipoprotein, fibrinogen, and complement C3 were also identified in the corona 

of NPs, which are common proteins present in the blood. Various other proteins were found 

bound to non-cross-linked NPs, unlike the protein found in the cross-linked NPs following 
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incubation with cell culture media, where there were very few faint bands visible on the gel 

(Figure 3.12).  

 

FTIR was carried out for structural analysis of the NPs and to confirm the presence of PEI and 

OVA functional groups in the CaP NPs. Figure 3.13 shows the FTIR spectra of the layer by 

layer synthesised CaP-PEI-OVA NPs. PEI showed the characteristic peaks at 1,660 cm-1 for 

NH2 vibration (Figure 3.13A). CaP-PEI NPs had the increased signals at 1,660 cm-1 

correspondings to the NH2 vibration of PEI, which in turn is caused by the absorption of PEI 

on the particle surface during preparation (Figure 3.13A and D). FTIR is also an effective way 

to analyse protein structure [335]. The secondary structure analysis of OVA on CaP NPs is 

shown in Figure 3.14B. The FTIR spectra of the CaP-PEI-OVA NPs confirms the presence of 

OVA in the nanoparticles (Figure 3.13B and E). The peaks at [336] 1,654 cm-1 corresponds to 

amide I C-O stretching mode, 1,540 cm-1 corresponds to amide II N-H bending mode, and 

1,397 cm-1 corresponds to amide III C-N stretching mode. Amide I, amide II, and amide III 

peaks can be observed from Figure 3.13E after adsorption of OVA on particles, indicating CaP-

PEI NPs were coated with OVA. 

 

 

Figure 3. 13: FTIR spectra of the LbL CaP NPs. (A) PEI, (B) OVA, (C) CaP NPs, (D) CaP-PEI NPs, (E) 
CaP-PEI-OVA NPs. The three patterns have been normalised.  
 

 



114 
 

3.3.12 Optimised method for stable protein antigen coated CaP NPs 

The optimised method for coating CaP NP with a protein antigen using LbL approach is shown 

in Figure 3.14 whereby, particles were initially coated with PEI, followed by adsorption of 

OVA, and then the OVA was cross-linked by BS3, and quenched by glycine. This approach was 

then applied to other CaP NP’s. 

 

The particle size, size distribution, and surface charge of different cross-linked CaP-PEI-OVA 

NPs were characterised by DLS. Table 3.12 summarises the physical properties of three 

different sizes of CaP nanoparticle formulations after the addition of PEI, OVA and treatment 

with BS3 and glycine quenching. The size of each particle increased after each coating step and 

there was little change in particle size after cross-linking in comparison to the non-cross-linked 

NPs. The PDI of all samples remained below 0.2. A reversal of charge was identified following 

each coating step (CaP NPs: negative charge; PEI: positive charge; OVA: negative charge), 

suggesting the PEI and OVA were successfully adsorbed onto each NPs. According to BCA 

protein assay results, the OVA loading efficiency was 8.5 ± 1.2%. HIM images show the 

characteristic morphology of synthesised nanoparticles by the LbL approach. HIM images 

demonstrate that all cross-linked CaP-PEI-OVA NPs were rod-like shaped, uniform and 

monodispersed (Figure 3.15).  

 

 

Figure 3. 14: Established protocol of the preparation of cross-linked CaP-PEI-OVA NPs.  
The charge of CaP NPs was reversed to positive by PEI. Next, OVA was added to CaP-PEI NPs by electrostatic 
interaction. Finally, OVA on the NP surface was cross-linked by BS3, and quenched by glycine. Abbreviations: 
CaP NPs, calcium phosphate nanoparticles; PEI, polyethyleneimine; OVA, OVA; BS3 
(bis[sulfosuccinimidyl]suberate).
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Table 3. 12: Characterisation of different sizes of cross-linked CaP-PEI-OVA NPs. Data are expressed as mean ± SD of at least 3 biological replicates; ± indicates 
the SDs. 
 

 Layer-by-layer 

Ca(NO3)2.4H2O, NH4H2PO4 CaCl2, NaH2PO4  CaCl2, Na2HPO4.2H2O 

Size 
(nm) 

PDI Zeta potential 
(mV) 

Size (nm) PDI Zeta potential 
(mV) 

Size 
(nm) 

PDI Zeta potential 
(mV) 

CaP NPs 75 ± 15 0.18 ± 0.05 -26.50 ± 1.43 165 ± 21 0.12 ± 0.06 -18.7 ± 2.6 335 ± 45 0.16 ± 0.04 -23.06 ± 1.56 

CaP-PEI NPs 125 ± 15 0.19 ± 0.08 27.0 ± 0.92 189 ± 57 0.14 ± 0.03 22.5 ± 0.61 368 ± 21 0.08 ± 0.09 25.0 ± 0.73 

CaP-PEI-OVA NPs 173 ± 15  0.12 ±0.05 -12.7 ± 0.28 259 ± 24 0.12 ± 0.07 -13.8 ± 0.54 371 ± 25 0.15 ± 0.09 -11.08 ± 0.77 

CaP-PEI-OVA-BS3 NPs 174 ± 10 0.09 ± 0.04 -16.7 ± 0.6 261 ± 20 0.11 ± 0.07 -17.5 ± 1.2 364 ± 21 0.09 ± 0.07 -18.3 ± 0.8 
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Figure 3. 15: HIM images of cross-linked CaP-PEI-OVA NPs synthesised using layer-by-layer method. 
(A, B, C, D) Ca(NO3)2.4H2O + NH4H2PO4, (E, F, G, H) CaCl2 + NaH2PO4, (I, J, K, L) CaCl2 + Na2HPO4.2H2O. 
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3.4 Discussion 

The incorporation of a model protein into nanoparticles is a fundamental aspect of NPs vaccine 

development. With the aim to load OVA into CaP NPs, initially, encapsulation method was 

used. However, the loading efficiency of OVA using encapsulation in our study was very low, 

which is consistent with previous studies [173, 219]. A recent study, collaborating our data, 

reported that only 4% of OVA was loaded onto sugar coated CaP NPs when the initial OVA 

concentration was 1 mg/mL [219]. Because of OVA loading efficiency was extremely low in 

the present study, modification of the charge of citrate-coated CaP NPs was explored as a means 

of increasing the protein loading efficiency by a layer-by-layer approach. 

 

Layer-by-layer (LbL) technology offers a promising way to formulate multilayered thin films 

and coatings on a nanometer scale that has been widely applied in several biomedical fields 

[313-318]. Typically, the LbL method uses using electrostatic interactions to assemble NPs 

with layers of biological molecule on them [314]. A number of authors have found that simple 

amino acids can act as a stabilising agent to coat the NPs [337-340]. It has commonly been 

suggested that amino acids can bind to the NP surface as a means to avoid bulk NP aggregation 

[337]. For example, glutamic acid and histidine have been used as a capping agent to synthesise 

10-15 nm gold nanochains [338]. Arginine coated hydroxyapatite was positively charged and 

demonstrated had higher protein adsorption [339, 340]. Similarly, amino acid derivatives 

would adsorb to the nanoparticle surface to change the surface charge of hydroxyapatite [341]. 

As a result, in the current study the amino acids L-lysine, L-arginine, L-lysine ethyl ester and 

L-arginine ethyl ester were tested as stabilisers to modify the charge of NPs. Although amino 

acids did reduce the negative charge of the CaP NPs, they all induced significant aggregation. 

This aggregation is likely to be caused by slow and incomplete replacement of citrate ions on 

the particle surface, resulting in an unequal surface charge, which is an agreement with the 

literature [337, 342]. Sethi et al. showed the arginine partially replaced with citrate ions on the 

Au NPs surface resulted in aggregation [342]. Another study reported that the addition of 

arginine resulted in the incomplete substitution of citrate-capped NPs and branched linear 

chains of citrate-coated Au NPs [337]. Thus it is likely that amino acids were unable to entirely 

displace the citrate ions on the particle surface, so the partially negatively and positively CaP 

NPs resulted in bridging flocculation and aggregates [343].  
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Another method of coating NPs and change surface charge rapidly is to use polymers. 

Polyethylenimine (PEI) is a commonly used polymer for many years in protein [55] and gene 

delivery [313, 326, 344] as it has a high number of positive charges. PEI is a synthetic, 

positively charged polymer that can enhance cell uptake and the delivery of agents to the 

desired sites [345]. PEI has a high positive charge density at physiological pH, and permits the 

condensation of negatively charged protein into dense particles by electrostatic interaction. 

Nevertheless, the widespread application of PEI in vivo is limited by its cytotoxicity [344]. The 

current study showed 5 kDa linear, 10 kDa linear, 10 kDa branched, and 25 kDa branched PEI 

could fully modify the charge of particles. However, linear PEI of 5 kDa and 10 kDa were 

unable to stabilise NP emulsion for more than 3 days whereas the branched PEI which have 

high repulsive forces avoided nanoparticle bridging and aggregation [346].   

 

As the biosafety of a delivery system for vaccine application must be taken into consideration, 

the cytotoxicity of CaP-PEI NPs was assessed. It is reported that high molecular weight PEI 

has significant cell toxicity [87, 345, 347]. In an effort to reduce cytotoxicity of PEI, researchers 

have previously focused on the use of low molecular weight form of PEI in preference to high 

molecular one. A recent study reported that when 1.8 kDa PEI was used at a concentration of 

120 µg/mL, MTT assays showed the cell viability to be more than 85%, whereas the cell via-

bility was less than 25% when the 25 kDa form of PEI was used at the same concentration. PEI 

with a higher molecular weight (25 kDa) shows high cytotoxicity and transfection efficiency, 

whereas PEI with a lower molecular weight (1.8 kDa) shows low cytotoxicity and transfection 

efficiency [326]. In contrast, a recent paper reported that the 25 kDa PEI coated particles did 

not have significant toxicity to DCs within the concentration range of 12.5-100 µg/mL [320]. 

PEI with low molecular weight (1.8 kDa) has been investigated to form 1.8 kDa PEI/citric 

acid/DNA complexes and was shown to be non-toxic for in vitro and in vivo DNA delivery 

[289, 326]. In the present study, no toxicity was found on HEK and H4IIE cells, with the ex-

ception of 25 kDa PEI. This decreased cytotoxicity is likely to be due to the contribution of the 

protein corona. It is reported that protein corona could reduce the toxicity of PEI capped nano-

particles [313]. Another possibility is the low PEI concentration, and full removal of any unre-

acted PEI during formulation [87, 313, 326, 345].  

  

It is known that NPs may have severe aggregation when subjected to biological fluids. As a 

result, the size stability of non-cross-linked CaP-PEI-OVA NPs was evaluated in various cell 

culture media. The size of the particle was stable in MilliQ water without any aggregation, 



119 
 

indicating the colloidal stability of CaP-PEI-OVA NPs. However, the particle size became un-

stable in PBS. This is likely to be due to the various types of salts and has high ionic strength 

in PBS, and that these salts change particle surface structure and surface charge and can lead 

to severe aggregation [348-350]. The non-cross-linked CaP-PEI-OVA NPs showed excellent 

size stability in cell DMEM with 10% FBS and SBF buffer with 55% human serum, suggesting 

that serum proteins improve the size stability of nanoparticles. This is also in agreement with 

previous literature [320, 348]. Chen et al. showed that Fe2O3 nanoparticles had serious aggre-

gation in media without FCS, whereas in RPMI media with 10% FCS the particle size remained 

unchanged [351]. However, this study found that the size of the particle slightly increased when 

the non-cross-linked and cross-linked NPs suspended in cell culture media and SBF buffer with 

55% human serum. This may be due to the formation of protein corona in these media increased 

the hydrodynamic diameter of CaP-PEI-OVA NPs. FCS and serum contain a number of pro-

teins and lipids such as lipoproteins and glycoproteins, and these proteins might improve the 

stability of particles. This is likely to be due to being incorporated into the protein corona, 

which contributes to inhibiting further aggregation of particles [313, 352, 353]. Furthermore, 

previous research has found that FBS could suppress the CaP NPs mineralisation development 

and phase transformation, which impedes particle aggregation [354]. The size stability of cross-

linked CaP-PEI-OVA NPs was also observed in various media. Similar to non-cross-linked 

nanoparticles, they were stable in aqueous solution, cell culture media, and SBF buffer with 

55% serum. Most importantly, cross-linking of OVA can significantly enhance the stability of 

NPs in the salt buffer, which could be observed from the size of cross-linked NPs. The cross-

linked complexes not only show increased storage stability but also exhibit stability in various 

applications [355]. Also, cross-linked CaP NPs have significantly fewer protein bands com-

pared to non-cross-linked NPs in cell culture media and human serum. This indicates that the 

cross-linked NPs reduced the plasma protein adsorption protein in the culture media and human 

serum, which facilitate NP application in vivo investigations [356]. Protein binding can change 

the size and surface charge of NPs, which affect the overall biodistribution of NPs throughout 

the body [357]. Some serum proteins such as IgG are reported to facilitate NP phagocytosis 

and removal by systemic circulation through macrophages of the reticuloendothelial system 

(RES) [358, 359]. It is clear from these results that the cross-linked CaP NPs can decrease the 

amount of protein binding, and thus that it is suitable for vaccine applications. 
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Taken together, the findings of this investigation demonstrate that the LbL approach and then 

cross-linking method is an effective, safe and promising way to formulate a nanoparticle 

vaccine. 
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3.5 Conclusion 

In summary, an efficient LbL procedure to synthesise a protein vaccine using calcium 

phosphate nanoparticles was successfully developed. This chapter investigated the effect of 

several preparation parameters on nanoparticle vaccine size, PDI and zeta potential by 

independent experiments. Furthermore, the interaction between CaP NPs with human serum: 

effects of cross-link on plasma protein binding was also examined. The results show that the 

synthesis method is reproducible, and straightforward and the cross-linked CaP-PEI-OVA NPs 

enhanced salt stability and greatly reduced the plasma protein adsorption. These results provide 

important information about the types of protein adsorbed onto particles and therefore give 

deeper insight into initial biological interactions between NPs and blood. These data highlight 

the importance of cross-linking protein in improving particle stability. Therefore, this LbL 

method shows great potential in protein delivery, which could be used for therapeutic 

applications. 
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3.6 Supplementary Information 

Supplementary Table 3. 1: Identification of bound protein on the nanoparticle surface by mass spectrom-
etry. The protein corona comes from non-cross-linked NPs incubated with cell culture media for 6 h at 
room temperature.  
Normalised concentration indicates the intensity of each band as a percentage of all band intensities. 

Band No. 
(Normal-
ised 
conc. %)   

Protein Name Swisprot Accession 
No. 

Mascot 
Score 

Number 
of Pep-
tides 

1 (2.06%) Alpha-2-macroglobulin 
Inter-alpha-trypsin inhibitor heavy chain H1 
Serum albumin 
Ovalbumin 
Inter-alpha-trypsin inhibitor heavy chain H3  
Coagulation factor V 
Complement C3                            

A2MG BOVIN 
ITIH1 BOVIN  
ALBU BOVIN 
OVAL CHICK   
ITIH3 BOVIN 
FA5 BOVIN 
CO3 BOVIN                 

1342 
1305 
943 
869 
592 
469 
434 

88 
79 
70 
41 
42 
32 
43 

2 (4.60%) Alpha-2-macroglobulin  
Ovalbumin                      
Serum albumin 

A2MG BOVIN 
OVAL CHICK             
ALBU BOVIN 

5666 
935 
933 

342 
43 
62 

3 (4.64%) Alpha-2-macroglobulin  
Inter-alpha-trypsin inhibitor heavy chain H3  
Ovalbumin                             
Inter-alpha-trypsin inhibitor heavy chain H1  
Complement component C6 
Complement C3   
Inter-alpha-trypsin inhibitor heavy chain H4  
Phosphatidylinositol-glycan-specific phos-
pholipase D  
Apolipoprotein A-I  
Prothrombin   

A2MG BOVIN 
ITIH3 BOVIN 
OVAL CHICK 
ITIH1 BOVIN 
CO6 BOVIN 
CO3 BOVIN 
ITIH4 BOVIN 
PHLD BOVIN 
 
APOA1BOVIN            
THRB BOVIN 

2144 
1596 
1173 
947 
789 
731 
473 
254 
 
242 
219 

132 
97 
48 
66 
47 
66 
50 
19 
 
15 
10 

4 (3.33%) Serum albumin  
Ovalbumin   
Serotransferrin                           

ALBU BOVIN             
OVAL CHICK 
TRFE BOVIN  

1508 
1360 
1029 

94 
69 
71 

5 (17.42%) Serum albumin                            
Complement C3 
Ovalbumin   
Alpha-2-macroglobulin 
Complement component C9  

ALBU BOVIN 
CO3 BOVIN 
OVAL CHICK 
A2MG BOVIN CO9 
BOVIN  

6710 
2426 
1748 
1491 
1313 

407 
116 
55 
74 
70 

6 (8.23%) Serum albumin                                              
Ovalbumin  
Alpha-2-HS-glycoprotein   
Antithrombin-III                            

ALBU BOVIN 
OVAL CHICK 
FETUA BOVIN 
ANT3 BOVIN 

1166 
821 
451 
412 

93 
41 
25 
34 

7 (18.11%)    Ovalbumin OVAL CHICK 5045 200 
8 (22.4%) Ovalbumin                             

Complement C3   
OVAL CHICK 
CO3 BOVIN 

5527 
1829 

227 
106 

9 (13.59%) Ovalbumin                            
Adiponectin                             

OVAL CHICK 
ADIPO BOVIN 

2382 
1234 

99 
100 

10 (5.59%) Apolipoprotein A-I 
Ovalbumin                             

APOA1 BOVIN 
OVAL CHICK 

1404 
1292 

105 
65 

The band’s number was shown in Figure 3.15 A. 
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Supplementary Table 3. 2: Identification of bound protein on the nanoparticle surface by mass spectrom-
etry. The protein corona comes from non-cross-linked NPs incubated with SBF buffer with 55% human 
serum for 6 h at room temperature.  
Normalised concentration indicates the intensity of each band as a percentage of all band intensities. 

Band No. 
(Normal-
ised 
conc. %)   

Protein Name Swisprot Accession 
No. 

Mascot 
Score 

Number 
of Pep-
tides 

1 (2.98%) Apolipoprotein B-100   
Fibronectin                             

APOB Human 
FINC Human 

9113 
2452 

540 
122 

2 (1.25%) Apolipoprotein B-100 
Fibronectin    

APOB Human              
FINC Human 

3611 
2269 

260 
114 

3 (1.96%) Fibronecin                             FINC Human 5557 316 
4 (5.31%) Inter-alpha-trypsin inhibitor heavy chain H1  

Inter-alpha-trypsin inhibitor heavy chain H2  
ITIH1 Human 
ITIH2 Human 

4403 
3396 

191 
202 

5 (0.80%) Alpha-2-macroglobulin  A2MG Human 3519 215 
6 (0.77%) Complement factor H   

Apolipoprotein B-100  
Serum albumin                            

CFAH Human 
APOB Human 
ALBU Human 

3018 
2524 
901 

243 
173 
62 

7 (4.86%) Ceruloplasmin    
Apolipoprotein B-100 
Complement C3  
Ovalbumin  

CERU Human 
APOB Human 
CO3 Human 
OVAL Chick 

4674 
2250 
1924 
1802 

213 
176 
121 
70 

8 (2.49%) Complement C3  
Complement C5    
Serum albumin                             
Complement C4-B    

CO3 Human 
CO5 Human 
ALBU Chick 
CO4B Human 

5729 
1162 
852 
747 

313 
72 
47 
43 

9 (7.88%) Inter-alpha-trypsin inhibitor heavy chain H3  
Inter-alpha-trypsin inhibitor heavy chain H2  
Inter-alpha-trypsin inhibitor heavy chain H1  
Complement C3   
Protein AMBP                    
Serum albumin               

ITIH3 Human 
ITIH2 Human 
ITIH1 Human 
CO3 Human 
AMBP Human 
ALBU Human  

4256 
3027 
2606 
1329 
1096 
1029 

196 
175 
103 
85 
40 
53 

10 (3.28%) Ovalbumin                             
Serotransferrin    
Immunoglobulin heavy constant mu  
Complement C4-B    
Prothrombin                             
Serum albumin                            
Immunoglobulin gamma-1 heavy chain   
Coagulation factor XIII A chain Insulin-like 
Growth factor-binding protein complex acid 
labile subunit 
Coagulation factor  

OVAL Chick 
TRFE Human 
IGHM Human 
CO4B Human 
THRB Human 
ALBU Human 
IGG1 Human  
F13A Human 
ALS Human 
 
VFA5 Human 

2828 
2252 
2013 
1849 
1330 
776 
446 
439 
365 
 
356 

101 
108 
109 
82 
50 
55 
22 
28 
22 
 
35 

11 
(3.43%) 

Complement C4-A   
Complement C3    
Ovalbumin                            
Serum albumin                           
 Hyaluronan-binding protein 2  
Prothrombin                           
 Immunoglobulin heavy constant mu 
C4b-binding protein alpha chain  
Complement component C9   
Complement C5 
Coagulation factor XIII A chain  
Vitronectin                            
Vitamin K-dependent protein S 

CO4A Human 
CO3 Human 
OVAL Chick 
ALBU Human 
HABP2 Human 
THRB Human 
IGHM Human 
C4BPA Human 
CO9 Human 
CO5 Human 
F13A Human 
VTNC Human 
PROS Human 

4954 
4594 
2116 
1412 
1308 
128411
70 
1165 
555   
532 
474 
422 
422 

251 
217 
75 
86 
83 
43 
62 
64 
35 
34 
28 
24 
17 

12 (22.3%) Serum albumin                            
Complement C3    

ALBU Human 
CO3 Human 

9627 
5365 

430 
222 



124 
 

Ovalbumin                             
Complement C4-A    
Vitronectin                               
Complement component C9   
Hyaluronan-binding protein 2  
Heparin cofactor 2   

OVAL Chick 
CO4A Human 
VTNC Human 
CO9 Human 
HABP2 Human 
HEP2 Human 

1663 
1204 
697 
637 
539 
361 

49 
50 
37 
30 
41 
31 

13 (3.98%) Serum albumin                            
Immunoglobulin heavy constant alpha 1  
Vitronectin                            
Complement C3 
Alpha-1-antichymotrypsin   
Ovalbumin  
Angiotensinogen    

ALBU Human 
IGHA1 Human 
VTNC Human 
CO3 Human 
AACT Human 
OVAL Chick 
ANGT Human 

1688 
1095 
829 
816 
777 
608 
434 

107 
61 
74 
83 
32 
29 
13 

14 
(11.98%) 

Serum albumin                            
Immunoglobulin gamma-1 heavy chain  
Alpha-1-antitrypsin   
Ovalbumin                             
Antithrombin-III   
Alpha-1-antichymotrypsin 
Complement C3   
Complement C4-B 
Fibrinogen beta chain   
Vitamin D-binding protein   
Kininogen-1  

ALBU Human 
IGG1 Human 
A1AT Human 
OVAL Chick 
ANT3 Human 
AACT Human 
CO3 Human 
CO4B Human 
FIBB Human 
VTDB Human 
KNG1 Human 

2025 
1734 
1603 
975 
933 
920 
893 
890 
462 
291 
277 

99 
91 
82 
34 
54 
39 
53 
41 
24 
21 
19 

15 (8.33%) Ovalbumin                             
Complement C3    
Haptoglobin                              
Serum paraoxonase/arylesterase 1  
Apolipoprotein A-IV  

OVAL Chick 
CO3 Human 
HPT Human 
PON1 Human 
APOA4 Human 

7136 
2231 
991 
671 
574 

245 
134 
59 
24 
41 

16 (9.31%) Ovalbumin                             
Complement C3   
Serum albumin 
Complement C4-A   
Prothrombin                             
Haptoglobin Serum  
Paraoxonase/arylesterase 1  
CD5 antigen-like 
Immunoglobulin gamma-1 heavy chain  
Clusterin                             

OVAL Chick 
CO3 Human 
ALBU Human 
CO4A Human 
THRB Human               
HPT Human 
PON1 Human 
CD5L Human 
IGG1 Human 
CLUS Human  

5792 
2879 
1139 
895 
822 
625 
374 
365 
340 
317 

240 
154 
72 
59 
27 
37 
12 
21 
30 
22 

17 (1.80%) Ovalbumin                              
Prothrombin                              
Serum albumin                      
Complement C4-A   
Complement C3   
Protein AMBP                            
Complement C1q subcomponent subunit B  

OVAL Chick 
THRB Human 
ALBU Chick 
CO4A Human 
CO3 Human 
AMBP Human 
C1QB Human 

1952 
1528 
953 
892 
693 
529 
362 

89 
93 
68 
77 
61 
27 
17 

18 (7.24%) Immunoglobulin kappa light chain  
Ovalbumin                           
Complement C4-A    
Serum albumin                           
Serum amyloid P-component  

IGK Human 
OVAL Chick 
CO4A Human 
ALBU Human 
SAMP Human 

2118 
1425 
672 
615 
449 

69 
50 
54 
49 
25 

The band’s number was shown in Figure 3.15 B. 
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Supplementary Table 3. 3:  Identification of bound protein on the nanoparticle surface by mass spectrom-
etry. The protein corona comes from cross-linked NPs incubated with SBF buffer with 55% human serum 
for 6 h at room temperature.  
Normalised concentration indicates the intensity of each band as a percentage of all band intensities. 

Band No. 
(Normal-
ised 
conc. %)   

Protein Name Swisprot Accession 
No. 

Mascot 
Score 

Number 
of Pep-
tides 

1 (1.4%)  Alpha-2-macroglobulin 
Complement factor H 
Fibronectin 

A2MG Human 
CFAH Human 
FITC Human 

1921  
905 
798 

118  
52 
53 

2 (3.5%)  Serum albumin 
Ceruloplasmin 
Alpha-2-macroglobulin 

ALBU Human 
CERU Human 
A2MG Human 

1010 
733 
638 

45 
28 
49 

3 (1.5%)  Complement C3 
Serum albumin 
Alpha-2-macroglobulin 

CO3 Human 
ALBU Human 
A2MG Human 

1252 
740 
701 

68 
38 
50 

4 (2.2%)  Serotransferrin 
Serum albumin 
Immunoglobulin heavy constant mu 

TRFE Human 
ALBU Human 
IGHM Human 

1598 
953 
899 

86 
56 
50 

5 (6.2%)  Serum albumin 
Complement C3 

ALBU Human 
CO3 Human 

6264 
1674 

344 
72 

6 (45.7%)  Serum albumin 
Immunoglobulin gamma-1 heavy chain 
Alpha-1-antitrypsin 

ALBU Human 
IGG1 Human 
A1AT Human 

2388 
1827 
1048 

111 
103 
63 

7 (19.5%)  Serum albumin 
Immunoglobulin gamma-1 heavy chain 
Serotransferrin  

ALBU Human 
IGG1 Human 
TRFE Human 

769 
535 
763 

45 
27 
39 

8 (2.5%)  Serum albumin 
Complement C3 
Serotransferrin 

ALBU Human 
CO3 Human 
TRFE Human 

1484 
1276 
763 

82 
57 
39 

9 (3.1%)  Serum albumin 
Immunoglobulin kappa light chain 

ALBU Human 
IGK Human 

1524 
1461 

65 
47 

10 (14%)  Serum albumin 
Immunoglobulin kappa constant 

ALBU Human 
IGKC Human 

745 
287 

41 
13 

The band’s number was shown in Figure 3.15 B. 
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Chapter 4  

Evaluation of the immunological effects of different 

sizes of CaP NPs vaccine on oral epithelial cells and 

macrophages 
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4.1 Introduction  

Currently, most of the licensed vaccines are parenterally administered, and the common injec-

tion routes include intravenous (IV), subcutaneous (SC), and intramuscular (IM) [360]. While 

these vaccinations confer systemic immunity, many infections and squamous cell carcinoma 

(e.g. oral cancer) are mucosally initiated. Although mucosal vaccines have been investigated 

for many years, relatively few mucosal vaccines have been approved for commercial use [361]. 

One of the challenges associated with mucosally delivered vaccines is the mucosal epithelium 

itself. Epithelial cells perform a critical role in the body, and are the first line of defence against 

any pathogen in a non-specific manner [362]. These mucosal epithelial cells play an essential 

role in host-pathogen interaction and significantly affect the type of immunity induced by the 

host [104]. However, due to their biological function epithelial cells form a tight monolayer, 

which can prevent the administration of some vaccines and drugs [363, 364]. As large mole-

cules, such as proteins, cannot penetrate the cell wall nor effectively pass through tight junc-

tions. As a result, an efficient delivery system for mucosal vaccines would have significant 

value and is generating considerable research interest [365].  

 

Over the last two decades, nanoparticle-based vaccines have emerged as a very promising strat-

egy for vaccine development [33, 83]. Nanoparticles (NPs) are synthesised as solid cores with 

a diameter range from 1 to 1,000 nm, which have shown significant adjuvant effects as antigen 

carriers [366]. Various types of NPs have been used for vaccination, and the most widely stud-

ied NPs include polymeric nanoparticles, lipid nanoparticles, carbon nanotubes, and inorganic 

nanoparticles (calcium phosphate, silicate, gold)  [32-37, 71]. Among these different types of 

nanoparticles calcium phosphate nanoparticles (CaP NPs) have attracted increasing attention. 

CaP NPs are non-toxic, biodegradable, cost-effective, and have pH-dependent solubility. Most 

importantly, they protect the antigen cargo from degradation and elimination, and deliver it to 

immune cells [128]. They can also be functionalised with various molecular adjuvants to en-

hance active immune cell targeting and thus the efficacy of a vaccine [30, 340]. Due to these 

properties, CaP NPs have been studied in a number of biomedical applications such as 

DNA/gene silencing, drug delivery, protein/peptide delivery, and dental implant materials [237, 

238, 340, 367].  

 

The successful mucosal delivery of a nanoparticle vaccine greatly relies on their interactions 

with epithelial cells and antigen-presenting cells (APCs). Several studies have reported that 
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different physiological properties such as size, surface charge, shape, and surface coating on 

NPs have significant effects on NP uptake and biological responses [74, 198, 199, 234, 239, 

345, 368]. It has been shown that the interaction between NPs and immune cells is highly 

dependent on size. In particular, NP size has been demonstrated to be the most critical factor 

in influencing nanoparticle vaccine efficacy [74, 234, 239, 313, 369-373]. Kulkarni et al. re-

ported that the size of the particle correlates with cellular uptake and NP biodistribution [368]. 

Considering how vital CaP NP size is for biomedical applications, the effect of NP size on 

immunological responses is gaining increased research. NPs between 20-100 nm can easily 

enter lymph vessels through the subcapsular sinus [374]. After migrating to the lymph nodes 

the released antigens could directly activate B cells, and be effectively phagocytosed by den-

dritic cells, resulting in the induction of long-lasting cell-mediated and humoral immunity. 

Larger NPs of up to 200 nm are generally taken up at the injection site by phagocytic cells via 

endocytosis or micropinocytosis which then migrate to the draining lymph nodes and initiate 

an immune response [238]. A recent study found that at an optimal size range of 100 nm to 400 

nm could elicit substantially stronger antibody responses than either smaller or larger particles 

[234]. Together, these results emphasise the importance of synthesising NPs of a specific, uni-

form size to induce a robust immune response against the delivered antigen. 

 

Compared to the effects of NP particle size, there are comparatively fewer investigations that 

have focused on the influence of nanoparticle shape on the host immune response. Rod-like 

shaped gold NPs have been shown to have a greater cellular uptake by macrophages as com-

pared to star and triangle-shaped NPs [375]. Furthermore, the most effective shape for cellular 

uptake by APCs was determined to be rod-shaped gold NPs, as compared to spherical and 

cube-shaped [74]. Rod-shaped hydroxyapatite, compared with sphere-shaped hydroxyapatite, 

elicited stronger inflammasome-dependent IL-1β production in vitro, indicating greater cellu-

lar uptake. Interestingly, both rod- and star-shaped NPs induced a similar level of antibody 

response in vivo [234]. Although the interaction of spherical CaP NPs and cells has been ex-

tensively investigated [132, 159, 161, 258], little is known about the cellular interaction with 

rod-shaped CaP NPs. 

 

The experiments described in this chapter are designed to investigate the ability of rod-like 

crystals of CaP NPs to bind to epithelial cells and migrate through epithelial cell layers. These 

experiments also explored the effect of different NP sizes on the immunological response in 

vitro. Three sizes of CaP NPs, 170 nm, 260 nm and 360 nm in diameter, were chosen as they 
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all fall within the biologically active size window previously reported [234]. Moreover, these 

NP formulations have a narrow size distribution that is suitable for biomedical applications. 

OVA was used as a model antigen for the NP formulation, which is widely used in the devel-

opment of novel vaccine systems [81, 222, 320]. The interactions between three sizes of rod-

like shaped NPs and epithelial cells and macrophages were observed. Further experiments on 

the effects of these nanoparticles included cytotoxicity, host-cell binding, migration, phagocy-

tosis, uptake, NF-κB activation, cytokine secretion, and cell surface marker expression. These 

experiments were performed on oral epithelial cells (OKF6) and a mouse macrophage cell line 

(RAW 264.7).    
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4.2 Materials and Methods 

4.2.1 Preparation and characterisation of cross-linked CaP-OVA NPs of different sizes 

Different sizes of cross-linked CaP-OVA NPs were synthesised using the layer-by-layer 

method. The combination of Ca(NO3)2.4H20 + NH4H2PO4, CaCl2 + NaH2PO4 or CaCl2 + 

Na2HPO4.2H2O were chosen to formulate CaP NPs cores of different sizes. The cross-linked 

particle suspensions were stored at 4 C for future characterisation. The cross-linked CaP-OVA 

NPs were characterised by Dynamic Light Scatting (DLS) for particle size, size distribution 

and zeta potential. HIM (Helium ion microscopy) was used to observe NPs size and shape. The 

characterisation technique is described in detail in Chapter 2 and 3. The BCA protein assay kit 

(Thermo Fisher Scientific, SA, Australia) was used to measure ovalbumin concentration ac-

cording to the manufacturer’s instructions. The number of NPs were counted by NanoSight 

NS300 (Malvern). All experiments were carried out in triplicate to ensure reproducibility.    

 
4.2.2 Cell cultures and growth conditions 

All cells were obtained from the Melbourne Dental School culture tissue culture collection. 

Human embryonic kidney cells (HEK), rat hepatoma cell line (H4IIE), macrophage cell line 

RAW 264.7, and RAW-Blue cells were cultured with complete media (Dulbecco’s modified 

Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 1% 

L-glutamine) under 5% v/v CO2 at 37 C. In addition, RAW-Blue cells were incubated with 

200 μg/ml zeocin (Invivogen, USA). Human oral keratinocytes (OKF6) were grown in 

keratinocyte serum-free medium supplemented with 25 μg/ml bovine pituitary extract (BPE), 

0.4 ng/ml human epidermal growth factor (EGF), 0.4 mM CaCl2, and 1% penicillin/streptomy-

cin (KSF media). The OKF6 cells were cultured under 5% v/v CO2 at 37 C. Complete media 

was obtained from Life Technologies, NSW, Australia.  

 

4.2.3 Cytotoxicity of nanoparticles 

Cell cytotoxicity was measured by the lactate dehydrogenase (LDH, Promega, NSW, Australia) 

and CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Promega, NSW, 

Australia) method (performed according to the manufacturer’s instructions). HEK, H4IIE and 

OKF6 cells were seeded into 96 well plates at a cell density of 5 × 103 cells per well in 200 µL 

complete media. After overnight incubation (5% v/v CO2, 37 C), the cells had reached 70 - 
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80% confluency. The media was replaced with 150 µL fresh media containing NPs at different 

NP to cell ratios or calcium/phosphate and incubated for 90 minutes (5% v/v CO2, 37 C). After 

incubation, 50 µL of media was transferred to a new 96 well plate and measured for LDH. For 

the MTS assays, MTS was diluted in 100 µL fresh cell media and added to the cells after 

removing NPs in suspension, then assessed by MTS kits according to the manufacturer’s pro-

tocol.  

 
4.2.4 Nanoparticle OKF6 cell migration assay  

A 6.5 mm Transwell® with 3.0 µm Sterile Pore Polycarbonate Membrane Insert (Corning, VIC, 

Australia) was used to perform the NP migration assay and OKF6 cells were grown in the top 

well of a cell culture membrane at a cell density of 2 × 105 cells/200 µL in complete media. 

After overnight incubation (5% v/v CO2, 37 C), the cells were 95 - 100% confluent. To demon-

strate cell confluency, the same number of cells were also grown in 96 well plates (the base of 

which is the same surface area as the transwell membrane) and imaged by EVOS Floid Imager 

(Life Technologies, NSW, Australia). The next day the media in the upper chamber was re-

placed with 200 µL fresh media containing 2 × 109 cross-linked CaP-OVA NPs with different 

sizes. The lower chamber was replaced with 600 µL fresh media. Following various incubation 

time (15, 30, 60, 120 and 180 min), the media from the upper chamber and lower chamber were 

collected. The ability of NP to migrate across the cell monolayer was determined by the number 

of NPs in the lower chamber. The percentage of migration was calculated by the number of 

NPs in the lower chamber divided by the total NPs added. The number of NPs was counted 

using the NanoSight NS300 (Malvern). The media without NPs were used as a negative control. 

 
4.2.5 Nanoparticle cell binding assays by flow cytometry 

Different sizes of cross-linked CaP-OVA NPs were fluorescently labelled using FITC (Invitro-

gen, USA) according to the manufacturer’s instructions. OKF6 cells were grown in 24 well 

plates at a cell density of 4 × 105 cells in 200 µL KSF media. The number of NPs were counted 

by NanoSight NS300 (Malvern). OKF6 cells were incubated with three sizes of NPs in 200 µL 

complete media at NP to cell ratios of 10:1, 100:1, 1,000:1 and 10,000:1 and incubated (1 h, 

5% v/v CO2, 37 C). After incubation, the cells were washed with FACS buffer ((PBS + 1% 

BSA + 0.1% Sodium Azide (NaN3)) three times to remove unassociated nanoparticles and then 

removed from the plates by trypsin. The collected cell suspensions were centrifuged (800 × g, 
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5 min, RT). The cell pellet was resuspended in FACS buffer, and the level of cell binding was 

quantified by flow cytometry (BD LSRFortessa X-20, BD Biosciences, NSW, Australia). The 

OKF6 cells without NPs were used as a negative control. 

 
4.2.6 Cellular uptake of nanoparticles by confocal imaging  

OKF6 cells were seeded into 8-well Lab-Tek II chamber #1.5 German Coverglass System 

(Thermo Fisher Scientific, SA, Australia) at a cell density of 2 × 105 cells/200 µL. After over-

night incubation (5% v/v CO2, 37 C), the cells were 95 - 100% confluent. The number of NPs 

were counted by NanoSight NS300 (Malvern). Cross-linked CaP-OVA NPs (170 nm, 260 nm, 

or 360 nm) in 200 µL KSF media were added to OKF6 cells at NP to cell ratios of 1,000:1 and 

10,000:1 and incubated for 1 and 3 h (5% v/v CO2, 37 C). NPs were pre-labelled with the 

green fluorescent marker, Atto 488 (Sigma). Following the incubation period, the cell media 

was removed and the cells washed three times with PBS to remove free NPs. The cell mem-

brane was stained using FM Lipophilic Styryl Dyes (15 µg/mL, Thermo Fisher Scientific, SA, 

Australia) for 10 min at 4 C and DAPI was used to stain the nuclei (1 µg/mL, Thermo Fisher 

Scientific, SA, Australia, 10 min, 4 C). Finally, the cells were fixed with 4% paraformalde-

hyde for 10 min at 4 C. The uptake of NPs by cells was examined by fluorescence microscopy 

using the Nikon A1R+ (Nikon Instruments, NSW, Australia) and the images were analysed by 

focus stacking. 

 
4.2.7 Nanoparticle phagocytosis assays by flow cytometry 

Cross-linked CaP-OVA NPs were fluorescently labelled using pHrodo Red (Thermo Fisher 

Scientific, SA, Australia) according to the manufacturer’s instructions. Briefly, 2 mg/mL CaP-

OVA NPs resuspended in 100 µL 0.1 M sodium bicarbonate buffer (pH 8.5), 10 µL pHrodo 

Red (1 mg/mL) then added to the NP solution and incubated for 1 h at RT (no light). After 

incubation, the CaP-OVA NPs were harvested by centrifugation (10,000 × g, 5 min, RT) and 

washed 3 times with MilliQ water. Following the final wash, the CaP-OVA NPs pellet was 

dispersed in MilliQ water and stored at 4 C. The number of NPs were counted by NanoSight 

NS300 (Malvern). Macrophage RAW 264.7 cells were resuspended at a density of 2.5 × 105 

cells/200 µL in complete media. These cells were incubated with three sizes of NPs in 200 µL 

complete media at NP to cell ratios of 10:1, 100:1, 1000:1 and 10,000:1 and incubated (1 h,  5% 

v/v CO2, 37 C). After incubation, the cells were washed with FACS buffer three times and 
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resuspended in 200 µL FACS buffer. The amount of phagocytosis was quantified by flow cy-

tometry (BD LSRFortessa X-20, BD Biosciences, NSW, Australia). RAW 264.7 cells in com-

plete media without NPs were used as the negative control.     

 
4.2.8 NF-κB activation assay with RAW-Blue cells   

RAW-Blue cells (Invivogen, USA) were seeded into 96 well plates at a concentration of 1 × 

105 cells per well in 200 µL complete DMEM. After overnight incubation (5% v/v CO2, 37 

C),  different sizes of cross-linked CaP-OVA NPs in 200 µL complete media were added to 

the RAW-Blue cells at NP to cell ratios of 10:1, 100:1, 1,000:1 and 10,000:1 and incubated for 

24 h (5% v/v CO2, 37 C). The number of NPs were counted by NanoSight NS300 (Malvern). 

Following the incubation period, 50 µL of media was taken from the cultures and transferred 

to a new 96 well plate and added to 150 µL Quanti-Blue (Invivogen, USA). The plate was 

incubated for 2 h (5% v/v CO2, 37 C), and the optical density was measured at 620 nm on a 

spectrophotometer to determine secreted embryonic alkaline phosphatase (SEAP) levels. 

RAW-Blue cells incubated in complete media without NPs were used as the negative control 

and complete media containing Lipopolysaccharide (LPS, 10 µg/mL, Sigma-Aldrich, NSW, 

Australia) was used as a positive control. 

 
4.2.9 Cell surface marker production by flow cytometry 

RAW 264.7 cells were seeded into 24 well plates at a cell density of 2 × 105 cells per well in 

200 µL complete media. The number of NPs were counted by NanoSight NS300 (Malvern). 

After overnight incubation (5% v/v CO2, 37 C), different sizes of cross-linked CaP-OVA NPs 

in 200 µL complete media were added to cells at NP to cell ratios of 10:1, 100:1, 1,000:1 and 

10,000:1, and incubated (24 h, 5% v/v CO2, 37 C). The cells were washed with FACS buffer 

and blocked for 20 min on ice with rat anti-mouse CD16/CD32 antibody (BD Pharmingen, US) 

to prevent Fc-receptor binding of antibodies. The cells were then incubated with the following 

antibodies (20 min, 0 C): PE-Cy™7 rat anti-mouse CD86; APC rat anti-mouse CD40; APC 

MHC class II (I-A/I-E) monoclonal antibody. These antibodies were all purchased from BD 

Bioscience (NSW, Australia). The level of CD40, CD80, and MHC II expression were quanti-

fied by flow cytometry (BD LSRFortessa X-20, BD Biosciences, NSW, Australia). The data 

was exported and FlowJo software (Three Star) was used for data analysis. RAW 264.7 cells 
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incubated in complete media without NPs were used as the negative control and complete me-

dia containing Lipopolysaccharide (LPS, 10 µg/mL, Sigma-Aldrich, NSW, Australia) was used 

as a positive control. All experiments were performed in triplicate. 

 
4.2.10 Cytokine production assays with OKF6 cells and RAW cells 

OKF6 cells and RAW 264.7 cells were seeded separately into 24 well plates at a cell density 

of 2 × 105 cells per well in 200 µL complete media. The number of NPs were counted by 

NanoSight NS300 (Malvern). After overnight incubation (5% v/v CO2, 37 C),  cross-linked 

CaP-OVA NPs (170 nm, 260 nm, or 360 nm) in 200 µL complete media were added to cells at 

NP to cell ratios of 10:1, 100:1, 1,000:1 and 10,000:1 and incubated for 6 and 24 h (5% v/v 

CO2, 37 C). The supernatant was collected by centrifugation (800 × g, 5 min, RT) after incu-

bation to remove any cells and NPs. Cells incubated in complete media without NPs were used 

as a negative control. The level of cytokines ((IL-1β, IL-6, IL-8, IL-10, IL-12, TNF-α and 

monocyte chemoattractant protein (MCP)-1)) in the supernatant was determined by ELISA 

(BD Biosciences, NSW, Australia) according to the manufacturer’s instructions.  

 
4.2.11 Statistical analysis 

GraphPad Prism 5 software was used to analyse data in experiments. One-way ANOVA and 

student T-test were used to determine P and a P < 0.05 was considered statistically significant.  
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4.3 Results  

4.3.1 Characterisation of different sizes of cross-linked CaP-OVA NPs 

The repeatable synthesis and characterisation of uniform, monodispersed nanoparticles is es-

sential for their use as vaccine carriers. Three different sizes of cross-linked CaP-OVA NPs 

were prepared using the layer-by-layer approach. The CaP NPs cores were synthesised by the 

citrate chelating method, and then a layer of PEI was added to give the particle surface a 

positive charge. After coating with the model antigen ovalbumin, the nanoparticles were 

cross-linked using BS3 and quenched with glycine as described in Chapter 3. 

 

The particle size, size distribution and surface charge of different sizes of cross-linked CaP-

OVA NPs were characterised by DLS. Table 4.1 summarises the physical properties of dif-

ferent sizes of nanoparticle formulations. The hydrodynamic diameters of three different sizes 

of NPs (small (S), medium (M), and large (L)) as measured by DLS were 174 ± 10, 261 ± 20 

and 364 ± 21 nm and termed CaP-OVA-S, CaP-OVA-M and CaP-OVA-L, respectively (Ta-

ble 4.1, Figure 4.1A). The PDI value of the three samples was low (0.08 - 0.11), indicating a 

homogeneous and monodispersed NP population. All CaP-OVA-S, CaP-OVA-M and CaP-

OVA-L NPs were negatively charged, with surface charges of -16.7 ± 0.6, -17.5 ± 1.2 and -

18.3 ± 0.8 mV in water. Nanoparticles were counted using the NanoSight NS300, and the 

BCA protein assay was used to measure the protein content. Based on the total number of 

nanoparticles and protein content, the protein per nanoparticles was calculated for each nano-

particle (Table 4.1). The amount of OVA-loaded onto each nanoparticle was different for the 

three sizes of nanoparticles. The smallest sized NPs (174 ± 10 nm) loaded the lowest amount 

of OVA per particle (0.72 × 10-15 g), and the largest NPs (364 ± 21 nm) loaded the highest 

amount of OVA per particle (2.16 × 10-15 g). 

 

Helium ion microscopy (HIM) was used to investigate the shape and confirm the size of the 

nanoparticles. All of the nanoparticles demonstrated a rod-like and uniform morphology (Fig-

ure 4.1B). The consistency of the shape of NPs remains the same between the CaP NP core 

and following OVA cross-linked across all NP sizes; small-sized NPs (Figure 4.1B (a) and 

4.1B (d)), medium-sized NPs (4.1B (b) and 4.1B (e), and large-sized NPs (4.1B (c) and 4.1B 

(f)). Furthermore, the HIM images show that nanoparticles are monodispersed, which is con-

sistent with polydispersity data (Table 4.1). The length of nanoparticles was analysed by Im-

age J software and corresponded to the DLS results (Figure 4.1 and Table 4.1). 
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Table 4. 1: Physical characterisation of different sizes of cross-linked CaP-OVA NPs. 
 

Sample Size (nm) Polydispersity in-
dex (PDI) 

Zeta potential (mV) OVA per NP (g) 

CaP-OVA-S 174 ± 10 0.09 ± 0.04 -16.7 ± 0.6 0.72 × 10-15 

CaP-OVA-M 261 ± 20 0.11 ± 0.07 -17.5 ± 1.2 1.96 × 10-15 

CaP-OVA-L 364 ± 21 0.08 ± 0.07 -18.3 ± 0.8  2.16 × 10-15 

 

 

Figure 4. 1: Characterisation of different sizes of CaP-OVA NPs.  
(A) The hydrodynamic diameters of different sizes of cross-linked CaP-OVA NPs; (B) HIM image of different 
sizes of cross-linked CaP-OVA NPs before (CaP NPs core) and after OVA coating (cross-linked CaP-OVA NPs). 
(a) CaP-S (b) CaP-M (c) CaP-L (d) CaP-OVA-S (e) CaP-OVA-M (f) CaP-OVA-L. Scale bar = 500 nm. 

 



137 
 

4.3.2 Nanoparticle cytotoxicity 

The biocompatibility of a nanoparticle delivery system is crucial for its application as a vac-

cine carrier. In this study, the cytotoxicity of cross-linked CaP-OVA NPs (S, M and L) were 

initially evaluated by MTS (cell viability) and LDH (cytotoxicity) assays on HEK, H4IIE, and 

OKF6 cells (Figure 4.2).  

 

All size of nanoparticle did not display significant cytotoxicity on HEK cells, except at the 

highest nanoparticle concentration (2.0 × 1010 per well) (Figures 4.2A and B). At this NP 

concentration both CaP-OVA-M and CaP-OVA-L induced a significant loss of cell viability 

(P < 0.05 and P < 0.01, respectively) (Figures 4.2A), and a significant increase in cytotoxicity 

(P < 0.001) (Figure 4.2B) compared to cells in media alone (negative control). Although sig-

nificant, the increase in cell death or loss of cell viability was < 10% as compared to the 

negative control. Each CaP NP (S, M and L nanoparticles), when used at concentrations above 

5.0 × 109 per well induced significant decrease in cell viability (P < 0.05 – 0.01) (Figure 4.2C) 

and increased toxicity (P < 0.05 – 0.001) (Figure 4.2D) of H4IIE cells (< 30%), as compared 

to the negative control. For the OKF6 cells none of the CaP-OVA NPs at any concentration 

tested were found to be cytotoxic (Figures 4.2E and F).  

 

In order to determine the mechanisms that lead to the slight cellular toxicity of NPs towards 

HEK and H4IIE cells, these cells were treated with different concentrations of calcium and 

phosphate ions (to match the level in CaP NPs), naked NPs, or PEI coated CaP (CaP-PEI NPs) 

(Figure 4.3). Calcium and phosphate ions at the concentration tested were found to not be 

cytotoxic towards HEK or H4IIE cells (Figure 4.3). Similarly, naked NPs were not cytotoxic 

towards HEK and H4IIE cells (Figure 4.4A and B).   

 

A CaP-PEI-L concentration of 2.0 × 1010 nanoparticles per 105 cells induced a significant but 

small increase in the cytotoxicity of HEK cells as compared to the negative control (P < 0.001) 

(Figure 4.4C). Additionally, high concentrations of CaP-PEI-S (2.5 × 109 to 2.0 × 1010 nano-

particles per 1 × 105 cells) induced a small but significantly higher toxicity of H4IIE cells as 

compared to the negative control (P < 0.05 – 0.001) (Figure 4.4D). CaP-PEI-M and CaP-PEI-

L NPs also induced small but significant toxicity on H4IIE cells at 2.0 × 1010 nanoparticles 

per 105 cells compared to the negative control (P < 0.01) (Figure 4.4D).  
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Figure 4. 2: Cell viability and toxicity effects of CaP-OVA NPs.  
Cell viability was determined by MTS assays (A, C, E), and cytotoxicity was determined by LDH assays (B, D, 
F) in HEK, H4IIE, and OKF6 cells exposed to different concentrations of three sizes of cross-linked CaP-OVA 
NPs for 90 minutes. Data are expressed as mean ± SD. Fresh media were used as the negative control. The negative 
control is the cells alone. *P < 0.05, ** P < 0.01, ***P < 0.001. 
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Figure 4. 3: Cell viability and toxicity effects of CaP-PEI-OVA NP components.  
Cell viability was determined toxicity by MTS assays (A, C, E, G), and cytotoxicity was determined by LDH 
assays (B, D, F, H)  on HEK and H4IIE cells exposed to different concentrations of calcium and phosphate for 90 
min. Data are expressed as mean ± SD. Assays were blanked by media alone.  Untreated cells were used as the 
negative control. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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Figure 4. 4: Cytotoxic effects of NP-associated PEI.  
Cell toxicity by LDH assay on HEK and H4IIE cells exposed to three sizes of naked CaP NPs and CaP-PEI NPs 
for 90 min. Data are expressed as mean ± SD. The blank is the culture media alone. Untreated cells were used as 
a negative control.  *P < 0.05, **P < 0.01, and ***P < 0.001. 
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4.3.3 Binding of nanoparticles to oral epithelial cells 

In order to investigate the binding of the three sizes of CaP-OVA NPs to oral epithelial cells, 

nanoparticles were labelled with FITC and the level of binding was determined by flow cytom-

etry. The CaP-OVA NPs (S, M and L) all bound to OKF6 cells in a dose-dependent manner 

(Figure 4.5), as indicated by both the percentage of cells bound with NPs and mean fluores-

cence intensity (MFI: the amount of NPs/cell) increase. CaP-OVA-M and CaP-OVA-L NPs 

showed a greater affinity for binding to OKF6 cells compared to CaP-OVA-S NPs at the NP 

to cell ratio of 100:1, reflected by the increase in the binding percentages (Figure 4.5B, P < 

0.0001). A significant difference was also observed at the NP to cell ratio of 1,000:1 between 

CaP-OVA-S and CaP-OVA-M NPs, where a higher percentage of OKF6 cells were CaP-OVA-

M positive (Figure 4.5B, P < 0.05). No significant difference was found in the binding of CaP-

OVA-M and CaP-OVA-L NPs at this concentration to OKF6 cells (Figure 4.5B). Furthermore, 

no cell binding difference was observed among S, M and L nanoparticles at NP to cell ratio of 

10,000:1 (Figure 4.5B), indicating binding saturation of the assay at this high NP concentration. 

However, in terms of MFI (number of NPs per cell), at an NP to cell ratio of 10,000:1 there 

were more CaP-OVA-L NPs per cell than CaP-OVA-M which was higher than cells incubated 

with CaP-OVA-S (Figure 4.5C). 
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Figure 4. 5: Binding of cross-linked CaP-OVA NPs to the oral epithelial cells (OKF6).  
Nanoparticles were labelled with FITC to determine their ability to bind to OKF6 cells at increasing nanoparticle 
to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1) for 1 h. Nanoparticles bound to OKF6 cells was determined by 
an increase in FTIC fluorescence on OKF6 cells (A). Binding properties were determined by both the cell binding 
percentage (B), which indicates the percentage of OKF6 cells with bound nanoparticles. The capacity of NP bind-
ing was also shown by the mean fluorescence intensity (MFI), which is equivalent to an increase in nanoparticles 
per cell (C). Data are expressed as mean ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 were considered statistically 
significant when compared between treatment groups and cells alone. *P < 0.05, **P < 0.01, and ***P < 0.001 
was considered statistically significant when compared among the three sizes of particles. 
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4.3.4 Nanoparticle migration across epithelial cell monolayers 

As nanoparticle migration across the epithelial cell barrier is one of the first important steps 

towards inducing an immune response, the ability of CaP-OVA NPs (S, M and L) to migrate 

across a cell monolayer was examined. OKF6 cells were grown in 96 well plates and imaged 

by an EVOS Floid Imager to confirm confluency (Figure 4.6A). Initial nanoparticle migration 

studies demonstrated that all sizes of CaP-OVA NPs could migrate across the epithelial barrier 

in a time-dependent manner, with all S, M and L NPs shown to have commenced crossing the 

cell monolayer by 30 min (Figure 4.6B). The percentage of migrated CaP-OVA NPs of all 

sizes increased with increasing incubation time (Figure 4.6B). The CaP-OVA-S NPs transmi-

grated across the cell monolayer more efficiently (in terms of migration percentage) when 

compared to CaP-OVA-L at all time points tested. Additionally, incubation with CaP-OVA-

S resulted in significantly higher migration percentage when compared to CaP-OVA-M after 

3, 12 and 24 h incubation (P < 0.01) (Figure 4.6B). CaP-OVA-M was found at 12 and 24 

hours to have a higher migration percentage as compared to CaP-OVA-L (Figure 4.6B). 

 

To further investigate the localisation of NPs, the percentage of non-migrated nanoparticles 

in the upper chamber and NP associated with cells and migrated NP in the lower chamber was 

further investigated. The percentage of all migrated CaP-OVA NPs increased with increasing 

incubation time (Figure 4.7A, B and C). Correspondingly, the percentage of all nanoparticles 

remaining in the upper chamber decreased with longer incubation time (Figure 4.7A, B and 

C). When analysing NPs associated with the cell monolayer the binding percentage increased 

with the size of the nanoparticle, which corresponds to the previous NP to OKF6 cell binding 

data (Figure 4.5). CaP-OVA-S predominately migrated, with low cell association. CaP-OVA-

M was approximately 50% migration with 50% cell associated. CaP-OVA-L NPs did have a 

proportion that transmigrated but were predominately cell associated (Figure 4.7). 
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Figure 4. 6: Migration of CaP-OVA NPs through cellular monolayer.  
In vitro NP migration assay in OKF6 cells exposed to three sizes of cross-linked CaP-OVA NPs from 0.25 to 24 
h. Data is expressed as mean ± SD. #P < 0.05, ##P < 0.01, and ### P < 0.001 were considered statistically significant 
when compared between treatment groups and cells alone. *P < 0.05, **P < 0.01, and ***P < 0.001 were consid-
ered statistically significant when compared among the three sizes of particles. 

A 
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Figure 4. 7: Localisation of CaP-OVA NPs during cellular migration.  
In vitro NP migration assay in OKF6 cells exposed to three sizes of cross-linked CaP-OVA NPs form 3 to 24 h. 
Data is expressed as mean ± SD. #P < 0.05, ##P < 0.01, and ### P < 0.001 were considered statistically significant 
when compared between treatment groups and cells alone. *P < 0.05, **P < 0.01, and ***P < 0.001 were consid-
ered statistically significant when compared among the three sizes of particles. 
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4.3.5 Nanoparticle uptake by confocal imaging  

Confocal microscopy was used to study the uptake of nanoparticles by OKF6 cells by the 

visualisation of intracellular nanoparticles. The S, M and L nanoparticles were labelled with 

a fluorescence dye (FITC) and incubated with OKF6 cells for 1 and 3 h at two NP to cell ratios 

(1,000:1 and 10,000:1). After incubation of OKF6 cells for 1 and 3 h at two NP to cell ratios, 

internalised NP fluorescence was observed for CaP-OVA S, M and L (Supplementary Figure 

4.1 and 4.2). Size, time and dose-dependent increases in internal NP fluorescence were appar-

ent, with higher numbers of CaP-OVA-L NPs internalised than CaP-OVA-S and CaP-OVA-

M at 1 and 3 h. Additionally, higher numbers of NPs were internalised with an increase in 

incubation time from 1 to 3 h and with an increase in dose from 1,000:1 to 10,000:1 (Supple-

mentary Figure 4.1 and 4.2). The Z-stacking images composited from the data a 3 h incubation 

with 1,000:1 or 10,000:1 (Figure 4.8) shows CaP-OVA-L NPs were internalised more than 

CaP-OVA-M which was more than CaP-OVA-S, which is corroborates the migration data 

(Figure 4.7). This indicates that the NPs were efficiently taken up by the cells, and that they 

were internalised within the OKF6 cells, rather than binding on the cell surface.  

 

 

 

 

 

 

 

 

 

Figure 4. 8: Confocal microscopy of internalised CaP-OVA NPs.  
Cellular uptake of three sizes of nanoparticles in OKF6 cells at NP to cell ratio of 1,000:1 and 10,000:1 for 3 h. 
Nanoparticle (green) were pre-labelled with Atto 488, plasma membrane (red) were stained with FM dyes, and 
nuclei (blue) were stained with DAPI. Scale bar = 10 µm. 
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4.3.6 Nanoparticles induction of inflammatory cytokines by oral epithelial cells 

OKF6 cells were incubated with CaP-OVA NPs (S, M and L) for 6 and 24 h, and the super-

natant was collected and the secretion of IL-1β, IL-6, IL-8, IL-10, TNF-α and monocyte chem-

oattractant protein (MCP)-1 by were determined by ELISA (Figure 4.9 and Figure 4.10). After 

incubation with nanoparticles for 6 h, at NP to cell ratio of 10,000:1, CaP-OVA-S and CaP-

OVA-M NPs induced a significant IL-1β and IL-8 secretion compared to the negative control 

(P < 0.05) (Figure 4.9A and C). Only OKF6 cells treated with CaP-OVA-S NPs elicited a 

significant IL-1β and IL-8 response at the NP to cell ratio of 1,000:1 as compared to the neg-

ative control (P < 0.05 – 0.01) (Figure 4.9A and C). In addition, a significant difference in IL-

8 production was observed between CaP-OVA-S and CaP-OVA-L at the highest NP to cell 

ratio (P < 0.05). None of the nanoparticles was observed to induce IL-6, IL-10, TNF-α and 

MCP-1 secretion in OKF6 cells compared to control cells (Figure 4.9). 

 

OKF6 cells incubation (24 h) with CaP-OVA-S and CaP-OVA-M NPs induced significantly 

higher concentrations of IL-1β and IL-8 at NP:cell ratios of 1,000:1 and 10,000:1 as compared 

to the negative control (P < 0.01) (Figure 4.10A and C). CaP-OVA-L at 1,000:1 and 10,000:1 

NP to cell ratio induced a significantly higher IL-8 secretion as compared to the negative 

control (Figure 4.10C). CaP-OVA-S, CaP-OVA-M and CaP-OVA-L NPs treatment did not 

induce any significant IL-6 and IL-10, TNF-α or MCP-1 cytokine production (Figure 4.10B, 

D, E and F). No significant difference in the induction of cytokines levels was observed be-

tween the different sized CaP-OVA NPs (Figure 4.10). 
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Figure 4. 9: OKF6 cytokines induced by CaP-OVA NPs for 6 h.  
Three sizes of cross-linked CaP-OVA NPs induce inflammatory cytokine production in OKF6 cells. Cytokine 
production in OKF6 cells was measured following 6 h incubation of three sizes of cross-linked CaP-OVA NPs at 
various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). IL-1β (A), IL-6 (B), IL-8 (C), IL-10 (D), TNF-α (E) 
and MCP-1 (F) were detected by ELISA. Data are expressed as mean ± SD. #P < 0.05, ##P < 0.01, and ###P < 
0.001 were considered statistically significant when compared between treatment groups and cells alone. *P < 
0.05, **P < 0.01, and ***P < 0.001 were considered statistically significant when compared among the three sizes 
of particles. 
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Figure 4. 10: OKF6 cytokines induced by CaP-OVA NPs for 24 h.  
Three sizes of cross-linked CaP-OVA NPs induce inflammatory cytokine production in OKF6 cells. Cytokine 
production in OKF6 cells was measured following 24 h incubation of three sizes of cross-linked CaP-OVA NPs 
at various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). IL-1β (A), IL-6 (B), IL-8 (C), IL-10 (D), TNF-α 
(E) and MCP-1 (F) were detected by ELISA. Data are expressed as mean ± SD. #P < 0.05, ##P < 0.01, and ###P < 
0.001 were considered statistically significant when compared between treatment groups and cells alone. *P < 
0.05, **P < 0.01, and ***P < 0.001 were considered statistically significant when compared among the three sizes 
of particles. 
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4.3.7 Phagocytosis of nanoparticles by macrophages 

The uptake of vaccines by professional phagocytes such as macrophages and dendritic cells 

is a crucial first step in the induction of a protective immune response. In order to measure the 

phagocytosis of the CaP-OVA NPs (S, M and L) by macrophages, nanoparticles were labelled 

with pHrodo red (a pH-sensitive fluorescence dye), and phagocytosis of nanoparticles was 

determined by flow cytometry. Each of the CaP-OVA NPs (S, M and L) were phagocytosed 

by RAW 264.7 cells in a dose-dependent manner after 1 h incubation (Figure 4.11A), as indi-

cated by an increase in both percentages of fluorescent cells (Figure 4.11B) and mean fluo-

rescence intensity (MFI) (P < 0.001) (Figure 4.11C). In terms of phagocytosis percentage, all 

sizes of CaP-OVA NPs were found to be phagocytosed by RAW 264.7 cells to a significantly 

higher amount at NP to cell ratios of 100:1, 1,000:1 and 10,000:1, as compared to the negative 

control (P < 0.001) (Figure 4.11B). Likewise, analysis of the MFI demonstrated that all sizes 

of CaP-OVA NPs were significantly phagocytosed by RAW 264.7 at NP:cell ratios of 100:1, 

1,000:1 and 10,000:1, as compared to the negative control (Figure 4.11C).   

 

It was observed that NP size had an effect on phagocytosis of NPs; CaP-OVA-L NPs were 

phagocytosed to a significantly greater extent than CaP-OVA-M and CaP-OVA-S at NP:cell 

ratios of 100:1, 1,000:1 and 10,000:1 in terms of percent of RAW cells positive for NPs and 

the amount of NPs per cell (Figure 4.11B and 4.11C, respectively). However, no significant 

difference was found between CaP-OVA-S and CaP-OVA-M at the lowest NP to cell ratio 

(10:1). 
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Figure 4. 11: Effects of NP size on macrophage phagocytosis.   
Phagocytosis of three sizes of cross-linked CaP-OVA NPs by the macrophages (RAW 264.7). Nanoparticles were 
labelled with pHrodo red and studied their phagocytosis by RAW 264.7 cells at increasing nanoparticle to cell 
ratios (10:1, 100:1, 1,000:1 and 10,000:1). Cells and nanoparticles were incubated for 1 h, and the level of phag-
ocytosis was determined by flow cytometry. Nanoparticles are able to phagocytosis by RAW 264.7 cells as meas-
ured by an increase in pHrodo red fluorescence (A). The level of phagocytosis was determined by both the cell 
phagocytosis percentage (B), which indicates the percentage of RAW 264.7 cells with at least one phagocytised 
nanoparticles. In addition, the level of phagocytosis also showed by the mean fluorescence intensity (MFI), which 
is relative to the number of phagocytised nanoparticles (C). Data are expressed as mean ± SD. #P < 0.05, ##P < 
0.01, and ###P < 0.001 were considered statistically significant when compared between treatment groups and 
cells alone. *P < 0.05, **P < 0.01, and ***P < 0.001 was considered statistically significant when compared 
among the three sizes of particles. 
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4.3.8 Nanoparticle activation of NF-κB in RAW-Blue cells and cell surface marker pro-
duction 

The nuclear factor NF-κB signalling pathway is the means by which immune cells transduce 

the detection of foreign materials into the production of various cytokines and chemokines. 

To determine if nanoparticle binding would induce NF-κB activation, RAW-blue cells were 

incubated with S, M and L CaP-OVA NPs for 24 h, after which the level of SEAP was deter-

mined by using Quanti-Blue. As shown in Figure 4.12A, S, M, and L nanoparticles induced 

significantly stronger NF-κB activation only at very high NP to cell ratios, as compared to the 

negative control (P < 0.001, 10,000:1). At this ratio, CaP-OVA-S induced significant less NF-

κB activation than CaP-OVA-M and CaP-OVA-L (P < 0.001), while no difference was ob-

served between CaP-OVA-M and CaP-OVA-L. 

 

A further cellular consequence of NF-κB phosphorylation and translocation is the upregula-

tion of cell surface markers that allow the macrophages to interact with other cells of the host 

immune system. To investigate whether the phagocytosis of NPs altered the degree of macro-

phage maturation, the level of co-stimulatory molecules (CD40, CD80, and MHC II) were 

analysed by flow cytometry. It was found that at the highest NP to cell ratio of 10,000:1, there 

was a significant difference for all measured co-stimulatory molecules after treatment with all 

S, M and L CaP-OVA NPs, as compared to the negative control (10,000:1, Figure 4.12B, C 

and D). CaP-OVA-S induced significant less co-stimulatory molecules expression than CaP-

OVA-M and CaP-OVA-L (P < 0.05 – 0.001), while no difference was observed between CaP-

OVA-M and CaP-OVA-L the NP to cell ratio of 10,000:1 (Figure 4.12B, C and D). 
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Figure 4. 12: NF-κB activation by CaP-OVA NPs.  
Three sizes of cross-linked CaP-OVA NPs activate NF-κB in RAW-Blue cells and induce enhanced macrophage 
maturation in RAW 264.7 cells at various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). Data is expressed 
as mean ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 were considered statistically significant when compared 
between treatment groups and cells alone. *P < 0.05, **P < 0.01, and ***P < 0.001 were considered statistically 
significant when compared among the three sizes of particles. 
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4.3.9 Nanoparticle induced cytokine production in RAW 264.7 cells 

To investigate whether CaP-OVA S, M and L were able to induce a cytokine response in 

macrophages, RAW 264.7 cells were incubated with S, M and L CaP-OVA NPs for 6 and 24 

h (Figure 4.13 and Figure 4.14). After incubation the supernatant was collected and analysed 

for IL-1β, IL-6, IL-10, IL-12 and TNF-α by ELISA.  

 

After incubation with CaP-OVA-S for 6 h no significant difference was observed in the pro-

duction of IL-1β, IL-6, IL-10 and IL-12 by RAW 264.7 cells at all NP to cell ratios compared 

to cells alone. However, all of the NP to cell ratios except 10:1, CaP-OVA-S induced a sig-

nificant TNF-α response (P < 0.05) (Figure 4.13). CaP-OVA-M produced IL-1β, IL-6, IL-12 

and TNF-α response in RAW 264.7 cells at the highest NP to cell ratio (P < 0.05), but did not 

produce significant levels of IL-10. CaP-OVA-L was found to induce significant production 

of each cytokine at the highest NP to cell ratio (10,000:1). CaP-OVA-L induced significantly 

more IL-10 and TNF-α secretion compared with CaP-OVA-S and CaP-OVA-M at the NP to 

cell ratio of 10,000:1; and induced significantly more IL-10 and IL-12 secretion than CaP-

OVA-S at the ratio of 100:1 (P < 0.05) (Figure 4.13). 

 

Following incubation for 24 h, a significantly stronger production of IL-1β, IL-6, IL-10, IL-

12 and TNF-α was found for CaP-OVA-M and CaP-OVA-L at the highest NP to cell ratio, as 

compared to the negative control (P < 0.05) (Figure 4.14). Furthermore, at an NP to cell ratio 

of 1,000:1, significant levels of IL-6, IL-12 and TNF-α were induced by CaP-OVA-M and 

CaP-OVA-L, as compared to the negative control (P < 0.05). Only CaP-OVA-L elicited sig-

nificant production of IL-10 at the NP to cell ratio of 1,000:1, as compared to the negative 

control (P < 0.05). CaP-OVA-S induced significant production of IL-6, IL-12 and TNF-α at 

the highest ratio, as compared to the negative control (P < 0.05). Additionally, TNF-α was 

induced at significantly higher amounts in response to NPs at cell ratios of 100:1, 1,000:1 and 

10,000:1 for all particles, as compared to the negative control (P < 0.05) (Figure 4.14E). It 

was found that CaP-OVA-L induced significant higher amounts of IL-6, IL-10 and TNF-α 

compared with CaP-OVA-S and CaP-OVA-M at the highest NP to cell ratio (10,000:1). Fur-

thermore, a significant of IL-6 production at the ratios of 100:1 and 1,000:1 was observed 

between CaP-OVA-L and CaP-OVA-M NPs (P < 0.05) (Figure 4.14B). 



155 
 

 

 
Figure 4. 13: Induction of RAW 264.7 cytokines by CaP-OVA NPs for 6 h.  
Three sizes of cross-linked CaP-OVA NPs induce cytokine release in RAW 264.7 cells. Cytokine production in 
RAW 264.7 cells was measured following 6 h incubation of three sizes of cross-linked CaP-OVA NPs at various 
NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). IL-1β (A), IL-6 (B), IL-10 (C), IL-12 (D) and TNF-α (E) 
were detected by ELISA assays. Data are expressed as mean ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 were 
considered statistically significant when compared between treatment groups and cells alone. *P < 0.05, **P < 
0.01, and ***P < 0.001 were considered statistically significant when compared among the three sizes of particles. 
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Figure 4. 14: Induction of RAW 264.7 cytokines by CaP-OVA NPs for 24 h. 
Three sizes of cross-linked CaP-OVA NPs induce cytokine release in RAW 264.7 cells. Cytokine production in 
RAW 264.7 cells was measured following 24 h incubation of three sizes of cross-linked CaP-OVA NPs at various 
NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). IL-1β (A), IL-6 (B), IL-10 (C), IL-12 (D) and TNF-α (E) 
were detected by ELISA assays. Data are expressed as mean ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 were 
considered statistically significant when compared between treatment groups and cells alone. *P < 0.05, **P < 
0.01, and ***P < 0.001 were considered statistically significant when compared among the three sizes of particles. 
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4.4 Discussion 

The aims of this investigation were to compare three sizes of nanoparticles and to explore the 

induction of an immune response. The number of nanoparticles were normalised in each ex-

periment, allowing for direct comparisons of the immunological effects induced by nanopar-

ticles of different sizes. This study demonstrates that there are significant differences in the 

immunological effects induced by the three sizes of nanoparticles investigated, particularly at 

high nanoparticle to cell concentrations. Overall, it was found that the largest size nanoparti-

cles, CaP-OVA-L (364 ± 21 nm), had the strongest ability to bind to host cells and were more 

readily taken up and phagocytosed by both epithelial cells and macrophages. 

 

The toxicity of three sizes of cross-linked CaP-OVA NPs on mammalian cells was determined 

by MTS and LDH assays. The results of these assays showed that none of the nanoparticles 

(regardless of size) induced significant cytotoxicity on OKF6 cells or HEK cells.  However, 

slight toxicity was observed in H4IIE cells at higher nanoparticle to cell ratios. According to 

ISO 10993-5 standards [376], any compound that decreases cell viability below 70% is de-

fined as toxic. None of the CaP-OVA NPs induced this of loss in the level of cell viability. 

Consequently, the nanoparticles can be considered as non-toxic. In order to determine which 

component of CaP-PEI-OVA nanoparticles was responsible for the small amount of cytotox-

icity observed, HEK, H4IIE, and OKF6 cells were exposed to different concentrations of cal-

cium ions, phosphate ions, ‘naked’ nanoparticles or nanoparticles with a positive polymer 

(PEI). It was found that CaP-PEI NPs displayed cytotoxicity, indicating that the PEI was the 

main source of the cytotoxicity. Indeed, several groups have shown PEI is toxic to many cells 

types. Xia et al. demonstrated that mesoporous Silica NPs coated with the 25 kD PEI elicited 

decreased cell viability in RAW 264.7cell line [345]. When the polymeric gene delivery car-

riers with 25 kD PEI incubated with HeLa cells for 24 h, the cell viability reduced by 40 − 

90% [377]. 

 

The first interactions that nanoparticles have with the host is when they interact with the cell 

membrane. All sizes of nanoparticles in this study demonstrated excellent binding ability on 

oral epithelial cells in both a size- and dose-dependent manner. Cross-linked CaP-OVA-M 

and CaP-OVA-L showed a greater affinity for binding OKF6 cells compared to CaP-OVA-S 

at an NP to cell ratio of 100:1. Conversely, several other investigations have shown nano-

sized particles bound better to epithelial cells than micro-particles. McClean et al., through a 
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combination of techniques such as fluorescence microscopy, found that poly-dl-lactide (PLA) 

nanoparticles adsorbed better on Caco-2 monolayers than microparticles [378]. In a similar 

study, 100 nm polylactic polyglycolic acid copolymer (PLGA) NPs were shown to have a 2.7-

fold higher uptake than 1,000 nm by Caco-2 cells [379]. It is possible that differences in the 

composition and shape of the NPs, in addition to different concentrations, used may explain 

these variations. 

 

The ability of nanoparticles to migrate across the cell monolayer is a crucial factor for the 

successful mucosal delivery of a nanoparticle vaccine. In this study, all three sizes of nano-

particles were shown to migrate through epithelial layers significantly in a time-dependent 

manner. Additionally, incubation with CaP-OVA-S resulted in significantly higher migration 

percentage when compared to CaP-OVA-L at all incubation times. This finding is in contrast 

to a recent paper that compared 5 nm and 40 nm gold nanoparticles, which demonstrated that 

migration efficiency is highly dependent on NP surface properties, rather than on NP size 

[380]. These differences may be a consequence of both the different surface properties be-

tween metallic NPs and CaP NPs, and NP size, as the gold NPs (5 nm and 40 nm) was signif-

icantly smaller than CaP NPs used in this study.  

  

While effective migration through the epithelial cell layer is desirable for a mucosally deliv-

ered vaccine, NPs must be bound and phagocytosed by cells of the immune system in order 

to induce an immune response [381]. Cellular uptake is one of the crucial steps which deter-

mines the therapeutic effectiveness of nanoparticle vaccine [380]. In this study confocal mi-

croscopy was used to demonstrate that the nanoparticles were efficiently transported into cells. 

This phenomenon has been previously confirmed with the use of calcium phosphate/polyeth-

yleneimine/R-phycoerythrin (CaP/PEI/R-PE) NPs, as phycobilliprotein phycoerythrin can be 

easily taken up by human epithelial cervical cancer cells [365]. The phycobilliprotein phyco-

erythrin is a multimeric protein that can fluoresce, and consequently can be used in immuno-

fluorescence assays [382]. Several studies have suggested that nanoparticles that are less than 

500 nm in size are ideal for phagocytosis by APCs [378, 383]. The results from confocal 

microscopy assays performed in this study correlate with the flow cytometry phagocytosis 

assays. The effect of size on nanoparticle uptake is contentious. He et al. found that in com-

parison with 157 nm polymeric nanoparticles, larger 300 nm nanoparticles result in a 1.1-fold 

increase in uptake by macrophages [235]. Conversely, Lu et al. found that for a size range of 
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30 to 280 nm of Mesoporous silica nanoparticles (MSNs), 50 nm has the highest uptake effi-

ciency [384]. Previous studies have also found that 456 nm polymeric nanoparticles are 

quickly taken up by murine macrophages, and that 149 nm nanoparticles are easily taken up 

by non-phagocytic cells such as HEK 293 cells, indicating each cell type has a preferred size 

of particle for uptake [235, 385], and some cells, such as primary human umbilical vein en-

dothelial cells, only prefer to take up larger (560 nm and 1010 nm) nanoparticles [386].  

 

While binding to immune cells and subsequent phagocytosis are important in initial interac-

tions with host immune cells, the downstream signalling cascades are required to initiate and 

sustain an immune response to the delivered antigen. The NF-κB signalling pathway serves 

as a central mediator of the inflammatory response, and plays a vital role in the regulation of 

the innate and adaptive immune responses [387, 388]. Relatively few studies using murine or 

human cell lines have investigated the influence of CaP NPs on NF-κB activation have been 

published [389, 390]. However, it has been reported that nanoparticles induced downregula-

tion of NF-κB activity. It has been reported that using sphere-shaped nanoparticles resulted in 

inhibition of NF-κB activation [389]. This is in contrast with the results of this study, where 

it was demonstrated that the phosphorylation of NF-κB activation was significantly increased 

at the highest NP to cell ratio (10,000:1) for all sizes of nanoparticles (rod-shaped). These 

discrepancies may be explained by the shape of NPs between these studies, as in another study 

Grandjean-Laquerriere et al. demonstrated that 300 nm rod-shaped hydroxyapatite particles 

increased NF-κB activation and TNF-α production on macrophages [391].   

     

A consequence of NF-κB binding is translocation into the cell nucleus, where they initiate 

transcription of cytokines [392]. An increase in the concentration of proinflammatory cyto-

kines can be considered an indicator of nanoparticle immunomodulatory effects. In this study, 

the ability of the rod-like CaP NPs to activate inflammatory responses in OKF6 cells, and 

subsequently produce inflammatory cytokines, was measured by various immunoassays. It 

was demonstrated that none of the nanoparticles induced IL-6, IL-10, TNF-α, or MCP-1 se-

cretion in OKF6 cells, and that CaP-OVA-S and CaP-OVA-M induced a small amount of IL-

8 and IL-1β secretion. These results are consistent with a previous paper that showed smaller 

particles are capable of eliciting strong inflammatory responses than larger particles of the 

same chemical composition [393]. Yang et al. also reported that smaller (5 nm) silver NPs 

induced more IL-1β than larger (28 nm) silver NPs [394]. It is well established that IL-8 is a 

chemokine that can stimulate neutrophils and granulocytes, and attracts them to the site of 
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inflammation [395]. IL-1β plays a significant role in the induction of innate immunity [394]. 

Taken together, the increase of IL-1β and IL-8 concentrations after exposure to the CaP-OVA 

NPs suggests that immune cells such as neutrophils and monocytes can be recruited to the site 

of infection, potentially resulting in the initiation of an immune response to the vectored anti-

gen.  

 

This study demonstrates that the following exposure to CaP-OVA NPs, epithelial cells pro-

duce a selection of cytokines that are associated with the recruitment of immune cells to the 

site of infection. Resident tissue macrophages are considered primary cell types to encounter 

and process foreign material such as particles, while dendritic cells (DC) are generally con-

sidered professional APCs [396, 397]. In the current study, RAW 264.7 cells were used as 

model macrophages to quantify the phagocytosis of nanoparticles. In order to process the en-

gulfed particles and initiate a robust immune response, it is necessary for phagosome to mature 

into a phagolysosome with a low internal pH (< 5.0) [398]. This acidic environment assists in 

the degradation/digestion of pathogens, and leads to the presentation of processed antigens to 

cognate T cells [397, 399]. By labelling nanoparticles with a pH-sensitive dye, it can be de-

termined if nanoparticles are cell-associated, cytoplasmic, or phagocytosed by flow cytome-

try. pHrodo Red dye increases fluorescence intensity under low pH conditions and has been 

extensively used to study phagocytosis [400, 401]. The three sizes of CaP-OVA NPs were 

phagocytosed by RAW 264.7 cells in a dose-dependent manner. This correlates to the confo-

cal microscopy results, suggesting that the internalised fluorescent particles observed by con-

focal microscopy were internalised within a phagosome. This is in accordance with a previous 

publication demonstrating that hydroxyapatite crystals phagocytosed by human polymorpho-

nuclear leucocytes in a time-dependent manner [402]. It was also observed that RAW 264.7 

cells had a greater affinity for the CaP-OVA-L in terms of phagocytosis. Again, this observa-

tion is consistent with the recent findings by Shah and co-workers who found that larger par-

ticles (< 0.5 μm) are more easily phagocytosed by macrophages, and smaller particles (20 - 

200 nm) were more easily phagocytosed by dendritic cells [73].  

 

The ability of a nanoparticle vaccine to elicit APC maturation is crucial for the induction of 

effective immune responses [396]. Immature macrophages also function as antigen capturing 

cells, while mature macrophages can act as APCs after exposure to the appropriate cytokines 

[403]. After capturing the antigens, macrophages will degrade the antigen into peptides and 

then present the peptide-major histocompatibility complex (MHC) complex to T cells to elicit 



161 
 

immune responses [404]. The upregulation of antigen presentation markers such as MHC-II 

and co-stimulatory marker expression markers expression, such as CD40 and CD86, is a 

strong indicator of the degree of APC maturation [405]. All sizes of nanoparticles tested were 

found to induce significant cell surface marker expression (CD40, CD80, and MHC II) at the 

highest NP dose, indicating that CaP-OVA NPs have the capability to induce macrophage 

maturation and thus may elicit an immune response against the vectored antigen. 

 

It is known that many cytokines can be induced when the APCs are stimulated by nanoparti-

cles [251]. Interleukin 1β (IL-1β) has a pivotal role in the activation of natural killer cells 

(NK) for effective priming of cytotoxic T cells (CTLs) [406]. IL-6 plays an important role in 

CD4+ [407] and CD8+ [408] T cell differentiation, and the presence of IL-10 in primary re-

sponses also lead to an increased number of CD8+ T cells [409]. IL-12 is an important bridge 

between innate and adaptive immunity, and is essential for activating the full range of macro-

phages processing abilities. IL-12 can stimulate CD8+ T cell activation and also promotes 

more extended conjugation events between APCs and CD8+ T cell [410]. Additionally, TNF-

α has been shown to play a pivotal role in the proliferation, activation and differentiation of 

macrophages [411]. All of these cytokines contribute to effective and potent T cell responses. 

Strong production of IL-6, IL-12 and TNF-α by RAW 264.7 macrophages was found for all 

sizes of nanoparticles. The limited production of IL-1β under these conditions may be due to 

the requirement of caspase-1 inflammasome activation for secretion [412]. Additionally, as 

there is no ASC (an apoptosis-associated, speck-like protein containing a CARD domain) 

adaptor expression on raw cells, IL-1β production is limited [85]. In this study, CaP-OVA-L 

NPs induced significantly more NF-κB activation, cell surface marker expression (CD40, 

CD80, and MHC II), and cytokine production (IL-6, IL-10, TNF-α) than CaP-OVA-S and 

CaP-OVA-M NPs. These findings are in agreement with previous studies on human peripheral 

blood mononuclear cells that have found that 32 μm and 40 μm particulate beta-tricalci-

umphosphate particles can cause a high degree of cytokine production (IL-1β, IL-8 and TNF-

α), and that smaller particles (1 μm) induce very little [413]. This may be attributable to the 

adsorbance properties that larger sized particles provide, which allow more protein to be ab-

sorbed. Additionally, an increased preference for phagocytosis of larger particles would lead 

to increased immune responses. 
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4.5 Conclusion  

The present study has investigated the immunological effects of different sizes of CaP NPs 

vaccine on oral epithelial cells and macrophages. It was shown that the three sizes of NPs 

were biocompatible and non-toxic towards HEK, H4IIE and OKF6 cells. It was further 

demonstrated that all sizes of NPs can efficiently bind to and migrate through the epithelial 

barriers, and that they induced a specific and significant IL-1β and IL-8 secretion, but no TNF-

a, IL-6, IL-10 and MCP-1 response as compared to the negative control from epithelial cells. 

These data also highlight that the three sizes of cross-linked CaP-OVA NPs can be phagocy-

tosed by RAW 264.7 cells in a dose-dependent manner. Finally, of the CaP-OVA nanoparti-

cles CaP-OVA-L NPs induced significantly stronger cell-binding, cellular-uptake, phagocy-

tosis, NF-κB activation, cytokine secretion, and inflammatory cell surface marker expression 

at the highest NP to cell ratio than the smaller nanoparticles. The CaP-OVA-S NPs transmi-

grated across the mucosal monolayer significantly more efficiently than CaP-OVA-L at all 

time points tested. These data suggest that CaP NPs could be considered as safe vehicles for 

vaccine applications. This study provides a better understanding of how rod-like nanoparticles 

interact with epithelial cells and macrophages, demonstrating that rod-like CaP NPs have a 

promising potential as a platform for protein delivery in vaccine therapy.  
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4.6 Supplementary Information 

 

 

Supplementary Figure 4. 1: Confocal microscopy of internalised CaP-OVA NPs for 1 and 3 h.  
Cellular uptake of three sizes of nanoparticles in OKF6 cells at NP to cell ratio of 1,000:1 for 1 and 3 h. Nanopar-
ticle (green) were pre-labelled with Atto 488, plasma membrane (red) were stained with FM dyes, and nuclei 
(blue) were stained with DAPI. Scale bar = 10 µm. 
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Supplementary Figure 4. 2: Confocal microscopy of internalised CaP-OVA NPs at NP to cell ratio of 1,000:1 
and 10,000:1 for 3 h.  
Cellular uptake of three sizes of nanoparticles in OKF6 cells at NP to cell ratio of 1,000:1 and 10,000:1 for 3 h. 
Nanoparticle (green) were pre-labelled with Atto 488, plasma membrane (red) were stained with FM dyes, and 
nuclei (blue) were stained with DAPI. Scale bar = 10 µm. 
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Chapter 5     

Co-encapsulation of antigen ovalbumin and TLR2 

ligand in calcium phosphate nanoparticles leads to 

macrophages maturation and activation     
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5.1 Introduction  

Significant advancements have been made recently in the development of sub-unit recombinant 

protein and peptide-based vaccines for the prevention of infectious diseases and cancer, with 

several formulations under clinical phase of development [414-416]. In developing a sub-unit 

based vaccine, it is well known that generally a protein or peptide delivered alone, often has 

poor immunogenicity and requires potent adjuvants such as toll-like receptor (TLR) ligands, 

co-stimulatory molecules, and cytokines in the vaccine formulation to induce the desired im-

munity [52, 417, 418]. TLRs are a group of transmembrane protein complexes that recognise 

microbial components called pathogen-associated molecular patterns (PAMPs) in order to ini-

tiate an immune response [97]. The use of TLR agonists as adjuvants has gained increased 

interest due to their ability to improve the efficacy and immunogenicity of vaccines formula-

tions [39, 45, 51, 129-134]. Pattern recognition receptors (PRRs), such as TLRs are expressed 

on APCs (such as dendritic cells and macrophages) and mucosal/oral epithelial cells. PRRs 

play a significant role in inducing and enhancing both innate and adaptive immune responses 

[134]. TLRs facilitate the recognition of pathogens by immune cells, resulting in increased 

antigen uptake and processing, expression of pro-inflammatory cytokines, chemokines, and co-

stimulatory molecules such as CD80, 86 and 40, leading to the induction of a robust innate and 

adaptive immune response [135, 136].  

 

Several different TLR ligands have been investigated for use as vaccine adjuvants, including 

ligands for TLR2, TLR3, TLR4, TLR5, TLR7 and TLR9 [137-139]. The selection of the ligand 

often depends on the disease being targeted [140]. TLR2 is a transmembrane protein, often 

found as a dimer with TLR1 or TLR6, and is expressed on the surface of immune cells such as 

macrophages [419]. TLR2 activation mediates a broad range of immune responses to many 

bacterial species by recognising triacylated lipoproteins and diacylated lipoproteins in Gram-

negative and Gram-positive bacteria, respectively [420]. Administration of lipoproteins has 

been used in several experimental vaccine formulations in order to modulate the induced im-

mune response [421-425]. A synthetic TLR2 ligand was used as a cancer vaccine adjuvant, 

eliciting increased cell adhesion and inhibited tumour growth in vivo [421]. Reiser et al. re-

ported that a naturally occurring TLR2 ligand enhanced antigen cross-presentation and antigen-

presenting cell trafficking [422]. It has been demonstrated that a TLR2 ligand peptide, 

Pam3CSK4 conjugated to a synthetic antigenic peptide significantly increased DC maturation 

and the induction of an effective CD8+ T cell response [423]. Similarly, Azuma et al. found 
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that TLR2-agonist lipopeptides enhanced DC maturation and NK cell activation [424]. The 

inclusion of TLR ligands has also resulted in increased NF-κB activation and promoted the 

release of inflammatory cytokines in human mast cell line LAD2 cells [425]. These findings 

suggest that the TLR2 ligand may be a promising adjuvant for vaccine formulation. 

 

At present, the most commonly used commercially available TLR2 ligands are Pam2CSK4 and 

Pam3CSK4, containing two or three palmitoyl (Pam) chains, respectively [426]. Previous re-

ports have shown that the inclusion of Pam3CSK4 as a component of synthetic virus-like parti-

cles resulted in an increased humoral and cell-mediated immune response in vivo [129, 427]. 

In addition, Pam3CSK4 fused to Ovalbumin increased antigen presentation through TLR2 sig-

nalling and enhanced effector memory-like CD8+ T cells after immunisation [428]. Pam2CSK4 

has also been reported to induce NF-κB activation with the corresponding production of several 

cytokines (such as IL-8, IL-10 and IFN- γ) in murine and human cells [429, 430]. Additionally, 

Zeng et al. showed vaccines incorporating dipalmitoyl-S-glyceryl cysteine (Pam2Cys) could 

effectively induce maturation of DCs evidenced by upregulation of MHC class II molecules 

[431]. Pam2CSK4 has also been shown to induce a preferentially Th2 (protective) skewed im-

mune response and antibody-dependent immunity [134]. These findings indicate that 

Pam2CSK4 and Pam3CSK4 have excellent potential as adjuvants for vaccine studies.  

 

In this chapter, a new potential adjuvant with favourable chemical properties for use in vaccine 

applications was explored. A novel TLR2 ligand, Pam2KK4CG, was synthesised and conju-

gated to three sizes of calcium phosphate OVA NPs. The effect of these functionalised NPs on 

macrophages was compared to commercially available Pam3CSK4 and Palmitoyl alone. Sev-

eral assays were used to characterise the immunostimulatory effects of these ligands conjugated 

to particles, including NPs toxicity, phagocytosis, HEK TLR2 and macrophage NF-κB activa-

tion, as well as cell surface marker expression and cytokine production by macrophages.  
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5.2 Materials and Methods 

5.2.1 Cell cultures and growth conditions 

All cells were obtained from the Melbourne Dental School tissue culture collection. Macro-

phage cell line RAW 264.7, human embryonic kidney293 (HEK293) cells, RAW-Blue cells 

were cultured with Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine se-

rum (FBS), 1% penicillin/streptomycin, 1% L-glutamine under 5% v/v CO2 at 37 C. Also, 

HEK293 cells were incubated with 100 μg/mL Zeocin, 30 μg/mL Blasticidin S and 200 μg/mL 

Hygromycin B. RAW-Blue cells were incubated with 200 μg/mL Zeocin. DMEM, keratino-

cyte serum-free medium, FBS, penicillin/streptomycin, L-glutamine, trypsin was obtained 

from Life Technologies, NSW Australia. The antibiotics (Zeocin, blasticidin S and hygromy-

cin B) for and HEK293 and RAW-Blue cells were purchased from Invivogen, USA. 

 

5.2.2 Pam2KK4CG peptide synthesis 

The Pam2KK4CG synthesis was carried out on a CEM Liberty microwave-assisted synthesiser 

using RAM-resin by Fmoc/tBu solid-phase methods [432-435]. Standard Fmoc-chemistry was 

used throughout with a 4-fold molar excess of the 9-Fluoroenylmethoxylcarbonyl (Fmoc)-L-

amino acids (GL Biochem, Shanghai, China) in the presence of 4-fold 2-(1H-benzotriazole-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, GL Biochem, Shanghai, China) 

and 8-fold N,N-Diisopropylethylamine (DIPEA, Auspep, Melbourne, Australia). The N-termi-

nal palm chain was functionalised with palmitic acid N-hydroxysuccinimide ester (Sigma, 

NSW, Australia) for the dimeric palmitic fatty chains. The peptides were cleaved from the solid 

support resin with trifluoroacetic acid (TFA, Auspep, Melbourne, Australia) in the presence of 

triisopropylsilane (TIPS, Sigma, NSW, Australia) as a scavenger (ratio 95:5), and 2,2′-Dithio-

bis(5-nitropyridine) (DTNP, Sigma, NSW, Australia) as the alternative protection group for C-

terminal cysteine (2 h, RT). After filtration to remove the resin, the filtrate was concentrated 

under a stream of nitrogen, and the peptide products were precipitated in ice-cold diethyl ether 

and washed three times. The Pam2KK4CG-NH2 peptide in buffer A (0.1% TFA MilliQ water) 

was then purified by reversed-phase high-performance liquid chromatography (RP-HPLC) 

with the gradient 0% to 100% of buffer B (0.1% TFA 90% acetonitrile) for 40 min using a C4 

column (3.6u C, 150 × 4.6 mm, Aeris, USA). The final products were characterised by both 

RP-HPLC and electrospray mass spectrometry (ESI-MS). Rink Amide resin was purchased 

from GL Biochem (Shanghai, China). Dimethylformamide (DMF) was obtained from Auspep 
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(Melbourne, Australia). Piperidine was obtained from Sigma (NSW, Australia). 

 

5.2.3 Preparation and characterisation of TLR2 ligand functionalised CaP-PEI-OVA 
NPs 

Different sizes of cross-linked CaP-PEI-OVA NPs were synthesised using the layer-by-layer 

method. The combination of Ca(NO3)2.4H20 + NH4H2PO4, CaCl2 + NaH2PO4, or CaCl2 + 

Na2HPO4.2H2O were chosen to produce CaP NPs cores of different sizes. Three different sizes 

of NPs small (S, 174 ± 10 nm), medium (M, 261 ± 20 nm), and large (L, 364 ± 21 nm) were 

each selected for encapsulation by Pam1, Pam2, and Pam3. 

To formulate Pam1 functionalised NPs, 400 µL of the CaP-PEI-OVA NPs suspension (2 

mg/mL) was harvested by centrifugation (10,000 × g, 5 min, 4 C) and resuspended in 50 µL 

25 mM sodium bicarbonate (pH = 8). Then, 5 µL of Palmitic acid N-hydroxysuccinimide ester 

(2 mg/mL in DMSO) was added to the NPs solution and incubated (1 h, 37 C). After incuba-

tion, the NPs were washed with MilliQ water three times to remove any unreacted Pam1.  

 

To formulate Pam2 (dipalmitoyl-KKKKKC(dithio(5-nitropyridine))G-NH2) functionalised 

NPs, 400 µL of the CaP-PEI-OVA NPs suspension (2 mg/mL) was harvested by centrifugation 

(10,000 × g, 5 min, 4 C) and resuspended in 1.8 mL 22 mM sodium bicarbonate (pH = 8). 

Then, 20 µL Pam2 (2 mg/mL in DMSO) was added to the NP solution and incubated (1 h, 37 

C). After incubation, the NPs were washed with MilliQ water for three times to remove any 

unreacted Pam2 peptide.  

 

To formulate Pam3 (tripalmitoyl-cysteinyl-seryl-(lysyl)3-lysine (P3CSK4) functionalised NPs, 

400 µL of the CaP-PEI-OVA NPs suspension (2 mg/mL) was harvested by centrifugation 

(10,000 × g, 5 min, 4 C) and resuspended in 100 µL MilliQ water. DIPEA (1.741 mL, 10 

mmol, Sigma, NSW, Australia) was added to 1 mL HBTU (5 mmol in DMF), and the solution 

was adjusted to 5 mL with DMF. After mixing, 10 µL of the HBTU/DIPEA solution was added 

to 40 µL 2 mg/mL Pam3CSK4 (1.3 mM, Invivogen, USA). After 2 minutes, the 50 µL of acti-

vated Pam3CSK4 solution was added to 100 µL of the NP suspension and incubated (2 h, RT). 

The NPs were then washed with MilliQ water three times to remove any unreacted Pam3CSK4 

and organic solvents. The TLR2 ligand functionalised NPs were suspended in MilliQ water 

and stored at 4 C for future characterisation.  
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The TLR2 ligand functionalised NPs were characterised by Dynamic Light Scatting (DLS) for 

particle size, size distribution, and zeta potential. The characterisation technique is described 

in detail in Chapter 2. The BCA protein assay kit (Thermo Fisher Scientific, SA, Australia) 

was used to measure ovalbumin concentrations. The number of NPs were counted by Na-

noSight NS300 (Malvern). All experiments were carried out in triplicate. 

 

5.2.4 TLR2 activation assay with HEK293-TLR2 reporter cell line  

HEK293 TLR2 reporter cells (Invivogen, USA) were seeded into 96 well plates at a cell density 

of 1 × 105 cells per well. After overnight incubation, TLR2 ligand functionalised NPs (S, M, 

and L) in 200 µL complete media were added to the HEK293 TLR2 receptor cells at NP to cell 

ratios of 10:1, 100:1, 1,000:1 and 10,000:1, and incubated for 24 h (5% v/v CO2, 37 C). Fol-

lowing the incubation period, 50 µL media was transferred to a new 96 well plate and added to 

150 µL Quanti-Blue (Invivogen, USA). The plate was incubated for 2 h (5% v/v CO2, 37 C), 

and the optical density was measured at 620 nm on a spectrophotometer. HEK293 TLR2 re-

porter cells in complete media without NPs were used as the negative control. Pam3CSK4 (Invi-

vogen, USA, 500 ng/mL) was used as a positive control. 

 
5.2.5 NF-κB activation assay with RAW-Blue cells 

RAW-Blue cells (Invivogen, USA) were seeded into 96 well plates at a cell density of 1 × 105 

cells per well in 200 µL complete DMEM. After overnight incubation (5% v/v CO2, 37 C), 

TLR2 ligand functionalised NPs (S, M, and L) in 200 µL complete DMEM were added to the 

RAW-Blue cells at NP to cell ratios of 10:1, 100:1, 1,000:1 and 10,000:1 and incubated for 24 

h  (5% v/v CO2, 37 C). Following the incubation period, 50 µL of media was taken from the 

cultures and transferred to a new 96 well plate and added to 150 µL Quanti-Blue (Invivogen, 

USA). The plate was incubated for 2 h (5% v/v CO2, 37 C), and the optical density was meas-

ured at 620 nm on a spectrophotometer to determine the secreted alkaline phosphatase (SEAP) 

levels. RAW-Blue cells in complete media without NPs were used as the negative control. 

Complete media containing Lipopolysaccharide (LPS, 10 µg/mL, Sigma-Aldrich, NSW, Aus-

tralia) was used as a positive control. 
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5.2.6 Cytotoxicity of TLR2 ligand functionalised CaP NPs  

Cell cytotoxicity was measured by the lactate dehydrogenase (LDH, Promega, NSW, Australia) 

and CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Promega, NSW, 

Australia) methods (performed according to the manufacturer’s instructions). RAW 264.7 cells 

were seeded into 96 well plates at a cell density of 5 × 103 cells per well in 200 µL complete 

DMEM. After overnight incubation (5% v/v CO2, 37 C), the cells had reached 70 - 80% con-

fluency. The media was replaced with 150 µL fresh media containing NPs at different NP to 

cell ratios (10:1, 100:1, 1,000:1 and 10,000:1) and incubated for 90 min (5% v/v CO2, 37 C). 

After incubation, 50 µL of media was transferred to a new 96 well plate and measured for LDH. 

For the MTS assays, MTS was diluted in 100 µL fresh cell media and added to the cells after 

removing NPs in suspension, then assessed by MTS kits according to the manufacturer’s pro-

tocol.  

 

5.2.7 Phagocytosis of TLR2 ligand functionalised CaP NPs by RAW 264.7 cells 

Different sizes of TLR2 ligand functionalised NPs were fluorescently labelled using pHrodo 

Red (Thermo Fisher Scientific, SA, Australia) according to the manufacturer’s instructions. 

RAW 264.7 cells were resuspended at a density of 2.5 × 105 cells/200 µL. These cells were 

incubated with NPs (S, M, and L) at NP to cell ratios of 10:1, 100:1, 1,000:1 and 10,000:1, and 

incubated  (1 h,  5% v/v CO2, 37 C). After incubation, the cells were washed with flow cy-

tometry staining buffer (FACS, PBS + 1% BSA + 0.1% Sodium Azide (NaN3)) three times 

and resuspended in 200 µL FACS buffer. The amount of phagocytosis was quantified by flow 

cytometry (BD LSRFortessa X-20, BD Biosciences, NSW, Australia). RAW 264.7 cells in 

complete media without NPs were used as the negative control.     

 

5.2.8 Cell surface marker production by flow cytometry 

RAW 264.7 cells were seeded into 24 well plates at a cell density of 2 × 105 cells per well. 

After overnight incubation (5% v/v CO2, 37 C), TLR2 ligand functionalised NPs (S, M, and 

L) in 200 µL complete media were added to cells at NP to cell ratios of 10:1, 100:1, 1,000:1 

and 10,000:1, and incubated (24 h,  5% v/v CO2 , 37 C). The cells were washed with FACS 

buffer and blocked for 20 min on ice with rat anti-mouse CD16/CD32 antibody (BD 

Pharmingen, CA) to prevent Fc-receptor binding of antibodies. The cells were then incubated 
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with the following antibodies (20 min, 0 C): PE-Cy™7 rat anti-mouse CD86; APC rat anti-

mouse CD40; APC MHC class II (I-A/I-E) monoclonal antibody. These antibodies were all 

purchased from BD Bioscience (NSW, Australia). The level of CD40, CD80, and MHC II 

expression was quantified by flow cytometry (BD LSRFortessa X-20, BD Biosciences, NSW, 

Australia). The data was exported and FlowJo software (Three Star) was used for data analysis. 

RAW 264.7 cells incubated in complete media without NPs were used as the negative control 

and complete media containing Lipopolysaccharide (LPS, 10 µg/mL, Sigma-Aldrich, NSW, 

Australia) was used as a positive control. All experiments were performed in triplicate. 

 

5.2.9 Cytokine production assays with RAW cells 

RAW 264.7 cells were seeded into 24 well plates at a cell density of 2 × 105 cells per well. 

After overnight incubation (5% v/v CO2, 37 C), TLR2 ligand functionalised NPs (S, M, and 

L) in 200 µL complete media were added to cells at NP to cell ratios of 10:1, 100:1, 1,000:1 

and 10,000:1 and incubated for 6 and 24 h (5% v/v CO2, 37 C). The supernatant was collected 

by centrifugation (800 × g, 5 min, RT) after incubation to remove remaining cells and NPs. 

RAW 264.7 cells in complete media without NPs were used as the negative control. Complete 

media containing LPS (10 µg/mL) was used as a positive control. The cytokine levels (IL-1β, 

IL-6, IL-10, IL-12 and TNF-α) in the supernatant were determined by ELISA kits (BD Biosci-

ences, NSW, Australia) according to the manufacturer’s instructions.  

 
5.2.10 Statistical analysis 

GraphPad Prism 5 software was used to analyse data in experiments. One-way ANOVA and 

student T-test were used to determine P and a P < 0.05 was considered statistically significant.  
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Figure 5. 1: Schematic representation of the preparation of TLR2 ligand functionalised nanoparticles.  
The charge of CaP NPs was reversed by addition of PEI. Next, OVA was added to CaP-PEI NPs by electrostatic interaction. OVA on the NP surface was then crosslinked by 
BS3. Finally, TLR2 ligand was bound to the surface of nanoparticles. Abbreviations: CaP NPs, calcium phosphate nanoparticles; PEI, polyethylenimine; OVA, ovalbumin; BS3 
(bis[sulfosuccinimidyl] suberate), TLR2 ligand. 
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Figure 5. 2: Chemical structures of Pam molecules.  
Palmitic acid N-hydroxysuccinimide ester (A, Pam1, C20H35NO4), Pam2KK4CG (B, Pam2, dipalmitoyl-KK4CG), 
Pam3CSK4

 
(C, Pam3, (tripalmitoyl-cysteinyl-seryl-(lysyl)3-lysine (P3CSK4)). 
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(dipalmitoyl-KK4CG) 

B 
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(tripalmitoyl-cysteinyl-
seryl-(lysyl)3-lysine 
(P3CSK4)) 
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(Palmitic acid N-hydroxy-
succinimide ester) 
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5.3 Results  

 
5.3.1 Characterisation of TLR2 ligand functionalised CaP-PEI-OVA NPs 

Three different sizes of TLR2 ligand functionalised CaP-PEI-OVA NPs were prepared by the 

layer-by-layer approach. The CaP NPs core was synthesised by the citrate chelating method, 

followed by coating the NPs with PEI to produce particles with a positive surface charge. CaP-

PEI NPs were than coated with the model antigen, ovalbumin, the NPs were cross-linked using 

BS3. Finally, the TLR2 ligand (Pam1, or Pam2 or Pam3) was added to the surface of NPs by 

chemical conjugation. A schematic of the preparation method is shown in Figure 5.1. During 

this study, three different TLR2 ligands were investigated, which varied by the number of pal-

mitoyl (Pam) chains they possessed; Palmitic acid N-hydroxysuccinimide ester (Pam1), 

Pam2KK4CG (Pam2), and Pam3CSK4 (Pam3). The structure of these chemicals is shown in 

Figure 5.2. The purified peptide Pam2KK4CG was characterised by using reverse-phase high 

performance liquid chromatography (RP-HPLC) (Supplementary Figure 5.1). 

 

The particle size, size distribution and surface charge of different sizes of TLR2 ligand func-

tionalised NPs were characterised by DLS. Table 5.1 summarises the physical properties aris-

ing from different sizes and numbers of Pam chains on functionalised NP formulation. The 

particle size for each addition of Pam1, Pam2 or Pam3 on to either CaP-OVA-S, M or L re-

sulted in a slight increase in NP size that was not significantly different from the non-function-

lised particles (Table 5.1). The PDI value of these samples was relatively low (0.05 to 0.14), 

which suggests that the NPs are homogeneous and monodispersed. All three sizes of different 

types of Pam chains functionalised NPs were positively charged. As Pam2 and Pam3 have 4 

lysines, these Pam functionalised NPs have higher positive charge than Pam1. The number of 

functionlised NPs were counted using the NanoSight NS300, and the results showed both the 

Pam 1 and Pam 2 functionalised NPs have good yield, Pam 3 functionalised NPs had low yield 

(data not shown). 
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Table 5. 1: Properties of palmitoyl functionalisation of CaP-PEI-OVA NPs.  
The characterisation of different numbers of palmitoyl (Pam) chains functionalised CaP-PEI-OVA NPs as deter-
mined by DLS.  The different size formulations are represented by S (small), M (medium), and L (large). 
  

 

5.3.2 TLR2 activation in HEK293-TLR2 reporter cell line and NF-κB activation assay 
in RAW-Blue cells  

Specific activation of TLR2 and NF-κB by TLR2 ligand functionalised particles was deter-

mined using HEK293 TLR2 and RAW-Blue reporter cells. HEK293-TLR2 cells are stably 

transfected with both a TLR2 encoding plasmid and the SEAP reporter system, and therefore 

will only respond to TLR2 activation. RAW-Blue cells are derived from mouse macrophages, 

and stably express an NF-κB-inducible SEAP reporter construct that responds to any NF-κB 

phosphorylation. To investigate whether TLR2 ligand modified particles can induce TLR2 ac-

tivation and NF-κB phosphorylation, HEK293-TLR2 cells and RAW-Blue cells were incu-

bated with three sizes of TLR2 ligand functionalised NPs for 24 h, and the level of SEAP was 

determined by using Quanti-Blue.  

 

Results showed that HEK-Blue TLR2 cells were not activated by any of the small Pam1 parti-

cles as compared to CaP-OVA-S control particles (Figure 5.3A). HEK-Blue TLR2 cells were 

activated by the medium and large sizes of Pam1 modified particles only at the highest NP to 

Sample Size (nm) Polydispersity index (PDI) Zeta potential (mV) 

CaP-OVA-S 174 ± 10 0.09 ± 0.04 -16.7 ± 0.6 

CaP-OVA-Pam1-S 189 ± 23 0.12 ± 0.05 +3.9 ± 0.6 

CaP-OVA-Pam2-S 201 ± 37 0.14 ± 0.09 +29 ± 1.1 

CaP-OVA-Pam3-S 171 ± 19 0.09 ± 0.02 +20 ± 2.4 

CaP-OVA-M 261 ± 20 0.11 ± 0.07 -17.5 ± 1.2 

CaP-OVA-Pam1-M 279 ± 19 0.05 ± 0.02 +5.5 ± 0.8 

CaP-OVA-Pam2-M 283 ± 10 0.08 ± 0.02 +28.2 ± 0.4 

CaP-OVA-Pam3-M 268 ± 27 0.11 ± 0.06 +21 ± 1.5 

CaP-OVA-L 364 ± 21 0.08 ± 0.07 -18.3 ± 0.8 

CaP-OVA-Pam1-L 388 ± 25 0.13 ± 0.09 +5.1 ± 0.7 

CaP-OVA-Pam2-L 362 ± 19 0.12 ± 0.08 +28.0 ± 0.3 

CaP-OVA-Pam3-L 365 ± 30 0.13 ± 0.07 +21 ± 1.8 
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cell ratio (10,000:1, Figure 5.3B, C). However, TLR2 expressing cells were activated by Pam2 

modified particles at the two highest concentrations of 1,000:1 and 10,000:1 (Figure 5.3D, E 

and F), and were strongly activated by Pam3 modified particles at all the NP to cell ratios 

(Figure 5.3G, H and I).  

 

With the RAW-blue macrophage cells, all three sizes of particles conjugated with Pam1 (Figure 

5.4A, B and C) and Pam2 (Figure 5.4D, E and F) induced significant NF-κB activation at the 

higher NP to cell ratios of 1,000:1 and 10,000:1. Moreover, all three sizes of Pam3 functional-

ised NPs induced significant phosphorylation of NF-κB in RAW-Blue cells at all NP to cell 

ratios tested (Figure 5.4G, H and I). As the Pam3 had low yield and good activity, Pam2 had 

good yield and relatively good activity, Pam1 had good yield but low activity, Pam2 was se-

lected for further study from this point.  
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Figure 5. 3: Different numbers of palmitoyl (Pam) chains functionalised nanoparticles activates TLR2 lig-
and in HEK293-TLR2 reporter cell line at increasing nanoparticle to cell ratios (10:1, 100:1, 1,000:1 and 
10,000:1). 
 *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered statistically significant. 
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Figure 5. 4: Different numbers of palmitoyl (Pam) chains functionalised nanoparticles activates NF-κB in 
RAW-Blue cells at increasing nanoparticle to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1).  
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered statistically significant. 
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5.3.3 Cytotoxicity of Pam2KK4CG functionalised nanoparticles 

To investigate the cytotoxicity of Pam2 functionalised NPs, these NPs were incubated with 

RAW 264.7 cells for 90 min, and the cell viability was determined by MTS and LDH assay. 

The three sizes of NPs (S, M, and L) had no significant (P ≥ 0.05) cytotoxic effect on RAW 

264.7 cells at all NP to cell ratios after 90 min incubation (Figure 5.5).  

 

Figure 5. 5: Cell toxicity by MTS assay (A) and LDH assay (B) on RAW 264.7 cells incubated with different 
NP to cell ratios of Pam2KK4CG functionalised nanoparticles for 90 minutes.  
Data is expressed as mean ± SD. The blank is the culture media alone. The negative control are cells alone. There 
were no statistically significant differences between these data, (P ≥ 0.05). 
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5.3.4 Pam2KK4CG functionalised nanoparticles phagocytosis by macrophages 

The uptake of vaccines by professional phagocytes such as macrophages and dendritic cells is 

a crucial first step in the induction of an immune response. To determine whether Pam2 func-

tionalised NPs are phagocytosed by macrophages, NPs were labelled with pHrodo red (a pH-

sensitive fluorescence dye), and the level of phagocytosis was determined by flow cytometry. 

The three sizes of Pam2 functionalised NPs (S, M, and L) were phagocytosed by RAW 264.7 

cells in a dose-dependent manner, as indicated by an increase in the percentage of fluorescence 

observed (Figure 5.6A, B, C and D). In comparison with CaP-OVA, Pam2 functionalised CaP-

OVA had significantly enhanced phagocytosis for S, M, and L particles at all NP to cell ratios 

(Figure 5.6B, C and D). 

 

5.3.5 Cell surface marker production  

A further consequence of NF-B phosphorylation and translocation is the upregulation of cell 

surface markers that allow macrophages to interact with other cells of the host immune system. 

To determine the level of co-stimulatory marker upregulation induced by Pam2 functionalised 

particles, RAW 264.7 cells were incubated with Pam2 functionalised NPs or CaP-PEI-OVA 

NPs for 24 h. The upregulation of antigen presentation markers, MHC-II and co-stimulatory 

markers: CD40 and CD86, were analysed by flow cytometry. There was no significant differ-

ence in the induced expression of CD40, CD86 and MHC II observed between CaP-OVA-

Pam2-S and CaP-OVA-Pam2-M and the corresponding control CaP-PEI-OVA NPs at cell ra-

tios of 10:1 and 100:1 (Figure 5.7B and C, Figure 5.8B and C, and Figure 5.9B and C). How-

ever, at NP to cell ratios of 1,000:1 and 10,000:1, there was a significant upregulation of CD40, 

CD86 and MHC II expression after treatment with CaP-OVA-Pam2-S and CaP-OVA-Pam2-

M (Figure 5.7B and C, Figure 5.8B and C, and Figure 5.9B and C). Further, all co-stimulatory 

molecules were significantly upregulated in response to CaP-OVA-Pam2-L as compared to 

CaP-PEI-OVA NPs controls at all tested concentrations (Figure 5.7D, Figure 5.8D, and Figure 

5.9D).  
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Figure 5. 6: Phagocytosis of Pam2KK4CG functionalised nanoparticles by the macrophages (RAW 264.7).  
Nanoparticles were labelled with pHrodo red and examined their phagocytosis by RAW 264.7 cells at increasing 
nanoparticle to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). Cells and nanoparticles were incubated for 1 h, and 
the degree of phagocytosis was determined by flow cytometry. (A) Phagocytosis was demonstrated by an increase    
in red fluorescence (PE-A),  the presence of Pam2 on NPs induced an increase in phagocytosis for S (B), M (C), 
and L (D) NPs. The level of phagocytosis was determined by the cell phagocytosis percentage. Data are expressed 
as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered statistically significant.

Control 10:1 1,000:1 10,000:1 100:1 

CaP-OVA-
Pam2-S 

A 

CaP-OVA-
Pam2-M

CaP-OVA-
Pam2-L 



183 
 

 

 

 

 

 

 

 

 

 

                             

 

 

 

 

 

 

 

 

 

 
 

Figure 5. 7: Pam2KK4CG functionalised nanoparticles induction of CD40 expression in RAW 264.7 cells at 
various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1).  
(A) Flow cytometry histograms of CD40 expression of RAW 264.7 cells; (B) Fold increase compared to untreated 
cells of RAW 264.7 cells CD40 expression induced by CaP-OVA-S and CaP-OVA-Pam2-S NPs incubation; (C) 
Fold increase compared to untreated cells of RAW 264.7 cells CD40 expression induced by CaP-OVA-M and 
CaP-OVA-Pam2-M NPs incubation; (D) Fold increase compared to untreated cells of RAW 264.7 cells CD40 
expression induced by CaP-OVA-L and CaP-OVA-Pam2-L NPs incubation. Data are expressed as mean ± SD. 
*P < 0.05, **P < 0.01, ** P < 0.001 and ****P < 0.0001 were considered statistically significant. 
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Figure 5. 8: Pam2KK4CG functionalised nanoparticles induction of CD86 expression in RAW 264.7 cells at 
various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1).  
(A) Flow cytometry histograms of CD86 expression of RAW 264.7 cells; (B) Fold increase compared to untreated 
cells of RAW 264.7 cells CD86 expression induced by CaP-OVA-S and CaP-OVA-Pam2-S NPs incubation; (C) 
Fold increase compared to untreated cells of RAW 264.7 cells CD86 expression induced by CaP-OVA-M and 
CaP-OVA-Pam2-M NPs incubation; (D) Fold increase compared to untreated cells of RAW 264.7 cells CD86 
expression induced by CaP-OVA-L and CaP-OVA-Pam2-L NPs incubation. Data are expressed as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered statistically significant. 
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Figure 5. 9: Pam2KK4CG functionalised nanoparticles induction of MHC II expression in RAW 264.7 cells 
at various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). 
 (A) Flow cytometry histograms of MHC II expression of RAW 264.7 cells; (B) Fold increase compared to un-
treated cells of RAW 264.7 cells MHC II expression induced by CaP-OVA-S and CaP-OVA-Pam2-S NPs incu-
bation; (C) Fold increase compared to untreated cells of RAW 264.7 cells MHC II expression induced by CaP-
OVA-M and CaP-OVA-Pam2-M NPs incubation; (D) Fold increase compared to untreated cells of RAW 264.7 
cells MHC II expression induced by CaP-OVA-L and CaP-OVA-Pam2-L NPs incubation. Data are expressed as 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered statistically significant. 
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5.3.6 Pam2KK4CG functionalised nanoparticles induce cytokine production in RAW 
264.7 cells 

One function of phosphorylated NF- κB is to cross the nuclear membrane and bind to response 

elements on the host DNA to upregulate various cytokines and chemokines. In order to measure 

whether there were differences in the upregulation of multiple cytokines between Pam2 func-

tionalised NPs and CaP-PEI-OVA NPs, RAW 264.7 cells were incubated with three sizes of 

Pam2 functionalised NPs and the corresponding control CaP-PEI-OVA NPs for 6 h (Supple-

mentary Figure 5.2) and 24 h (Figure 5.10), after which the supernatant was collected and 

analysed by ELISA for the level of IL-1β, IL-6, IL-10, IL-12, and TNF-α.  

 

After incubation with the Pam2 functionalised particles for 6 h, no significant change in cyto-

kine production was observed at the lowest NP to cell ratio (Supplementary Figure 5.2). CaP-

OVA-Pam2-S resulted in a significant increase in IL-1β, IL-10, IL-12 and TNF-α secretion 

compared to CaP-OVA-S from RAW 264.7 cells at the highest NP to cell ratio of 10,000:1 

(Supplementary Figure 5.2A, G, J and M). CaP-OVA-Pam2-M also induced the secretion of 

these cytokines (IL-1β, IL-10, IL-12 and TNF-α) but at high NP to cell ratios after 6 h (Sup-

plementary Figure 5.2B, H, K and N). CaP-OVA-Pam2-L induced secretion of each cytokine 

tested at high NP to cell ratios of 1,000:1 and 10,000:1. Further, IL-12 and TNF-α were induced 

at a 100:1 NP to cell ratio (Supplementary Figure 5.2C, F, I, L and O). Incubation of RAW 

264.7 cells with each of the palmitoyl functionalised particles for 24 h resulted in the same 

pattern of cytokine expression induced by each CaP-OVA NP at 6 h, except the amount of each 

cytokine was increased (Figure 5.10).  
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Figure 5. 10: Pam2KK4CG functionalised nanoparticles induce cytokine release in RAW 264.7 cells.  
Cytokine production in RAW 264.7 cells was measured following 24 h incubation of three sizes of TLR2 ligand 
functionalised nanoparticles at various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). IL-1β (A, B, C), IL-
6 (D, E, F), IL-10 (G, H, I), IL-12 (J, K, L), and TNF-α (M, N, O) were detected by ELISA assays. Data are 
expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered statistically 
significant. 
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5.4 Discussion 

The addition of ligands for TLR2 has been shown to have great potential to be used as an 

adjuvant in vaccine applications [436-438]. The aim of this investigation was to synthesise a 

novel TLR2 peptide with improved binding chemistry and to determine how it contributes to 

macrophage activation. In this study, the surface functionalisation of CaP-PEI-OVA NPs with 

palmitoyl groups; Pam2 and Pam3, in particular, were found to induce the activation of mac-

rophages. The addition of CaP-OVA-Pam2 to macrophages increased NF-κB activation, phag-

ocytosis, cell surface marker expression and cytokine secretion compared to the CaP-PEI-OVA 

NPs.  

 

All three sizes of Pam2KK4CG functionalised NPs were positively charged, indicating the suc-

cessful TLR ligand functionalisation of NPs which were previously negatively charged. Due 

to the multiple lysines from the Pam2 or Pam3 peptide, the net charge of Pam2KK4CG or Pam 

3 conjugate would likely be positively charged [439]. Furthermore, all the palmitoyl function-

alised NPs displayed low polydispersity and high emulsion stability. 

 

In this chapter, the effect of Palmitoyl (Pam1), Pam2KK4CG (Pam2), and Pam3CSK4 (Pam3) 

loaded particles of various sizes on NF-κB phosphorylation following TLR2 ligation was com-

pared to determine the optimal combination of number of acyl chains and size of the particle. 

Surface functionalisation with a single palmitoyl chain resulted in the lowest TLR2 activation 

of all the NP formulations [440-442]. This is consistent with studies investigating the crystal 

structure of both the TLR2-1 and TLR2-6 heterodimers interacting with Pam2CSK4 and 

Pam3CSK4, respectively. The hydrophobic lipid-binding pockets of the TLR molecules are es-

sential for binding the acyl chains of the TLR2 ligands. However, the N-terminal cysteine, and 

to a lesser extent serine, also interacts with TLR dimers via strong hydrogen bonds, further 

stabilising the dimer and increasing signal transduction. The low TLR2 activation observed in 

this study in response to surface functionalisation with a single palmitoyl may reflect the ina-

bility of a single acyl chain to fully engage the binding pocket of TLR2, analogous to penta- 

and tetra-acylated lipid A engagement with TLR4. 

 

Surface functionalisation with Pam2KK4CG and Pam3CSK4 significantly increased TLR2 ac-

tivation at all tested doses as compared to CaP-OVA NPs alone. It has been reported that the 

synthetic diacylated lipopeptide Pam2CSK4 is an agonist of TLR2/TLR6 heterodimer [134, 
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443, 444], while the synthetic triacylated lipopeptide Pam3CSK4 is an agonist of TLR2/TLR1 

heterodimer [134, 418]. The crystal structure of both the TLR2/1 and TLR2/6 heterodimers 

with their respective triacylated and diacylated ligands revealed that the TLR2 binding pocket 

can accommodate two acyl chains [445, 446]. The TLR1 monomer of the TLR1/2 dimer pro-

vides a second binding pocket for the third acyl chain of the Pam3CSK4 molecule. However, 

the TLR6 monomer of the TLR1/6 dimer lacks any binding pockets, providing close associa-

tion and dimerisation in the absence of a third acyl chain not present in Pam2CSK4 [447].  

 

The results of the TLR2 and NF-κB activation assays show that Pam2KK4CG induces a slightly 

stronger TLR2 activation compared to Pam1 and weaker TLR-2 activation than Pam3CSK4. 

Despite the stronger immune stimulation of macrophages observed from Pam3CSK4, commer-

cialised Pam3CSK4 has no orthogonal reactive group for ligation to proteins thus it hard to use 

and may be why the yield was lower. This would lead to a less defined orientation of the 

Pam3CSK4 molecules on the surface of the functionalised NPs. To allow for a defined attach-

ment of the Pam molecules to the surface of the NPs, a novel TLR2 ligand was developed that 

can be site-specifically conjugated with cysteine in a protein via a disulphide bond. Compared 

to Pam3CSK4, Pam2KK4CG has only two palmitoyl chains and thus results in less hydropho-

bicity and higher water solubility. By comparison to Pam3, Pam2KK4CG not only has a site-

specific reaction but also has a relatively high degree of immune stimulation, indicating Pam2 

could be used as a novel TLR2 ligand to conjugate to particles.  

 

For the development of successful vaccines delivery systems, it is important to develop a safe 

adjuvant which enhances immunity while minimising damaging effects to the host. The Pam2 

functionalised NPs did not have any cytotoxic effects on macrophages at tested NP concentra-

tions, indicating that these NPs may be safe and biocompatible adjuvants.  

 

When the immune system encounters pathogenic bacteria and eukaryotic pathogens, the pro-

cess of phagocytosis is a central mechanism in antigen processing and presentation [448, 449]. 

The phagocytosis of NPs by macrophages is a major mechanism for NP uptake [397] and is an 

important step in the maturation and activation of immune cells. In particular, macrophages are 

thought to be the primary cells that recognise, internalise, distribute nanomaterials and mediate 

biological immunological responses [397]. To induce a robust immune response, it is necessary 

for the phagosome containing engulfed NPs to develop into a phagolysosome, which has a low 

pH (< 5.0) environment [398]. This acidic environment assists in the destruction of pathogens 
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and presentation of processed antigens to cognate T cells [397, 399]. CaP NPs dissolve under 

acidic pH conditions and the subsequent release of their antigenic cargo into the mature phag-

olysosome and is suggested to be an ideal attribute in a vaccine carrier [128]. By labelling NPs 

with a pH-sensitive dye, it is possible to distinguish between phagocytosed NPs, cytoplasmic 

NPs and cell-associated NPs  by flow cytometry [448]. pHrodo Red dye increases fluorescence 

intensity under low pH conditions and has been extensively used to study phagocytosis [400, 

401].  The results demonstrated that Pam2KK4CG functionalised particles were phagocytosed 

significantly better than particles without the TLR ligand functionalisation. Although there are 

no previous experimental observations regarding the increased uptake of TLR2-functionalised 

NPs, this observation is consistent with the recent findings by Shen et al. who determined that 

TLR2 receptors enhance the phagocytosis of Listeria monocytogenes by macrophages [450] 

through the c-Jun N-terminal kinase (JNK) signalling pathway [451]. Further, Fatehchand et 

al. [452] reported that the TLR2 agonist Pam2CSK4 enhances human peripheral blood mono-

cytes phagocytosis.  

 

Immature macrophages function as antigen capturing and sentinel cells while mature macro-

phages, expressing T cell co-stimulatory molecules, act as antigen-presenting cells [403]. After 

capturing the antigens, macrophages will degrade the antigen into peptides and then present 

the peptide-major histocompatibility complex (MHC) complex to T cells to elicit immune re-

sponses [404]. The maturation of macrophages is closely related to the upregulation of antigen 

presentation markers such as MHC-II and certain co-stimulatory marker expression, such as 

CD40 and CD86 [453]. In the experiments conducted in this study, the expression of CD40, 

CD86 and MHC II were significantly enhanced by functionalisation with the Pam2KK4CG 

peptide. Similar to these results, Yamazaki et al. demonstrated that the Pam2CSK4 lipopeptides 

significantly increased the expression of CD40 and CD86 on spleen DCs in vivo when deliv-

ered as free TLRs [406]. Additionally, the combination of TLR2 and TLR7 elicited significant 

expression of CD80 and CD86 on DCs [129]. These studies showed that this induced upregu-

lation of CD40, CD86 and MHC II resulted in a strong activation of T cells [129, 406], may 

suggest that Pam2KK4CG used for surface functionalisation which does induce macrophage 

expression of CD40, CD86 and MHC II may then activate naïve bystander T cells and poten-

tially induce an immune response to the carrier antigen.   

 

It is known that, in addition to upregulation of co-stimulatory molecules, many proinflamma-

tory cytokines are induced when APCs are stimulated by TLR ligands [454]. The data from 



191 
 

this study showed that incubation with Pam2KK4CG functionalised particles resulted in signif-

icantly higher IL-1β, IL-6, IL-10, IL-12 and TNF-α secretion than CaP-OVA NPs. All of these 

cytokines are known to contribute to effective and potent T cell responses: interleukin 1β (IL-

1β) has a pivotal role in the activation of natural killer cells (NK) for effective priming of 

cytotoxic T cells (CTLs) [406]; IL-6 also plays an important role in CD4+ [407] and CD8+ 

[408] T cell differentiation; the presence of IL-10 in primary responses leads to an increased 

number of CD8+ T cells [409]; IL-12 is an important bridge between innate and adaptive im-

munity by stimulating CD8+ and CD4+ T cell activation but promoting a more extended conju-

gation events between APCs and T cells [410]; TNF-α has been shown to play a pivotal role in 

the proliferation, activation and differentiation of macrophages [411]. The induction of cyto-

kines by Pam2KK4CG functionalised NPs is consistent with a report by Chen et al., which 

showed that the TLR2 ligand Pam3CSK4 significantly enhances TNF-α, IL-1β, IL-10, and IL-

6 expression in neutrophils [417]. It has also been observed that Pam2CSK4 lipopeptides can 

induce significant IL-10 secretion in DCs [455]. A similar study showed that TLR2-primed 

DCs produced more IL-10 cytokines when compared with naïve DCs [456]. Heuking and his 

colleagues demonstrated that Pam3CSK4 functionalised DNA nanoparticles significantly en-

hanced IL-8 and TNF-α secretion in the human bronchial epithelium [457]. These studies have 

demonstrated that Pam2CSK4 can influence the regulation of cytokines and leads to increased 

levels of proinflammatory cytokines. Based on the cytokine production induced by 

Pam2KK4CG functionalised NPs, it is likely that delivery of vaccine antigens in vivo would 

recruit DCs, NK cells and macrophages to the site of injection, and induce DCs and macro-

phage migration to the draining lymph nodes where they could potentially stimulate an effec-

tive CD4+ and CD8+ T cell response against the delivered antigen. 
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 5.5 Conclusion 

This study has demonstrated that palmitoyl functionalised NPs induce a stronger cytokine re-

sponse, induction of NF-κB activation and are more readily phagocytosed than non- function-

alised NPs. The palmitoyl functionalised NPs were demonstrated to be biocompatible and non 

toxic to macrophages in vitro. As a functionlising ligand Pam2 was found to have better yield 

and conjugation chemistry than Pam3, which is more suitable for NP production. Taken to-

gether, this chapter shows that functionalisation of NP vaccines with Pam2KK4CG peptide may 

be highly effective in the induction of an immune response in vaccines applications. 
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5.6 Supplementary Information 

               
 
Supplementary Figure 5. 1: HPLC profile of Pam2KK4CG (dipalmitoyl-KK4CG). 
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Supplementary Figure 5. 2: Pam2KK4CG functionalised nanoparticles induce cytokine release in RAW 
264.7 cells.  
Cytokine production in RAW 264.7 cells was measured following 6 h incubation of three sizes of TLR2 ligand 
functionalised nanoparticles at various NP to cell ratios (10:1, 100:1, 1,000:1 and 10,000:1). IL-1β (A, B, C), IL-
6 (D, E, F), IL-10 (G, H, I), IL-12 (J, K, L), and TNF-α (M, N, O) were detected by ELISA assays. Data are 
expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were considered statistically 
significant. 
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In the last two decades the use of nanoparticle-based delivery of antigens has emerged as a 

very promising strategy for vaccine development [25, 32]. Nanoparticles (NPs) are synthesised 

as solid cores with a diameter range from 1 to 1,000 nm, which have shown significant adjuvant 

effects as antigen carriers [366]. Among these different types of nanoparticles calcium phos-

phate nanoparticles (CaP NPs) have attracted increasing attention and have been investigated 

in a number of biomedical applications [158, 159, 176, 289]. Despite the advances of CaP NPs 

in the field of antigen delivery of vaccines, they currently have several critical problems which 

prevent their clinical usage [267]. The rapid growth (increasing size) during post-preparation 

is still the major issue of CaP NPs preparation. Unstabilised CaP NPs have a tendency to ag-

gregate and form large particles [458]. Additionally, although the interaction of spherical CaP 

NPs and cells has been extensively investigated [258], little is known about the cellular inter-

action with rod-shaped CaP NPs. Consequently, in this thesis, a biodegradable CaP NPs vac-

cine delivery system was developed for novel vaccine design. This was done by developing a 

reproducible method for the synthesis of various sizes of CaP NPs, including the optimisation 

of functionalisation of CaP NPs vaccine by using a layer-by-layer synthesis. Additionally, the 

immunological effects of different sizes of CaP NPs vaccine on oral epithelial cells and mac-

rophages were evaluated, including the effects of TLR2 ligand loaded CaP NPs on the induc-

tion of macrophages maturation and activation. 

 

Here, a novel effective and convenient CaP NPs preparation protocol has been established that 

display great advantages over previously published methods, such as microemulsion [183-186], 

hydrothermal [187, 188], sonochemical [189], hydrolysis [190] and microwave methods [191]. 

Unlike other methods of CaP NP synthesis, the protocols described here are innovative, very 

effective, quick, low cost of production, and, most importantly, is consistent and reproducible.	

Furthermore, with the synthesis method described here various sizes of particles (50 ~ 600 nm) 

can be obtained from different starting materials (such as different calcium and phosphate 

sources) and pH value (drifting and constant of pH 8.5). It was determined that altering the 

calcium and phosphate sources used to synthesise CaP NPs resulted in CaP NPs of various 

sizes. To our best knowledge, this investigation is the first to find the influence of different 

calcium and phosphate salts on NP synthesis. The establishment of the citrate chelation proto-

col allowed us to accurately synthesise different sizes of nanoparticles. This methodology will 

significantly contribute to future CaP NPs research and have huge applications for future in-

vestigations involving CaP NPs.  
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After developing the citrate chelation method to synthesise the CaP NPs core, further investi-

gations into the formulations of nanoparticle vaccines were performed. On the basis of the 

results arising from these experiments an efficient layer-by-layer procedure to synthesise a pH-

sensitive protein vaccine using CaP NPs was successfully developed. The effect of several 

preparation parameters (various amino acids, types and concentrations of PEI, OVA concen-

tration, and cross-linking) on the synthesis of CaP NPs such as size, PDI, and zeta potential 

were determined. Furthermore, the adsorption of plasma protein onto the surface of the CaP 

NPs after exposure to human serum was also examined. In this study we found that the major 

protein corona component identified by mass spectrometry was albumin. This is in accord with 

a recent investigation where serum albumin was the most protein adsorbed on gold nanoparti-

cles (nanorods and nanostars) in vivo [459]. Significantly, the cross-linked vaccine demon-

strated enhanced salt stability and reduced the plasma protein adsorption in both culture media 

and human serum, which facilitated NP application in vivo investigations [356]. This effect 

was due to the tendency of protein binding to change the size and surface charge of NPs, which 

in turn affects the overall biodistribution of NPs throughout the body [357]. It is clear from 

these results that the cross-linked CaP NPs can decrease the amount of protein binding, en-

hancing their stability, and thus that it is suitable for vaccine applications. This supports the 

finding that cross-linked hydrogel platforms resulted in reduced nonspecific adhesion on serum 

[460]. The results demonstrate that the vaccine synthesis method is reproducible, and straight-

forward. This strategy enables the production of a well-defined and homogenously dispersed 

nanoparticle vaccine. 

 

To further study the immunogenicity of the nanoparticle vaccine, the effects of different sized 

CaP NPs vaccine on oral epithelial cells and macrophages was assessed. It was shown that the 

three sizes of NPs were biocompatible with HEK and OKF6 cells. All sizes of NPs examined 

were able to efficiently bind to and migrate through epithelial cell layers, and that they all 

induced cytokine responses from epithelial cells. These data also demonstrated that all sizes of 

cross-linked CaP-PEI-OVA NPs studied can be phagocytosed by RAW 264.7 cells in a dose-

dependent manner. These immunological effects suggest that CaP NPs vaccine are likely to 

induce strong immune responses. Finally, of the CaP-OVA nanoparticles, CaP-OVA-L NPs 

induced significantly stronger cell-binding, cellular-uptake, phagocytosis, NF-κB activation, 

cytokine secretion, and inflammatory cell surface marker expression at the highest NP to cell 

ratio than the smaller nanoparticles used in this study. These findings are in agreement with 

previous studies that have suggested nanoparticles that are less than 500 nm in size are ideal 
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for phagocytosis by APCs [48, 53]. He et al. found that in comparison with 157 nm polymeric 

nanoparticles, larger 300 nm nanoparticles result in a 1.1-fold increase in uptake by macro-

phages [54]. A previous study reported that smaller-sized silver nanoparticles (22 nm, 42 nm, 

and 71 nm) significantly increased TGF-β production in serum than 323 nm NPs [461]. How-

ever, in this study 364 nm CaP-OVA NPs induced significantly more IL-6, IL-10 and TNF-α 

secretion than 261 nm and 174 nm NPs at the highest NP to cell ratio. This may be attributable 

to the adsorbance properties that larger sized nanoparticles provide, which allows more protein 

to be absorbed specially due to an increased surface area. Additionally, the increased preference 

for phagocytosis of larger particles would lead to increased immune responses. These data 

suggest that CaP NPs could be considered as minimally toxic vehicles for vaccine applications. 

This study provides a better understanding of how rod-like nanoparticles interact with epithelial 

cells and macrophages, demonstrating that rod-like CaP NPs have a promising potential as a 

platform for protein delivery in vaccine therapy. Knowledge of these interactions with immune 

cells is crucial for synthesis optimal vaccine formulations for protein antigen delivery. 

   

The investigation of the immunological impacts of CaP NPs vaccine indicate that CaP NPs 

vaccine have the potential to induce macrophage activation. The use of a TLR2 ligand with 

CaP NPs vaccine to potentially enhance immune responses was also studied. A TLR2 ligand 

Pam2KK4CG lipopeptide was synthesised and was shown to be able to be successfully loaded 

onto calcium phosphate OVA nanoparticles. The particles were demonstrated to be biocom-

patible with macrophages in vitro. In addition, the particles were phagocytosed by RAW 264.7 

cells in a dose-dependent manner. The expression of cell surface markers (CD40, CD80, and 

MHC II) in RAW 264.7 cells were significantly increased as compared to CaP-OVA NPs alone. 

Similar to these results, Yamazaki et al. demonstrated that the Pam2CSK4 lipopeptides signif-

icantly increased the expression of CD40 and CD86 on spleen DCs in vivo when delivered as 

free TLRs [455]. Additionally, the combination of TLR2 and TLR7 elicited significant expres-

sion of CD80 and CD86 on DCs [129]. Finally, Pam2KK4CG lipopeptide treatment enhanced 

the expression of IL-1β, IL-10, IL-12 and TNF-α. This is consistent with a report by Chen et 

al., which showed that the TLR2 ligand Pam3CSK4 significantly enhances TNF-α, IL-1β, IL-

10, and IL-6 expression in neutrophils [417]. These studies have demonstrated that TLR2 lig-

and can influence the regulation of cytokine production and subsequently leads to increased 

concentrations of proinflammatory cytokines. Based on the cytokine production profile ob-

served after exposure of macrophages to Pam2KK4CG functionalised NPs, it is likely that de-

livery of vaccine antigens in vivo would recruit NK cells and T lymphocytes to the site of 
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injection, and induce macrophages to migrate to the draining lymph nodes where they could 

potentially stimulate an effective CD4+ and CD8+ T cell response against the delivered antigen. 

While further in vivo experimentation is needed to confirm this hypothesis, this report presents 

the findings that the Pam2KK4CG peptide is highly effective in the induction of phagocytosis, 

NF-κB activation, cell marker expression and cytokine production, indicating the Pam2KK4CG 

peptide may be a highly effective adjuvant for use in vaccines applications. This information 

would help us to understand better the interaction between TLR2 ligand encapsulated particles 

and macrophages. Future studies could also focus on other antigen presenting cells, such as 

dendritic cells. Although, the immune stimulatory effects of CaP NPs were demonstrated in a 

series of in vitro cell-based experiments, indicating that they may have efficacy in vivo, a lim-

itation in the current study is an animal experiment to confirm adjuvanticity, however, these 

studies are currently on-going. 

 

The work described in this thesis has led to many possible further research opportunities. Fur-

ther investigations into the immunological effects of CaP NP vaccine delivery could be per-

formed. Several studies have demonstrated the importance of TLR ligands on immune cells 

activation [132, 258, 428]. More recently, Zilker et al. formulated a Hen Egg Lysozyme (HEL)-

conjugated CaP NPs vaccine encapsulated with different TLR ligands (CpG, poly I:C, Flagellin, 

and R848) to target B cells. Results showed that CaP-HEL-Flagellin nanoparticle immunisa-

tions elicited significantly greater mucosal responses than CaP-HEL-PolyI:C and CaP-HEL-

R848 nanoparticles, indicating that different TLR ligands can modulate the strength of the hu-

moral immune response [131]. Given that the protein antigen contains various amino groups, 

which are suitable for conjugation, it would be interesting to load other TLR ligands to the 

current CaP nanoparticle system and to compare which TLR combinations enhance the CaP 

NPs vaccine to induce a robust immune response in immune cells. 

 

In order to eradicate cancer cells, it is essential for a nanoparticle cancer vaccine to induce CD4 

and CD8 T cells activation during vaccination [462]. A previous study reported that CaP NPs 

encapsulating both CpG and poly (I:C) ligands and the antigen hemagglutinin were found to 

elicit strong proliferation of CD4+ T cells [258]. Knuschke et al. compared CpG and poly (I:C) 

functionalized NPs with CaP NPs in vitro, and observed that CpG loaded with CaP NPs elicited 

a more robust T cell-mediated immunity [260]. Further research into the impacts of function-

alised CaP NPs vaccine conjugated cancer antigen and TLR ligands on T cells on the resultant 

CTL responses both in in vitro and in vivo is a promising field. Ongoing studies of CaP NPs 



200 
 

vaccine may result in the development of more robust nanoparticle vaccines that will serve as 

significant platforms against various types of cancer. Additionally, combination nanoparticle 

vaccine immunotherapy with checkpoint blockade antibodies has been shown improve the anti-

tumour effect [463], and further investigations using the CaP NPs described here  in combina-

tion therapy could be explored. CaP NPs have been used as a vaccine vehicle in a number of 

investigations such as foot and mouth disease [255], rabies [464], and herpes [212]. Further 

studies utilising CaP NPs could be applied other infectious diseases. 

 

In addition to the nanoparticle vaccine system, the systematic scalable CaP NPs fabrication 

technique presented in this thesis enables this protocol has immediate applicability in a wide 

number of fields. CaP is a safe, biodegradable material that is naturally present in the body. As 

such, it is less likely to induce any significant health risks to the patients [465]. Consequently, 

CaP could be used as a carrier for drug and protein/peptide for therapeutic investigations. Re-

cently, Li et al. reported an antimicrobial peptide (AMP), Chex1-Arg20. The results demon-

strated that this peptide had antibacterial activity against the Gram-negative bacterium 

Klebsiella pneumoniae [466]. Hence, CaP NPs conjugated Chex1-Arg20 AMP peptides could 

be a possible way to treat infectious diseases caused by bacteria, which will be a promising 

follow-up to the investigations reported in this thesis. 

 

Overall, the research presented in this thesis provides insight into the nanoparticle vaccine de-

sign, which has not yet been well developed in the literature. As a result, the findings from 

these investigations have the significant effect of informing and guiding the next generation of 

safe and effective nanoparticle vaccine design and may have major implications in cancer vac-

cine development.  
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