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Preface 

 

The introduction of vaccines against infectious diseases at the beginning of the twentieth 

century has had an extraordinary impact on human health worldwide. There is 

remarkable success of current vaccines against pathogens with a predominantly 

extracellular lifestyle, and protection can be induced by immunizing with components of 

these infectious agents (Titball, 2008). Despite the success of such traditional vaccines 

there is still a clear need for vaccine development against intracellular microbes such as 

human immunodeficiency virus (HIV), hepatitis C virus (HCV), Plasmodium falciparum 

and Mycobacterium tuberculosis, for which vaccines are not yet available or shown to be 

inadequate (WHO, 2013). Cell-mediated immune response is critical for controlling such 

intracellular pathogens, involving recognition of cell-associated foreign antigens by 

lymphocytes, followed by destruction of the infected host cells. In contrast to antibody 

mediated humoral immune responses, this arm of the immune response is stimulated by 

T-helper type I (Th1) lymphocytes and pro-inflammatory cytokines.  

Strategies for developing T-cell-inducing vaccines against intracellular pathogens aim to 

deliver the antigen to antigen presenting cells (APCs) in order to induce antigen 

presentation by major histocompatibility complex (MHC) molecules on the cell surface. 

So-called new generation vaccines make use of vectors such as plasmid DNA, 

recombinant proteins, or live recombinant vaccines using bacterial or viral vectors. 

However, displaying highly purified components, representing only subunits without 

other, less defined structures of the pathogen, vaccines currently in development are 

often poorly immunogenic (Cui and Mumper, 2003, O'Hagan, 2007). Efficient vaccines 

will require the combination of diverse strategies, such as different delivery systems and 
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adjuvants, to present the antigen in a manner that can elicit an adequate and efficient 

immune response against these antigens (Nascimento and Leite, 2012).  

In DNA vaccines an antigen coding sequence is inserted into a bacterial plasmid vector. 

The plasmid contains a eukaryotic gene promoter to express the antigenic proteins in 

mammalian cells in vivo (Robinson and Torres, 1997). The protein encoded by the 

plasmid DNA (pDNA) normally does not occur in vertebrates except in pathological 

conditions, such as for example proteins associated with Mycobacterium tuberculosis 

(Mtb) (Romano and Huygen, 2009). Upon pDNA administration, these exogenous 

proteins are expressed by the host’s own cells and processed by MHC system in the 

same way as when an actual infection occurs. Hence, DNA vaccines are capable to 

induce humoral as well as cell-mediated immune responses, including cytotoxic T-

lymphocyte responses, which are important for acquisition of protection against 

intracellular pathogens like Mtb (Kutzler and Weiner, 2008). Moreover, the presence of 

unmethylated cytosine-phosphate-guanosine (CpG) motifs characteristically present in 

bacterial DNA can act as an effective adjuvant by targeting the endosomal innate 

immune receptor Toll-like receptor 9 (TLR-9). Because only one or several selected 

antigens of a pathogen, rather than the whole pathogen are administered, there is no 

risk of infection by the vaccine. However, displaying only highly purified components, 

without other less defined structures of the target pathogen, DNA vaccines applied in the 

naked form are poorly immunogenic (Cui and Mumper, 2003). Furthermore, being poorly 

taken up by immune cells and quickly cleared from the circulation after injection, less 

pDNA is available for antigen processing and higher doses of naked pDNA would have 

to be applied (Liu et al., 2007). 

Nanotechnology in DNA vaccines is of great scientific interest as nanoparticles may 

serve as gene delivery systems and adjuvants to improve immunogenicity. Non-viral 

vectors based on chitosan hold great promise for the delivery of DNA in terms of 

biodegradability, biocompatibility and safety (Borchard, 2001). Nanocarrier adjuvanted 
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DNA vaccines are more efficiently localized to the targeted tissues, improving 

bioavailability, and are more efficiently taken up by antigen presenting cells (APC) 

because of their dimensions, which are comparable to pathogens. Moreover, according 

to their size or composition the desired type of immune response may be directed 

(Zaman et al., 2013). Hence, DNA delivered with nanoparticles would lead to improved 

success of DNA vaccines and account for the interest of nanotechnology in vaccination.  

 

The realization of this thesis has been divided into four chapters: 

Current influences of nanotechnology on the development of new vaccines, with focus 

on particle characteristics interacting with the immune system, immune receptor 

targeting and antigen delivery, are reviewed in Chapter 1.  

The synthesis and characterization of N-trimethylated chitosan (TMC), pDNA integrity 

upon interaction with TMC nanoparticles and nanoparticle stability are described in 

Chapter 2.  

In Chapter 3, N-trimethyl chitosan (TMC) nanoparticles, a cationic squalene-in-water 

emulsion, and the cationic oil-in-water emulsion Cationorm® are compared in vitro and 

in vivo as delivery systems for pDNA. Moreover, involvement of TLR and NLR in 

immunity to CpG containing pDNA and muramyl dipeptide (MDP), respectively, and 

interaction of TLR and NLR pathways by simultaneous activation with both receptor 

ligands, are investigated.  

Finally, in Chapter 4, influences of variations in pDNA doses on the outcome of immune 

responses, pharmaceutical and immunological properties of pDNA-TMC nanoparticles 

and co-delivery of pDNA with TMC nanoparticles and MDP to induce cellular immune 

responses in vivo, are described.  
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Aims of this thesis 

- Formulation and characterization of trimethyl chitosan nanoparticles with pDNA. 

- In vitro investigations of adjuvant effects of pDNA with regards to TLR and NLR 

stimulation.  

- Investigations of dose effects of pDNA / TMC nanoparticles, with regards to their 

pharmaceutical characteristics.  

- In vivo evaluation of potentiating effects of adjuvants on immunogenicity of pDNA.  
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1. Introduction 

The human immune system has evolved to recognize antigenic properties of 

pathogens and initiate an immune response resulting in the restriction of the 

pathogen from entering the body, or in the clearance of the pathogen after infection. 

Among the signals leading to an activation of the immune system are the pathogen's 

surface properties, its size and its shape. It is therefore not surprising that the 

general paradigm of vaccine development demands the preparation of vaccines 

combining both antigen and adjuvant in the same - particulate - formulation. Vaccine 

development today, though, is fraught with the failure to achieve the required 

sufficient level of protection, possibly due to the lack of appropriate adjuvants - 

especially for mucosal vaccines - and delivery systems (Doroud and Rafati, 2011). 

However, and unfortunately, there is a bias between current knowledge on specific 

immune activation and its translation into real products. Whereas groundbreaking 

discoveries in the field of pathogenic pattern recognition by dedicated receptor 

families have been made over the last decades, only few ligands specifically 

interacting with these receptors have been introduced into clinical studies. One 

reason for this pause in vaccine development may have been the reluctance of 

manufacturers to introduce these novel adjuvants into the pipeline; another lies in 

the fact that they need to be presented to the cells of the immune system in an 

appropriate way to exploit their full potential. It may even be necessary to include 

combinations of novel adjuvants in one vaccine formulation to achieve synergistic 

effects. 

Nanotechnology may offer the possibility to design of novel, more effective 

vaccines. These nanoparticulate carrier systems should be of appropriate size, have 

favorable surface parameters for immune recognition, are targeted to antigen-

presenting cells (APCs) and suitable for the inclusion of the respective antigen. In 

addition, such novel vaccines may prove to have enhanced shelf-life stability, 

rendering refrigeration unnecessary, and to be applicable by mucosal pathways, 

allowing for the avoidance of needles for injection and the health risks related. 
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This chapter discusses the current influence of nanotechnology on the development 

of vaccines.  

 

2. The Immune System 

Vaccines are meant to elicit an immune response and to create long-lasting immune 

memory against a pathogen-specific antigen by staging an "artificial" infection.  In 

order to rationally design novel vaccines it is essential to understand the function of 

the immune system itself. The vertebrate immune system consists of the innate and 

adaptive branches that cooperate to protect against infection and subsistence of 

pathogenic agents in the host. How both arms of the immune response are 

orchestrated is described in the following sections and illustrated in Figure 1. 

2.1 The innate immune system  

When pathogens overcome the barriers formed by the skin and the mucosae and 

gain access to the body’s soft tissues, the innate immune system detects the 

invading agent and is activated as a fast and early- stage immune response. Innate 

immunity provides immune surveillance and immediate defenses that are always 

available and do not improve with repeated exposure to the same antigen. The 

immune system has to identify danger signals related to the pathogen, by detecting 

antigenic properties or patterns of a pathogen in the absence of prior immune 

recognition (first infection). Such danger signals are for example the recognition of 

pathogen associated molecular patterns (PAMPs) by pattern-recognition receptors 

(PRR), missing components or “missing self” signals distinguishing between 

bacterial cells and healthy human cells, tissue damage caused by pathogens, and 

alarm signals such as the release of certain cytokines. Upon recognition, 

complement activation is triggered, consisting in a system of plasma proteins and 

cell-surface molecules that mark pathogens for destruction. These interactions 

assist resident macrophages to phagocytose the microbiological invaders, as well 

as to induce macrophages to secrete inflammatory cytokines that in turn attract 
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neutrophils and natural killer (NK) cells to the site of infection (Parham, 2000) 

(Figure 1).  

 

Figure 1. The role of innate and adaptive immune responses following vaccination 

with pathogen-specific antigen. Antigen presenting cells (APCs), which activate 

naïve T-cells through antigen presentation activate the adaptive immune system 

and induce T-cell differentiation. Activated CD4+ T-helper cells of type 1 activate 

macrophages and cytotoxic T-cells (CTL) through proinflammatory cytokine release. 

Type 2 helper T-cells activate B-cells to release specific antibodies against the 

antigen. Additionally to those antigen specific B- and T-cells spread as effector cells, 

long-lived clones of memory cells are produced that form the immunological 

memory.  

2.2 The adaptive immune system  

Under normal conditions, the adaptive immune system is silent and is only called 

into action directly when pathogens evade or overcome the innate immune defense. 

Thus, the adaptive immune response is initiated only if the innate immune system is 

activated and signals the presence of a pathogen. It “adapts” to the presence of a 



Chapter I 

 

11 

pathogen by activating, proliferating, and creating potent mechanisms to neutralize 

and/or eliminate pathogens.  

Two types of adaptive immune responses are to be distinguished. Humoral 

immunity is mediated by antibodies, also known as immunoglobulines (Ig), which 

are produced by B lymphocytes. The most abundant isotypes are IgG, found in 

blood serum and lymph, and IgA as the main effector of the mucosal immune 

system. Ratios of IgG2a/IgG1 subclasses >1 are associated with Th1 responses, 

whereas any ratio <1 corresponds to Th2-biased immune responses. 

Simultaneously cell-mediated immunity is induced, mediated by T lymphocytes. The 

main difference between these lymphocyte subtypes is that immunoglobulin 

receptors of B cells bind whole molecules and intact pathogens, whereas T-cells 

recognize only short peptide antigens (Kumar et al., 2012), the so-called T-cell 

epitopes. At the site of infection (APC internalize, process and present T-cell 

epitopes by the major histocompatibility complex (MHC or CD1) molecules 

expressed at the cell surface. These cells subsequently migrate to the draining 

lymph nodes (LN), a collection point where APC interact with naïve T-cells. The T-

cell receptor (TCR) recognizes peptide antigens presented at the surface of these 

immune cells and, thus, activates the T-cell (Von Andrian and Mackay, 2000). 

Antigen structures from intracellular infections are presented by MHC class I 

molecules and antigens from extracellular pathogens by MHC class II molecules. 

Depending on these two classes, T-cells differentiate into one of two types of 

effector T-cells: T helper cells (CD4+ cells) to fight off extracellular pathogens, or 

cytotoxic T-cells (CD8+ cells) to eliminate infected cells. The CD4+ T-helper (Th) 

lymphocytes are commonly divided into Th1 and Th2 subtypes. Th1 cells release 

pro-inflammatory cytokines to activate macrophages and cytotoxic T-cells (CTL) that 

are a part of the cellular immune system. Th2 cells help B-cells to maturate to 

antibody producing plasma cells, thereby supporting humoral immunity (Figure1).  
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2.3 Immunological memory 

In the course of the adaptive immune response to infection, clones of pathogen-

specific B- and T-cells spread as effector cells. Additionally, long-lived clones of 

memory T-cells that form the immunological memory are produced. Subsequent 

immune responses to the same pathogen will be faster and stronger, since memory 

cells are more quickly activated than naïve cells. Unlike naïve T-cells, memory T-

cells can patrol non-lymphoid tissues, such as mucosae, and detect infection at an 

earlier stage. The greater power of a secondary immune response supports the 

generation of vaccine-mediated protection. By applying antigenic structures of the 

pathogen to the body without inducing the disease, immunological memory is 

elicited. Additionally, Th1 and Th2 polarizing adjuvants may be introduced to direct 

the desired immune response (Parham, 2000, Plotkin et al., 2013). 

 

3. Nanotechnology in vaccines 

3.1 Particle characteristics interacting with the immune system 

In the following section some of the key parameters of nanoparticles suitable for 

targeting to specific cells of the immune system will be discussed. Nanoparticles are 

of great scientific interest as they are effectively a bridge between bulk materials 

and atomic or molecular structures (Pignataro, 2010). To design an optimal vaccine 

carrier, physicochemical properties of nanoparticles such as size, surface charge, 

functional material(s) and their composition, hydrophilicity/hydrophobicity and 

biodegradability have to be taken into consideration. Nanoparticles activate APC, 

which phagocytose them and travel from the application site, i.e. lung, skin, nose to 

the lymph nodes where immune reactions are initiated. 

3.1.1 Particle size 

3.1.1.1 Size-dependent uptake 

Particle size is a critical parameter that influences uptake by phagocytic immune 

cells via either direct penetration through the cell membrane (i.e. energy-
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independent mechanism) or by endocytosis (i.e. energy-dependent mechanism). 

Various types of endocytosis have been identified: virus sized particles (20 – 200 

nm) are taken up by clathrin-dependent endocytosis (particles < 150 nm), through 

caveolae-mediated endocytosis (particles within 50 – 80 nm), or clathrin- and 

caveolae-independent pathways. Endocytosis of bacteria and larger sized particles 

(> 0.5 μm) occurs mainly via macropinocytosis and phagocytosis, effected only by 

macrophages and immature dendritic cells (Xiang et al., 2006). It was verified in 

vitro that APC are able to ingest particles up to 5 μm (Tabata and Ikada, 1988). 

Although nanoparticles’ size seems to deeply influence the uptake mechanisms 

inside the cells, many reported data are still controversial. Some studies have 

shown that the most efficient uptake is achieved for particles in the nanosize range 

(Joshi et al., 2012, Yue et al., 2010), other studies have demonstrated a similar or 

even preferred internalization of microparticles of a size of up to 5 μm (Chua et al., 

2011, Kobiasi et al., 2012).  

It has been suggested that the immune system has evolved to react to particles on 

the scale of viruses (< 0.5 μm) and bacteria (> 0.5 μm) (Fifis et al., 2004). Uptake 

and immunostimulating mechanisms of nanoparticles and microparticles may be 

related to their similarity in size to these pathogens, and the immune system reacts 

to particles that fall within this size range (Chua et al., 2011). In vivo, the particles 

are either phagocytosed by macrophages at the site of application and transported 

to the lymph nodes, or they diffuse to the lymph nodes by interstitial flow where they 

become phagocytosed by LN resident APC. Studies have shown that only 

nanoparticles below 100 nm were taken up into the lymphatic system directly and 

activated lymph node resident APC more efficiently than nanoparticles of larger 

sizes (Reddy et al., 2006, Reddy et al., 2007, Xie et al., 2009). This size-

dependency of absorption into the lymph nodes is likely to be related to the process 

of particle transport through the interstitium. Large particles (> 100 nm) will 

penetrate the interstitium less easily and will remain at the site of injection, targeting 

peripheral rather than LN resident APC (Oussoren and Storm, 2001). Manolova et 

al. reported on the impact of particle size on the specific targeting of distinct 
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dendritic cell (DC) populations. Whereas small nanoparticles (20 nm) were found in 

lymph node-resident APC, larger particles (500 – 2000 nm) were mainly associated 

with DC at the injection site. This size dependent manner of transport to the lymph 

nodes implicates a delayed appearance of nanoparticles > 500 nm in the lymph 

nodes after subcutaneous injection and is consistent with the active transport of 

these particles by skin resident dendritic cells. Small particles of 20 nm were 

detected in the lymph nodes within two hours after injection and taken up by lymph 

node resident APC, suggesting free drainage (Manolova et al., 2008). This explains 

the findings in other studies, where a more rapid appearance of chitosan 

nanoparticles in the lymph nodes compared to chitosan microparticles after 

subcutaneous injection was observed (Chua et al., 2011, Kobiasi et al., 2012). From 

these findings it can be concluded that both nano- and microparticles are 

internalized by cells at comparable efficiency, but nanoparticles are transported to 

LN much faster.  

These results, however, do not necessarily implicate an increased immunogenicity 

for nanoparticles. Besides investigation of particle uptake into the LN, their ability to 

elicit immune responses was examined. Both nano- and microparticles showed the 

ability to induce antigen-specific antibody responses. 40 nm polystyrene particles 

were found in more LN cells and induced higher levels of interferon gamma (IFN-γ) 

and antibody titers in mice than other smaller or larger sized beads (Fifis et al., 

2004). 1 μm particles elicited higher serum immunoglobulin G (IgG) levels than 

smaller particles (Gutierro et al., 2002). Some studies revealed no significant 

differences in IgG production between different sized particles after parenteral 

administration (Chua et al., 2011, Gutierro et al., 2002, Nagamoto et al., 2004). 

However, it has to be mentioned that nanoparticles up to 1 μm applied intranasally 

elicited a significantly higher production of mucosal IgA when compared to 

microparticles (Nagamoto et al., 2004). Intranasal immunization with 200 nm 

nanoparticles enhanced CD4+ T-cell responses in the lungs compared to 30 nm 

nanoparticles (Stano et al., 2012). Regarding the route of administration, following 

intranasal application, higher serum IgG2a/IgG1 ratios were found for 500 nm PLGA 
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nanoparticles than for 200 nm particles indicating a Th1 polarized response 

(Gutierro et al., 2002).  

In general, these findings suggest that local immunization may be preferably 

induced by nanoparticles at a size range between 200 and 1000 nm. However, 

there is not always a clear size-dependency with regard to particle uptake and 

immunogenicity. Extent and type of immune responses are presumably also 

associated with other physicochemical properties of the particles, the various 

materials used, the antigen type transferred, the route of administration as well as 

the vaccination regimen (Chua et al., 2011, Kobiasi et al., 2012). 

3.1.1.2 Nanoparticle size and Th response 

The concept of immune activation can be further extended by investigating the type 

of immune response induced. Particle size may influence Th cell differentiation, 

whereas Th1 cells are mainly developed following infections by intracellular bacteria 

and some viruses. Th1 cells produce cytokines that activate macrophages, are 

responsible for cell-mediated immunity and phagocyte-dependent protective 

responses. Th2 cells are predominant in responding to large extracellular pathogens 

and are responsible for antibody production and activation of eosinophils 

(Romagnani, 1999).  

Seen the conflicting data available in literature, it is difficult to accurately predict 

particle size ranges that will induce a Th1 or a mixed Th1/Th2 immune response 

outcome (Oyewumi et al., 2010). Some data are suggesting that nanoparticles 

promote cellular immune responses. For instance, co-delivery of the hepatitis B viral 

protein HBcAg and monophosphoryl lipid A (MPLA) in the copolymer poly(lactic-co-

glycolic) acid (PLGA) nanoparticles of around 300 nm promoted antigen specific 

Th1 immune responses including IFN-γ production (Chong et al., 2005). In a 

different study, mice vaccinated with 300 nm sized PLGA particles loaded with a 

model antigen (ovalbumin, OVA) generated the highest fraction of OVA specific 

cytotoxic T lymphocytes (CTL). They also induced more than a 50-fold increase in 
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the IgG2a/IgG1 ratio compared to microparticles, suggesting polarization towards a 

Th1-type immune response (Joshi et al., 2012).  

Unlike these observations, Henriksen-Lacey et al. described how DDA:TDB 

liposomes, regardless of their size, stimulated a characteristic Th1 immune 

response with production of IgG2 antibodies and IFN-γ (Henriksen-Lacey et al., 

2011). Other reports showed that 200 – 600 nm particles favored induction of Th1 

responses associated with higher levels of IFN-γ production, whereas microparticles 

of 2 – 8 μm in size promoted interleukin-4 (IL-4, a cytokine that induces 

differentiation of naïve helper T-cells (Th0 cells) to Th2 cells) secretion inducing 

humoral immunity (Kanchan and Panda, 2007).  

It has also been reported that as the particle size increases from the nanometer to 

the micrometer range, antibody titers increase, as well. Gutierro et al. showed that 1 

μm particles elicited higher total serum IgG levels than nanoparticles. IgG2a/IgG1 

ratios typical for a Th1 response, on the other hand, were similar for all particle sizes 

(Gutierro et al., 2002). In addition, according to Katare et al., microparticles in the 

size range of 2 – 8 μm elicited highest antibody titers whereas decreasing the 

particles size resulted in lower peak antibody titers (Katare et al., 2005).  

By contrast, subcutaneous application of several particle types present in the 

environment led to different results. Diesel exhaust particles below a size of 500 nm 

increased the production of IgE and IgG1 antibodies as indicators for Th2-like 

responses, while IgG2a titers remained low. Carbon black particles, on the other 

hand, induced a mixed Th1/Th2 response, and the larger silica particles (1 – 5 μm) 

induced a Th1 bias (van Zijverden and Granum, 2000). In addition, data from 

Samuelsen et al. applying polystyrene particles of different diameters intratracheally, 

as well as from Mann et al. using orally applied bile salt stabilised vesicles (named 

bilosomes), showed that larger particles (≥ 1 μm) generated stronger Th1 responses 

than nanoparticles (Mann et al., 2009, Samuelsen et al., 2009).  

Not only nanoparticle size as a parameter has been determined to initiate 

immunostimulatory reactions through mediating release of pro-inflammatory 
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cytokines, also the surface charge and the material used for nanoparticles 

production itself, may modulate immune responses.  

The studies described here are listed in Table 1 summarizing the effects of particle 

size on the resultant immune responses. Abbreviations used in this table are CBP: 

carbon black particle; DEP: diesel exhaust particle; i.d.: intradermal; i.m.: 

intramuscular; i.n.: intranasal; i.p.: intraperitoneal; i.t.: intratracheal; p.o.: per os; s.c.: 

subcutaneous; MP: microparticles; NP: nanoparticles; PLGA: Poly (lactic-co-

glycolic) acid; PPS: Polypropylene sulfide; PS: Polystyrene;  SIP: silica particles. 

3.1.2 Charge 

Charged nanoparticles have been shown to be more likely taken up by phagocytes 

than neutral particles of the same size. Polyethylene glycol (PEG) modified neutral 

nanoparticles had the lowest percentage of uptake when compared to particles with 

cationic or anionic surface charges (Dobrovolskaia et al., 2008, Zahr et al., 2006). 

Nanoparticles rendered negatively charged, e.g., by adsorption of mucus 

components after mucosal administration, again may interact to a much lesser 

extent with the negatively charged cell membrane surface. Consequently, it is more 

likely that positively charged particles are internalized by immune cells and induce 

mucosal immune responses, which was confirmed in a study showing a positive 

correlation between particle uptake and increasing zeta potential (Kwon et al., 

2005). Usually particles displaying a cationic surface charge are thought to be more 

toxic, since they can penetrate into cells more easily. 

However, some studies revealed a higher uptake of negatively charged particles 

compared to cationic ones, which was explained by nonspecific binding and 

clustering of the particles at cationic cell membrane domains and subsequent 

endocytosis (Verma and Stellacci, 2010). Another possibility in this case would be 

that these positively charged particles become neutralized by adsorption of 

negatively charged components of the mucus to their surface and thus reduced in 

their targeting ability (Rajapaksa and Lo, 2010).  



 

 

 

Table 1. List of representative studies demonstrating the effects of particle size on immune responses. 

Materials Particle size (nm) Route Parameters measured Comments 

PS (Manolova et al., 
2008), 

Chitosan (Chua et al., 
2011, Kobiasi et al., 

2012) 

20/500/1000 

150/1300, 163/2100 
s.c. Particle trafficking Faster appearance of NP in lymph nodes than MP. 

PS (Fifis et al., 2004) 
20/40/100/500/ 

1000/2000 
i.d. IFN-γ, IgG 40 nm beads induced the highest levels of IFN-γ and IgG. 

PLGA (Gutierro et al., 
2002) 

200/500/1000 
s.c., p.o., 

i.n. 
IgG 

1 μm particles elicited higher total serum IgG levels than smaller 
particles for all tested routes. 

Chitosan (Chua et al., 
2011, Nagamoto et al., 

2004) 

163/2100 

700/1300/3000 
s.c., ip., i.n. IgG, IgA 

Similar ability in inducing IgG after parenteral, IgA levels higher for 
smaller particles after i.n. administration. 

PPS sulfide (Stano et 

al., 2012), PLGA 
(Gutierro et al., 2002) 

30/200, 

200/500/1000 
i.n. 

IFN-γ, TNF-α,  
IL-2, IgG1, IgG2a 

Higher Th1 responses were obtained with NP of  

200 – 500 nm after i.n. administration. 

PLGA (Chong et al., 
2005) 

633 s.c. IFN- γ, IL-4, IgG Only NP induced Th1 responses with IFN- γ production. 

Liposomes (Henriksen-
Lacey et al., 2011) 

<200/700/1500/ 
2000-3000 

i.m. 
IL-1β, IL-2, IL-6, IFN-γ, 
IgG1, IgG2a, IL-10, IL-5 

High levels of IFN- γ and IgG2a and low levels of IL-5 and IL-10 were 
noted regardless of the size. Particles of ~700 - 1000 nm produced the 

highest levels of IFN-γ and IL-1β. 

PLA (Kanchan and 
Panda, 2007) 

200-600/2000-8000 i.p. IFN-γ, IL-4 
NP favored IFN- γ secretion, microparticles IL-4 secretion and higher 

IgG1/IgG2a ratios. 

PLA (Katare et al., 2005) <2000/ 2-8 μm/> 8 μm i.m. IgG MP of 2 – 8 μm elicited highest antibody titers. 

DEP, CBP, SIP (van 
Zijverden and Granum, 

2000) 
<500/1000-5000 s.c. IgE, IgG1, IgG2a NP induced a strong Th2 response, MP induced Th1. 

PS (Samuelsen et al., 
2009) 

64/ 202/ 1053/ 4646 i.t. TNF-α, IL-1β MP induced higher cellular responses than NP. 

Bilosomes (Mann et al., 
2009) 

250/980 p.o. IFN-γ, IgG1, IgG2a 
Large vesicles are better inducers of Th1 responses, assessed by IFN- γ 

and IgG2a production. 
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Not only surface charge, but also surface charge density is crucial for interactions 

between nanoparticle surface and proteins, i.e. opsonins. Nanoparticles have been 

shown to be covered with serum proteins in the blood stream shortly after injection. 

This process is called opsonization and enables macrophages to recognize and 

subsequently phagocytose foreign particles. How different coating patterns of particles 

may change the pathway of opsonization (classic, alternative, lectin-mediated) has 

recently been described by Moghimi et al. (Moghimi et al., 2011, Moghimi et al., 2012). 

Particles of neutral surface potential may have slower opsonization kinetics, a much 

lower opsonization rate and very possibly show a different opsonization pattern than 

charged particles (Nie, 2010). Such particles avoiding opsonization are used when a 

“stealth effect” for prolonged circulation in the blood stream and reduced 

immunogenicity is desired. Serum proteins bound to charged particles on the other 

hand have been shown to activate immune cell receptors upon unfolding of the protein 

(Deng et al.).  

Last not least, surface charge may also have an effect on the intracellular transport and 

processing following phagocytosis. As shown for instance by Harush-Frenkel et al., 

anionic nanoparticles are targeted to the degradative lysosomal route, whereas cationic 

particles, bound to the transcytotic pathway, are not found in lysosomes suggesting a 

longer intracellular residence time (Harush-Frenkel et al., 2008).  

3.1.3 Immunogenicity of nanoparticle materials 

Nanoparticles are classified as transport vehicles and their adjuvant activity is mainly 

related to enhanced delivery of antigens to APC or to the lymph nodes. However, mere 

transport function and interaction with target cells determining overall effect cannot be 

separated for these complex systems. Different types of bulk materials used for 

nanoparticle preparation may induce cytokine release, as has been shown in several 

studies (Plotkin et al., 2013). Materials used for nanoparticle preparation include 

(bio)polymers (e.g., PLGA and chitosan), lipids and metals, of which certain substances 

have been shown to be immunogenic and/or have adjuvant properties themselves.  
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3.1.3.1 Polymers 

Response to polymeric particles is characterized by mild inflammation, differentiation of 

immune cells, and degradation of the particles. (Chakravarthi et al., 2007). Biomaterials 

used in nanoparticulate vaccines have the potential to control the host response in 

order to reduce or enhance immune responses. Babensee et al. investigated the effect 

of biomaterial-induced DC phenotype changes and observed differential levels of DC 

maturation depending on the biomaterial used. PLGA or chitosan films induced 

maturation of DCs, as seen in augmentation of pro-inflammatory cytokine production 

and expression of co-stimulatory molecules, such as CD86, providing increased 

interaction with T-cells. By contrast, this effect was not observed when DCs were 

treated with alginate or agarose films, and was even inhibited by hyaluronic acid 

(Babensee, 2008, Rogers and Babensee, 2011, Yoshida et al., 2007).  

In addition, a different effect on TNF-α secretion by the shape of biomaterials was 

observed, showing stronger effects for particles than for films of the same material 

(Yoshida et al., 2007). PLGA is considered to be safe and biocompatible at low 

immunogenicity, and is therefore approved by the U.S. Food and Drug Administration 

(FDA). However, several studies exhibited the induction of weak inflammatory 

responses to PLGA, which in vaccine carriers could lead to an adjuvant effect 

enhancing the overall immunogenicity of the vaccine. After tracheal application of 

PLGA, an acute inflammatory response was demonstrated by the increase of 

neutrophils when compared with animals treated with saline solution. By contrast, the 

inflammatory response seen in animals instilled with saline and polystyrene was 

similar. This suggests that polystyrene under these conditions behaves as an inert 

material and does not induce a sustained inflammatory response in the airways (Avital 

et al., 2002, Springer et al., 2005).  

Fiore et al. suggested that the degradation of PLGA into acidic by-products could be 

responsible for its potential to induce inflammatory responses. Having assessed 

macrophage and lymphocyte numbers, PLGA treated lungs of mice displayed a slight 
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increase in inflammation. By contrast, upon intratracheal administration of polyketal 

particles, which degrade into neutral compounds, no significant inflammatory reactions 

were detected (Fiore et al., 2010).  

The adjuvant properties of chitosan, a biodegradable biopolymer, have also been 

subjected to investigations. Chitosan potently activated the NLRP3 (NOD-like receptor 

family, pyrin domain containing 3) inflammasome (a multiprotein oligomer that is a 

component of the innate immune system) in a phagocytosis-dependent manner. 

Chitosan is the deacetylated derivative of chitin, which was shown to be relatively inert, 

suggesting the influence of charge on the immunostimulatory properties of chitosan 

because of the presence of a secondary amino group (Bueter et al., 2011). Also Tokura 

et al., who studied the immunological aspects of chitin and chitin derivatives 

administered to animals, pointed out that chitosan itself, as an adjuvant, can induce 

polarized Th2 responses (Borchard et al., 2012, Tokura et al., 1999). Whether this 

activation is based on the interaction of chitosan with PRR in a lectin-like fashion is still 

under discussion. 

3.1.3.2 Lipids 

Lipid-based delivery systems have been subjected to investigation as vaccine 

adjuvants, as well. It is generally assumed that hydrophobic surfaces of particles 

enhance their phagocytosis (Thiele et al., 2003). Among lipid-based vaccine deliver 

systems, such as solid lipid nanoparticles (SLN), liposomes, polymerized and non-

polymerized liposomes, and new classes of lipid drug carriers such as ISCOMs 

(immune stimulating complexes) and multilamellar vesicles (Alonso-Romanowski et al., 

2003, Cai et al., 2011, Moon et al., 2011, Wilson et al., 2012), oil-in-water emulsions 

are the most extensively studied particulate vaccine carriers. In Europe, nanoscale 

emulsion-based adjuvants are licensed for influenza vaccines, containing MF59 

(Novartis; 1997) or AS03 (GlaxoSmithKline; 2009). AF03 (Sanofi Pasteur) is another 

emulsion containing squalene, a naturally occurring intermediate metabolite of 

cholesterol. AF03 has been tested in humans, but is not yet licensed for use in humans 
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(Montomoli et al., 2011, Salvador et al., 2011). The potential to improve vaccine 

performance has been shown, yet the mechanism of adjuvanticity of these oil-in-water 

emulsions remains unknown or undisclosed. However, as described above, several 

studies suggest that these nanoemulsions do not act only as antigen delivery systems, 

but also as immune modulators.  

In a study on the influence of squalene-based nanoemulsions on the activation of the 

innate immune system, it was hypothesized that changes in lipid metabolism and 

innate immunity are closely linked. Uptake of squalene-based nanoemulsions induced 

accumulation of neutral lipids that have been shown to have pro-inflammatory 

properties (Kalvodova, 2010, Lorentzen, 1999, Prieur et al., 2010). Other findings show 

that the non-ionic surfactant polysorbate 80, used in the above mentioned emulsions, 

may have an immunomodulatory effect, inducing Th2 responses (Kozutsumi et al., 

2006). The systemic expression of IL-5 is in agreement with the Th2 immune response 

elicited by the polysorbate 80 containing nanoemulsion MF59 (Mosca et al., 2008). The 

contribution of vitamin E to the overall adjuvanticity in AS03 was investigated by Morel 

et al., where higher antibody responses with the inclusion of α-tocopherol than with the 

plain squalene-in-water emulsion were observed (Morel et al., 2011).  

3.1.3.3 Inorganic materials 

As an alternative to organic compounds, inorganic materials such as metals and metal 

oxides are also known to form nanoparticles. Due to their rigid non-deformable shape 

and much smaller size, they exhibit many distinct biological properties compared to 

polymeric or lipid nanoparticles (Huang et al., 2010). Being non-biodegradable, these 

nanoparticles remain at the site of injection for extended periods of time, resulting in 

long-lasting presentation and thus enhanced immunogenicity (Maquieira et al., 2012). 

Among the most widely used metal nanoparticles, gold, silver, or copper, and as 

magnetic metals iron or cobalt are taken into consideration for drug delivery, however, 

few attempts have been made to develop solid inorganic nanoparticles as vaccine 

platforms (Bhattacharyya et al., 2011, Pusic et al., 2012).  
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The main advantage of this type of nanoparticles is that they can be manufactured in 

fine-tunable sizes between 5 and 100 nm. In addition, they show a high affinity for 

sulfhydryl groups, which facilitates the binding of various biomolecules through 

chemisorption of thiol residues onto the metal nanoparticles (Algar et al., 2011, Cruz et 

al., 2012). Gold, silver and copper are known for being antimicrobial materials, probably 

due to their ability to react with the –SH groups of enzymes and hence inactivating 

these proteins (Bhattacharya and Mukherjee, 2008, Yoon et al., 2007). As an example, 

inhibitory effects on HIV-1 infection in CD4+MT-2 cells (human T-cell leukemia HTLV-1 

virus carrier cell line) and cMAGI HIV-1 reporter cells (HeLa cell clone expressing 

human CD4 and HIV-long terminal repeat-coupled genes) due to the interaction of 

silver nanoparticles with the virus was reported by Elechiguerra et al. (Elechiguerra et 

al., 2005).  

Furthermore, the inflammatory potential of metals could be of interest in vaccine 

development. Goebel et al. showed that the T cell response in mice treated with gold(I) 

compounds for 12 weeks is directed against the oxidized gold(III), which is a metabolite 

generated in vivo by macrophages (Goebel et al., 1995). In another study the 

inflammatory potential of colloidal silver on macrophages was evaluated through 

assessing the release of IL-8, cell viability, and induction of oxidative stress. While 

reactive oxygen species (ROS) are generated as part of the normal oxidative 

metabolism, their overproduction can lead to cell death. Early stage oxidative stress, on 

the contrary, can stimulate inflammatory responses, and the generated ROS were 

found to trigger the release of IL-8 in macrophages (Park et al., 2011). While different 

types of metallic nanoparticles without any specific antigen loading reportedly exert 

antimicrobial activity, other studies revealed a compromise of innate immune response 

and clearance of bacterial pathogens after exposure. Shedova et al. suggested that 

elimination of microbes depends to a larger extent on nitric oxide production than ROS 

from the oxidative burst (Nathan and Hibbs Jr, 1991, Shvedova et al., 2008). This could 

explain the controversial findings of decreased pulmonary bacterial clearance in mice 
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after exposure to copper nanoparticles, despite induction of robust inflammatory 

responses (Kim et al., 2011).  

Also metal oxide nanoparticles and their soluble ions were investigated with regard to 

their immunostimulatory/inflammatory effects. In vitro, nanoparticles made of nickel, 

copper, and zinc oxide, respectively, all showed toxic effects, but only zinc and copper 

oxide nanoparticles induced IL-8 production and activation of transcription factors. 

Aqueous extracts of zinc and copper oxide nanoparticles showed similar profiles of 

cytotoxicity and inflammatory effects, whereas nickel ions did not induce any 

cytotoxicity or immune responses. The inflammatory response assessed in rats given 

by nanoparticles was also different to the aqueous extracts, with zinc and copper oxide 

nanoparticles leading to the recruitment of eosinophils, but not their soluble ions (Cho 

et al., 2012).  

3.2 Immune receptor targeting and antigen delivery 

Currently, intense research efforts are aimed at the development of novel formulations 

and delivery systems for vaccines. By the use of nanoparticles, antigens are expected 

to be adequately presented to the immune system to elicit immune responses 

appropriate for sufficient protection against infectious diseases. Ideally, the 

nanoparticulate vaccine carrier system should have sufficient antigen- and adjuvant-

loading capacity, through either incorporation or surface adsorption.   

Formulation strategies can facilitate the capture by and the entry of the antigen into 

APC. T cell antigens, in the form of peptides, proteins, plasmid DNA or RNA formulated 

into nanoparticles appear to increase CTL responses in vivo. Such particulate 

formulations significantly increase efficiency as compared to the soluble antigen alone, 

as they are in general readily recognized as antigenic and ingested by immune cells, 

which subsequently leads to antigen processing and presentation to other cells of the 

immune system. (Moingeon et al., 2002). Ligands of APC-specific pattern recognition 

receptors, such as Toll-like receptors (TLR), can be grafted onto the surface of particle-
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based vaccines to increase specific delivery to immune cells (Heuking and Borchard, 

2012). 

Application of vaccines in particulate form not only allows moving the antigen within the 

tissue to individual cells, it also facilitates its penetration through the cell membrane. 

This transfection process is a major requirement for making use of intracellular 

mechanisms, such as signaling pathways and antigen processing, to activate the 

immune system. Many biomolecules, used as antigens for vaccines, are not able to 

diffuse within tissues and through the plasma membrane, due to their size and other 

physicochemical properties. Particle-based strategies to overcome this problem have 

been developed for genetic vaccination relying on chemical materials used as carriers 

and physical treatment. In the “gene gun technique” DNA is coated on gold particles, 

energy is transferred to the DNA carriers to accelerate and propel the particles into the 

cells (Villemejane and Mir, 2009). This method is limited to low-depth penetration of 

particles in tissues, but is sufficient for skin DNA vaccination (Luz Garcia-Hernandez et 

al., 2008). Magnetic nanoparticles have attracted attention because of their potential 

use for direct targeting to diseased tissues and organs by applying an external 

magnetic field. “Magnetofection” describes a technique of gene transfection involving 

naked plasmid DNA or DNA vectors associated to the surface of magnetic 

nanoparticles. Superparamagnetic iron oxide nanoparticles (SPIONs) are applied for 

magnetofection by delivering genes to the target cells, hence increasing their local 

concentration (Al-Deen et al., 2011, Vasir and Labhasetwar, 2007). Application of an 

external alternating magnetic field leads to the production of energy, in the form of heat. 

Hyperthermia has been demonstrated to stimulate the innate immune response 

through the release of heat shock proteins that activate neighboring immune cells 

(Baronzio et al., 2006, Colombo et al., 2012). As such, SPIONs may have adjuvant 

properties activating the immune system in a non-specific manner.  These two methods 

are still under investigation. Although a few clinical trials have already been performed 

or are in progress, long-term safety and potential risks have not been sufficiently 
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evaluated (Villemejane and Mir, 2009). Another approach is impalefection, by 

functionalizing nanoscale carbon fibers with DNA to impale cells. It is a useful tool for 

exploring gene delivery in vitro, but has yet to be used in the therapeutic field (Pearce 

et al., 2013).  

The types of effective immune responses against infectious diseases depend on the 

localization of the pathogens after infection. Generally, extracellular pathogens are 

combated by antibodies mediated by humoral immune responses, whereas protection 

against intracellular pathogens depends on cell-mediated immunity via CD4+ type 1 

helper (Th1) cells. In addition, CD8+ CTL play an important role in the protection 

against these pathogens by directly killing infected cells (Nagata and Koide, 2010). 

Antigen recognition by T lymphocytes depends on the ability of APC to process protein 

antigen into peptides and to present them via major histocompatibility complex (MHC) 

molecules at the cell surface. The MHC I presentation pathway allows CD8+ T cells to 

identify and eliminate cells infected by intracellular pathogens. By contrast, MHC II and 

CD1 molecules present peptides derived from captured exogenous antigens to CD4+ T 

cells and natural killer (NK) cells (Makidon et al., 2008) (Figure 1).  

3.3 Current nanoparticle vaccines on the market and in clinical studies  

Nanotechnology is enabling novel vaccines to enter clinical trials, which often show 

superiority of the particulate systems over traditional vaccine types. We will discuss 

here several examples of nanoparticle-based vaccines.  

On the basis of antigen presentation by dendritic cells and innate immune system 

stimulation via Toll-like receptors, a vaccine against melanoma was designed. 

Melanoma-specific peptide Melan-A/Mart-1 was linked to virus-like nanoparticles 

(VLPs) loaded with CpG oligonucleotides as activators of Toll-like receptor 9 located in 

the endosomal compartment of target cells (Speiser et al., 2005). Already vaccination 

of HLA-A2 transgenic mice in pre-clinical studies showed strong Melan-A-specific CD8 

T cell responses. A phase I/II study in stage II-IV melanoma patients confirmed good 
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tolerability of the vaccine and ex vivo T cell responses. Increased activated Melan-A-

specific CD8 T cell populations were detected directly ex vivo as well as cytokine 

production of INF-γ, TNF-α, and IL-2 and LAMP-1 expression by vaccine induced T 

cells. Furthermore, a central memory phenotype of those specific T cells was frequently 

observed and an enhancement of T cell responses was achieved by subsequent 

vaccination with the peptide emulsified in incomplete Freund’s adjuvant (Speiser et al., 

2010). Other vaccines using nanotechnology based on VLPs have already been 

licensed for the prevention of cervical and anogenital infections, i.e. by 

GlaxoSmithKline (Engerix® and Cervarix®), and Merck and Co. (Recombivax HB and 

Gardasil®) (Buonaguro and Buonaguro, 2013). These products are non-infectious viral 

subunit vaccines with proteins of the respective pathogens assembled in nanosized 

VLPs, structures resembling the virus itself and thus recognized as antigens, but 

lacking the genetic repertoire necessary for replication.  

A novel liposomal influenza subunit vaccine is currently under clinical investigation. It 

consists of liposomes containing the viral surface proteins hemagglutinin (HA) and 

neuraminidase (NA) derived from various influenza strains (Babai et al., 2001). An IL-2 

supplemented liposomal formulation injected intramuscularly has proven to be both 

safe and effective in inducing strong anti-HA and anti-NA antibody responses in mice 

and humans (Ben-Yehuda et al., 2003).  

DNA vaccines with one specific or even several pathogenic antigenic epitopes encoded 

by the plasmid are known to drive cellular and humoral immune responses at least in 

the animal model. To increase transfection efficiency, and to enhance and direct 

immune responses to DNA vaccines, particle based delivery systems have been 

explored (Bivas-Benita et al., 2009, Bivas-Benita et al., 2004). FDA-controlled Phase I 

studies to assess safety and immunogenicity of particle-mediated DNA vaccines 

against influenza and hepatitis B viruses have been completed only for microparticles. 

These studies were a part of the clinical development of a particle mediated epidermal 

delivery (PMED) DNA vaccine or “gene gun” based on a dry powder formulation with 
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DNA plasmid adsorbed onto microscopic gold particles (PowderMed, 2007, 

PowderMed, 2008). Particle-mediated DNA administration permits the use of small 

quantities of DNA and application via the skin as an immunological active tissue 

increases the efficacy of the vaccine. Hepatitis B virus (HBV) specific protective 

antibody responses of at least 10 mIU/ml and antigen specific CD8+ cells were 

detected. Hepatitis B surface antigen specific IFN-γ secreting Th cells were measured 

in the majority of individuals treated, indicating Th1-biased responses. Current data 

demonstrate that particle-mediated DNA administration with this needle-free method of 

administration was safe and well-tolerated. Since Th1 and CD8+ T cell responses are 

associated with resolution of HBV and other chronic viral infections, the results reported 

suggest a potential for particle-mediated DNA vaccine delivery (Roy et al., 2000). 

Another topical vaccine, DermaVir Patch for skin delivery of DNA vaccine has already 

entered clinical trials for the treatment of HIV infections (Genetic Immunity, 2013).  

Treatment of HIV-1/AIDS requires a vaccine to induce robust and long-lasting HIV-1 

specific T cells to control viral replication. A plasmid DNA encoding the majority of HIV-

1 genes has been chemically formulated into polyethylenimine mannose (PEIm), a 

cationic polymer that forms nanoparticles with the negatively charged plasmid through 

condensation. The mannose moiety targets the vaccine to receptors on the surface of 

APC (Lisziewicz et al., 2007). Based on the potent induction of Gag, Tat and Rev 

antigen-specific memory T cells, it is assumed that DermaVir boosts T cell responses 

specific to all the 15 HIV antigenic epitopes expressed by a single plasmid applied. 

Furthermore, a dose-dependent expansion of HIV-specific memory T cells with high 

proliferation capacity was detected (Lisziewicz et al., 2012). 

Just recently a phase II clinical trial evaluated the safety and immunogenicity of a 

respiratory syncytial virus fusion (RSV F) protein vaccine, formulated as nanoparticles. 

The protein was extracted and purified from insect cell membranes and assembled into 

40 nm nanoparticles composed of multiple RSV F oligomers arranged in the form of 

rosettes (Smith et al., 2012). The primary immune response measured confirmed the 
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vaccine to be a potent antigen eliciting immune responses at levels that would be 

predicted to protect infants through maternal immunization (Novavax, 2013). A study 

using a polypeptide vaccine against malaria that self-assembles into spherical 

nanoparticles, displaying repetitive epitopes of the Plasmodium falciparum 

circumsporozoite protein, showed promising results in pre-clinical testing. The outcome 

was high-titer, long-lasting protective antibody and long-lived central memory CD8+ T-

cells and could provide sterile protection against a lethal challenge of the transgenic 

parasites in mice (Kaba et al., 2012).  

From a soluble type of chitosan, Viscosan, a hydrogel was formed, which was further 

mechanically processed into gel particles. This so- called ViscoGel was mixed with a 

commercial vaccine against Haemophilus influenza type b (Act-HIB). ViscoGel-Act-HIB 

with a tenth of the vaccine dose is as efficient in eliciting a humoral response in mice as 

the high dose vaccine alone (Neimert-Andersson et al., 2011).   

Mixing saponin, cholesterol and phospholipid under controlled conditions, 40 nm 

spherical negatively charged immune stimulating complexes (ISCOMs) of 

ISCOMATRIX® adjuvant are formed. A range of ISCOMATRIX® vaccines have been 

tested in clinical trials, generating both antibody and T-cell responses. The adjuvant 

has been combined with influenza viral proteins or recombinant antigens for two 

cancer/neoplasia vaccines and one Hepatitis C (HCV) vaccine to be tested in humans. 

Higher and faster antibody responses compared to conventional influenza vaccines 

and virus-specific CTL responses were observed. Furthermore, strong virus-specific 

humoral and cellular immune responses were detected in vaccinated subjects of the 

two types of human papillomavirus (HPV)- and of the HCV core ISCOMATRIX® 

vaccines (Pearse and Drane, 2005).  
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4. Conclusion 

Prevention is better than treatment. Preventing a pathogen from gaining access to the 

body is better than to fight it off after infection. Antibiotics are failing, occurrence of 

multidrug resistance is on the rise, and new pathogens are emerging: we are in dire 

need of novel vaccines that elicit long-lasting and protective immune responses. By our 

growing understanding of how adjuvants may work, the "dirty little secrets" of 

vaccinologists may be no more, and through nanotechnology we may have the 

opportunity to design vaccine delivery systems as Nature intended them to be. In 

practical terms, which antigens would be good candidates to be used in a novel 

(nanoparticulate) formulation, possibly using novel adjuvants? Using known antigens, 

for which successful vaccines already exist, might not be a good choice: the danger of 

non-acceptance by regulatory authorities and/or the public may be to high. Therefore, 

one would choose novel antigens that are being identified through sequencing of 

pathogen genomes, or a combination thereof. The concept of "new formulations for 

new vaccines" might rightfully apply, as tolerance towards undesired side effects is 

certainly higher for first-in-man vaccines than for new formulations of vaccines that 

have been tried and tested. The use of adjuvants, on the other hand, is fraught with 

their sometimes difficult handling, the skepticism of regulatory authorities towards new, 

not well-defined excipients/active principles, and the ongoing discussion in a public that 

remains often closed to scientific argumentation. The way out of this dilemma would in 

our opinion be to enhance the immunogenicity of protein- and peptide-vaccines 

themselves, to use particulate systems to better target and present the antigen to the 

immune system, and to finally use well-characterized small molecular weight entities of 

a defined mechanism of action and known toxicity. These avenues are followed in 

modern vaccine development, and will result in highly effective vaccines against old 

and new threats to our health. Nanotechnology is playing a prominent part in this 

endeavor.   
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Abstract 

Formulation of nanoparticulate DNA vaccines requires the assessment of stability and 

integrity of the components implicated. Stability of cationic nanoparticles made of N-

trimethyl chitosan and chondroitin sulfate (TMC nanoparticles) was investigated in 

aqueous solution and after freeze-drying by characterization of their size, polydispersity 

index (PDI), and zeta potential. Furthermore, the structural integrity of plasmid DNA 

(pDNA) on adsorption to the nanoparticle surface was investigated. Agarose gel 

electrophoresis showed DNA retention when applied with the nanocarrier, suggesting 

that pDNA adsorption on nanoparticles took place. In circular dichroism (CD) spectra, 

ellipticity of pDNA decreased at 280 nm and increased at 245 nm, and the maximum 

wavelength shifted from 275 nm to 285 nm when nanoparticles were present. Once 

released from the particles, the secondary structure of the plasmid was retained in its 

native form. pDNA release from pDNA/TMC nanoparticles was indicated by a rise in 

zeta potential from initially -32 mV (pDNA adsorbed to particles) to 14 mV during one 

hour, and to 36 mV after 24 hours. Unloaded TMC nanoparticles remained stable in 

suspension for 24 hours, maintaining diameters of around 200 nm, and zeta potential 

values of approximately 38 mV. Freeze-drying with sucrose could ensure storage for 30 

days, with minimal increase in size (291 nm) and charge (62 mV). In conclusion, TMC 

nanoparticles can successfully be freeze-dried in the presence of sucrose to be stored 

for prolonged periods of time. Furthermore, pDNA was successfully adsorbed to the 

cationic nanoparticles and remains intact after being released.  
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1. Introduction 

DNA vaccination is an attractive concept for the prevention of infectious diseases 

through the induction of robust cytotoxic T-cell and antibody responses. However, early 

clinical trials with DNA vaccines targeting human immunodeficiency virus (HIV) type 1, 

cancer, influenza, human papillomavirus (HPV), hepatitis, and malaria showed immune 

response elicited to be insufficient to protect humans from infection (Ferraro et al., 

2011, Fuller et al., 2006). An interesting approach to increase DNA vaccine potency is 

the improvement in vector design by formulating DNA with cationic nanoparticles, 

which offers an interesting potential for efficient non-viral gene delivery (Borchard, 

2001). 

Chitosan is a polysaccharidic copolymer of glucosamine and N-acetylclucosamine, and 

is obtained by partial deacetylation of chitin, a natural polymer of crustacean origin or 

derived from cell walls of fungi. Chitosan has been shown to be biocompatible, 

biodegradable, of low toxicity and is relatively easy to undergo chemical modification 

(Sonia and Sharma, 2011). Introducing permanent cationic charges in the polymer by 

trimethylation of amino groups improves the cationic properties and complexation of 

polyanions. Chondroitin sulfate is a naturally derived glycosaminoglycan present in the 

extracellular matrix of cartilage. It is an anionic polyelectrolyte, composed of sulfated N-

acteylgalactosamine and glucuronic acid units, and has been shown to form complexes 

with chitosan of cationic net surface charge (Yeh et al., 2011). All of these structures 

are shown in Figure 1. Upon addition of DNA, the remaining positively charged amine 

groups in trimethyl chitosan (TMC)/ chondroitin sulfate complexes (TMC nanoparticles) 

interact with DNA phosphate groups. Considerations about potential changes in the 

structure of DNA strands upon adsorption to cationic nanoparticles are important for 

their activity. As the anionic charge of the DNA phosphate backbone is neutralized 

when bound to cationic surfaces of nanoparticles, the conformational rigidity of the helix 

is relaxed and corresponding unwinding of the strands was observed (Goodman et al., 

2006, Minagawa et al., 1991). Polymerase recognizes DNA in its helical form (Kukarin 
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et al., 2003, Steitz, 2004), thus, upon binding to nanoparticles, DNA helix was shown to 

become unrecognizable to polymerase as an appropriate substrate for transcription 

(Goodman et al., 2006). Therefore the structural integrity of DNA in its native form on 

release from the nanoparticles at the target site has to be maintained for effective in 

vivo activity.  

 

Figure 1. Chemical structures of chitin (poly (N-acetyl-1,4-β-D-glucopyranosamin), 

chitosan (N-deacetylchitin), N-trimethyl chitosan, and chondroitin-4-sulfate (β-

glucuronic acid-(1-3)-N-acetyl-β-galactosamine-4-sulfate. 

It is inevitable that nanoparticles made of hydrolytically degradable polymers such as 

chitosan will degrade over time (Szymańska and Winnicka, 2015). Polyionic polymeric 

gene complexes, consisting of several components, are usually prepared shortly before 

injection. This is thought to be required due to instability of the complexes formed, 

being susceptible to aggregation or increase in particle size, which can influence 

immunogenic features of the vaccine (Talsma et al., 1997). An important aspect for 

further pharmaceutical development of DNA vaccines is to ensure nanoparticle stability 

during long time storage by maintaining critical parameters such as mean size, size 
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distribution, and surface charge. Freeze-drying would be a reasonable approach for 

stabilization and storage of standardized batches to obtain reproducible quality upon 

rehydration (Allison and Anchordoquy, 2001, Brus et al., 2004).  

In the present study the important parameters for TMC nanoparticle formulation for the 

delivery of plasmid DNA (pDNA) are investigated. TMC nanoparticles were prepared 

with chondroitin sulfate via complexation by a complex coacervation method. 

Successful pDNA adsorption onto TMC nanoparticles surface to form pDNA/TMC 

nanocomplexes was confirmed by gel electrophoresis as well as by circular dichroism 

(CD). CD was used as a valuable method to investigate structural changes of pDNA in 

more detail and to ascertain whether the helical structure of pDNA was present in its 

native form after release. Furthermore, TMC nanoparticles with or without pDNA were 

investigated with regard to their stability in aqueous formulations by physicochemical 

determination of size, surface charge, and polydispersity index (PDI). Freeze-drying is 

a widely used process to improve the stability of such formulations and was 

investigated in this study for its potential to preserve TMC nanoparticle and pDNA/TMC 

nanoparticle properties.  

 

2. Material and Methods 

2.1. Materials 

For the synthesis of TMC, chitosan with 79 % degree of deacetylation (ChitoClear 

Cg10, 7–15 mPas) was purchased from Primex (Siglufjordur, Iceland). Sodium iodide, 

1-methyl-2-pyrrolidinone (NMP), methyl iodide, sodium chloride as well as 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP) and chondroitin-4-sulfate were purchased 

from Sigma Aldrich (Buchs, Switzerland), sodium hydroxide pellets from Riedel-de 

Haen (Seelze, Germany) and D2O from Armar chemicals (Doettingen, Switzerland). 

Dialysis was performed with Spectra/Por® Dialysis membranes (MWCO 12-14 kDa; 

Spectrum, USA). A 5853 base-pair (bp) double-stranded pDNA (dsDNA) encoding Mtb 
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antigene Ag85A was constructed and kindly provided by Dr. K Huygens (Institut 

Pasteur, Brussels, Belgium) (Tanghe et al., 1999). DNA amplification and purification 

was performed using NovaBlue Singles Competent Cells (Novagane, Merck KGaA, 

Darmstadt, Germany) that were kindly provided by Prof. L. Scapozza (University of 

Geneva, Geneva, Switzerland) and kanamycin sulfate BioChemica (Applichem, 

Darmstadt, Germany). pDNA was purified by using an Endofree Plasmid Giga Kit 

(Qiagen, Courtaboeuf, France) according to the manufacturer’s protocol. For 

electrophoresis Certified Molecular Biology Agarose was obtained from Bio-Rad, 

ethidium bromide from Life technologies (Zug, Switzerland) and a 1 kb DNA ladder 

from BioLabs (Hitchin, UK). 

2.2. TMC synthesis 

Trimethylation of chitosan was performed as previously described, with some 

modifications (Heuking et al., 2009). The reaction scheme is depicted in Scheme 1. 

Briefly, chitosan (2 g) and sodium iodide (4.8 g) were suspended in NMP (80 ml). The 

mixture was stirred and heated at 60 °C for 30 minutes in a round bottom flask under a 

reflux condenser. To provide an alkaline environment throughout the reaction, 11 ml of 

sodium hydroxide (15 % w/v) were added while heating and stirring was maintained for 

another 30 minutes. Trimethylation of chitosan was achieved through nucleophilic 

substitution by addition of methyl iodide (12 ml). The mixture was let react at 60 °C for 

70 minutes and subsequently filtered through a P3 glass filter. The resulting TMC was 

precipitated with a mixture of diethyl ether and ethanol (1:1 v/v) by having added 5 

times the volume of the filtrate. The precipitated product was then recovered by 

centrifugation (2000 rpm, 15 minutes) and dissolved in 10 % sodium chloride (30 ml) to 

obtain counter ion replacement and to prevent iodine oxidation. The solution was 

stirred at 50 °C for 10 minutes until complete dissolution of TMC and purified by dialysis 

using a Spectra/Por 4 dialysis membrane (12-14 kDa) during 3 days before 

lyophilization. 
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Scheme 1. Reaction scheme for the synthesis of chitosan trimethylation and counter 

ion replacement. Sodium iodide (NaI) acted as a catalyst. Methyl iodide (CH3I) reacted 

with the primary amine groups of chitosan under alkaline conditions, provided by 

sodium hydroxide (NaOH). The iodide counter ion was then replaced with chloride by 

washing with sodium chloride. 

2.3. Polymer characterization 

FTIR spectra of chitosan and TMC were recorded on a Perkin-Elmer 100 FT-IR 

spectrometer (Perkin-Elmer, Switzerland). The degree of quaternization (DQ) and 

dimethylation (DM) of the resulting TMC were calculated from 1H-nuclear magnetic 

resonance (NMR) spectra obtained with a Varian Gemini 300 MHz spectrometer (in 

D2O at 80 °C; Agilent Technologies, Santa Clara, USA) as described previously using 

the following equations (Amidi et al., 2006, Verheul et al., 2008):  

Eq. 1 DQ = [[( CH3)3][ H] × 1
9
] ×100 

Eq. 2 DM = [[( CH3)2][ H] × 1
6
] ×100 

[CH3)3] and [CH3)2] are the integrals of the ammonium group appearing at 3.3 ppm and 

the dimethyl amino group at 3.1 ppm, respectively. [H] is the integral of the peaks 

between 4.5 and 5.5 ppm, representing the hydrogen atom attached to carbon 1 of the 

glucopyranose ring, and taken as a reference signal with an integral of 1. The chemical 

shifts are given relative to trimethylsilyl propionic acid (TSP, 0.05 %) as an internal 

reference. 
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2.4. Plasmid DNA amplification and purification 

The V1Jns-tPA-85A plasmid vector, shown in Figure 2, contains an antigen 85A 

(Ag85A) coding sequence linked to human tissue plasminogen activator (tPA) that can 

be expressed in eukaryotic cells under control of cytomegalovirus (CMV) promoter with 

intron A (CMV-intA) and Bovine Growth Hormone (BGH) transcription terminator 

(Huygen et al., 1998). The kanamycin resistant plasmid was transformed into 

competent NovaBlue cells (Novagen, Merck KGaA, Darmstadt, Germany) and plated 

on Luria–Bertani (LB) agar medium containing kanamycin (50 μg/ml). Recombinant 

pDNA was amplified in NovaBlue cells in 3 liter kanamycin-containing LB culture for 16 

h at 37 °C under agitation. pDNA was then isolated and purified by using an Endofree 

Plasmid Giga Kit (Qiagen, France), adjusted to a final concentration of 1 μg/μl in PBS 

and stored at −20 °C. Before experimental use, the integrity of the plasmid was 

confirmed by agarose electrophoresis. 

 

Figure 2. Gene map of recombinant DNA vaccine encoding for Ag85ADNA obtained 

from Institut Pasteur, Belgium. V1Jns expression vector with kanamycin resistance 

contains Ag85A with tPA signal sequence, under control of CMV-Intron A promoter and 

BGH terminator.  
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2.5. TMC nanoparticle preparation and DNA adsorption 

TMC nanoparticles were formed spontaneously upon adding 1 ml of chondroitin-4-

sulfate (1 mg/ml) aqueous solution to 1 ml of TMC aqueous solution (5 mg/ml) by one-

shot addition at ambient temperature (Hansson et al., 2012). The nanoparticle 

dispersion was vortexed for 10 seconds to allow complex formation between the 

polyelectrolytes. Thereafter, particles were kept at room temperature for a maximum of 

one hour prior to further use. For the preparation of pDNA/TMC nanoparticles, pDNA 

was added to the TMC nanoparticle dispersion (50 µg/ml), vortexed, and diluted 1:10 

with the respective buffer according to the experiments.  

2.6. Nanoparticle characterization 

Z-average size, giving the hydrodynamic diameters of particles, and PDI of the 

nanocomplexes were determined by dynamic light scattering (DLS) using a Malvern 

ZetaSizer Nano ZS (Malvern Instruments, Worcestershire, UK) at a detection angle of 

173°. PDI values up to 0.5 were considered to be appropriate for comparison purposes 

(Drogoz et al., 2007). The device uses a 10 mW He/Ne laser operating at a wavelength 

of 633 nm and all measurements were taken at a temperature of 25 °C. The zeta 

potential of the particles was measured by electrophoresis and laser Doppler 

velocimetry using the same equipment. Before the measurement, samples were diluted 

at a ratio of 1:10 in 1 mM sodium chloride. Samples were prepared in duplicates and 

three repeat measurements of each sample were taken to check for result repeatability. 

For stability evaluation of the formed TMC nanoparticles and pDNA/TMC nanoparticles 

in aqueous dispersions, particle size distribution, PDI, and zeta potential were 

determined immediately after preparation, and 1 hour and 24 hours after particle 

formation. Furthermore, batches of TMC nanoparticles and pDNA/TMC nanoparticles 

were either prepared in water or a 1 % aqueous sucrose solution, frozen at -80 °C over 

night, and lyophilized thereafter using a Christ Alpha 2-4 LD plus freeze-drier (Kuehner 

AG, Birsfelden, Switzerland). Freeze-drying was carried out for 24 hours at -82 °C and 
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0.001 mbar. Lyophilized samples were resuspended in 1 mM sodium chloride and 

characterized immediately, or after storage at 4 °C for 30 days.  

2.7. Electrophoretic mobility analysis 

Samples were mixed with bromophenol blue as loading dye and 20 μl of each sample 

were placed in a 0.8 % agarose gel stained with 0.6 μg/ml of ethidium bromide. A 1 kbp 

pDNA ladder (BioLabs, UK) was run in parallel on each gel and pDNA in the absence 

of TMC nanoparticles served as controls. A voltage of 80 V was applied for 30 minutes, 

followed by 60 V for 1 hour (PowerPac, Bio-Rad, France) using tris-borate-EDTA 

buffer. pDNA migration was visualized by UV transillumination (Bio-Rad). 

2.8. Circular dichroism 

Samples were prepared in PBS as described above with a final pDNA concentration of 

13 nM per aliquot. PBS served as a blank and unloaded TMC nanoparticles as control. 

pDNA was measured either alone, adsorbed to TMC nanoparticles, or after release 

from the nanoparticles after 24h. For pDNA release, pDNA/TMC nanoparticles were 

stored at 37 °C at 80 rpm in a shaking incubator (GFL, Burgwedel, Germany). After 24 

h the dispersions were centrifuged for 15 min at 14000 rpm (Eppendorf 5810R, 

Vaudaux-Eppendorf, Basel, Switzerland) and supernatants containing the released 

pDNA were measured. CD data were obtained using a Jasco J-815 spectropolarimeter 

(Jasco, Tokyo, Japan). Spectra were taken from 240 – 300 nm at a scanning speed of 

100 nm/min, with a 2 nm band width and a 2 seconds response. Sensitivity was set to 

standard (100 mdeg) and the scanning mode was set to continuous, in 3 accumulated 

runs. All spectra were taken at 20 °C in a quartz cuvette with 1 mm path length 

purchased from Starna (Pfungstadt, Germany). Results were obtained in millidegrees 

of ellipticity and converted into molar ellipticity [ϴ] using Equation 3. ϴ represents 

degrees of ellipticity, C is the molar concentration of pDNA and l the pathlength in 

centimeters (Woody, 2010).  Eq. 3 [ϴ] = (100 x ϴ )
C x l
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2.9. Statistical significance 

To assess statistics for nanoparticles, nonparametric Kruskal-Wallis statistic with 

Dunn’s multiple comparison test was chosen, to evaluate probability of statistical 

significance of mean rank differences between small sample sizes (n=3) and possible 

lack of normality of data. 

 

3. Results and Discussion 

3.1. TMC characterization 

Chitosan was derivatized to obtain its highly water-soluble quaternary ammonium salt 

TMC. The FTIR spectrum of TMC, compared to the spectrum of chitosan, shows a new 

band at 1472 cm-1, which represents the methyl group of ammonium, indicating the 

existence of –N(CH3)2 and –N+(CH3)3 groups in TMC (Figure 3) (Chang et al., 2009). 

The 1H NMR spectra of original chitosan showed the peak of N-actelyation at δ=2.0 

ppm and the N-deacetylated amino group at δ=3.2 ppm. TMC synthesis through direct 

trimethylation of chitosan with iodomethane led to non-selective O- and N-methylation, 

as shown by NMR peaks at δ=3.4 ppm (O-CH3), δ=3.3 ppm (N+(CH3)3) and δ=3.1 ppm 

(N+(CH3)2) (Figure 4) (Patrulea et al., 2015). The degree of N-quaternization and N-

dimethylation was calculated from 1H NMR analysis to define the substitution pattern of 

the synthesized TMC. A quaternization degree of 13 % and a dimethylation degree of 

27 % was obtained for the TMC used in the present study. The quaternisation degree 

was kept low in order to avoid cytotoxic effects of the polymer caused by high cationic 

charge densities. 

3.2. Preparation and characterization of nanoparticles 

Nanoparticles were characterized for their size (Z-average), PDI and surface charge 

(zeta potential) in order to determine whether TMC nanoparticles, either unloaded or 

loaded with pDNA, remained stable under various conditions (Figure 5). 
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Figure 3. FTIR spectra of chitosan and N-trimethyl chitosan. The FTIR spectrum of 

TMC, compared to the spectrum of chitosan, shows a new band at 1472 cm 1, which 

represents the methyl group of ammonium. 
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Figure 4. 1H NMR spectra of chitosan and N-trimethyl chitosan showed the peak of N-

actelyation at δ=2.0 ppm and the N-deacetylated amino group at δ=3.2 ppm. TMC 

synthesis through direct trimethylation of chitosan with iodomethane led NMR peaks at 

δ=3.4 ppm (O-CH3), δ=3.3 ppm (N+(CH3)3) and δ=3.1 ppm (N+(CH3)2).  
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Having compared all groups of nanoparticles kept in suspension, TMC nanoparticles 

were shown to retain a constant size of approximately 200 nm for 24 hours and no 

significant changes in PDI (0.3) and zeta potential (36 mV) were observed (p > 0.05). 

The maintenance of a colloidal homogenous suspension is related to the small particle 

size in the nanometer range, allowing for Brownian motion (Aulton and Taylor, 2013). 

These diffusion forces are opposed to gravitational forces, and prevent particles from 

sedimentation. Another important factor is the effect of surface charge of the 

nanoparticles. The nanocomplexes carry net positive charges that eventually produce 

electrostatic repulsion between the particles (Derjaguin and Landau, 1993). Adsorption 

of pDNA to TMC nanoparticles led to size contraction from 177 nm to 159 nm. TMC 

nanoparticles are formed through intermolecular interactions between polycationic TMC 

and polyanionic chondroitin sulfate. With further application of small quantities of 

polyanionic pDNA to the nanoparticles it is conceivable that competition for positively 

charged patches on the surfaces of TMC nanoparticles leads to molecular 

rearrangement and tighter inter-particle bridging (Theodossiou and Thomas, 2002). A 

notable shift from 36 mV to negative surface charge (-32 mV) upon adsorption of pDNA 

to the nanoparticles was observed immediately after preparation. The change of the 

zeta potential to negative values can be taken as evidence for successful electrostatic 

binding of the nucleic acids to the surface of cationic TMC nanoparticles. After 1 hour 

the zeta potential increased from negative values to 14 mV, and 24 hours later to 36 

mV. Presumably this increase in surface charge is due to pDNA dissociation from the 

nanoparticles and shows that the pDNA/TMC nanoparticle constructs are unstable in 

aqueous suspensions. Lower repulsion efficacy as a consequence of lower charge 

densities led to formation of small aggregates indicated by significantly larger 

hydrodynamic diameters and increased PDI values (p < 0.01) after one hour. After 24 

hours most of the pDNA appeared to be released, resulting in positive surface charges, 

as well as size and PDI of the particles similar to the characteristics of unloaded TMC 

nanoparticles. 
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3.3. Freeze-drying of TMC nanoparticles 

TMC nanoparticles and pDNA/TMC, lyophilized without cryoprotector, were prone to 

aggregation, exhibiting significantly greater hydrodynamic diameters after immediate 

resuspension (p < 0.05 and p < 0.001, respectively) and after storage for 30 days at 

4 °C (p < 0.001 and p < 0.01, respectively), shown in Figure 5A. This can be explained 

by the fact that during the freeze-drying process phase separation into a cryo-

concentrated nanoparticle phase and frozen suspension medium occurs (Abdelwahed 

et al., 2006). Agglomeration and fusion of single particles could therefore be a 

consequence of the concentrated nanoparticles. TMC nanoparticles that were 

lyophilized in 1 % sucrose solution and resuspended immediately after freeze-drying, 

as well as after 30 days of storage at 4 °C, maintained their size with only minor 

increases in hydrodynamic diameters. Also their PDIs were consistent with freshly 

prepared particles. However, pDNA/TMC nanoparticles lyophilized with the 

cryoprotector did not keep their physicochemical characteristics after resuspension. 

Although not significant, the hydrodynamic diameters and PDI values were clearly 

increased compared to the freshly prepared controls. Sucrose could prevent TMC 

nanoparticles from aggregation, but not from changes in the zeta potential, suggesting 

alterations in the complex composition of TMC nanoparticles after freeze-drying that 

also take place in the presence of a cryoprotector. The surface charge of TMC 

nanoparticles was still positive but increased during the freeze-drying process, and was 

shown to be even higher after one month of storage (p < 0.01), as shown in Figure 5B. 

Changes in the zeta potential were reported previously for different non-viral vector 

formulations induced by freeze- drying (Brus et al., 2004). Weakly bound components, 

namely chondroitin sulfate and pDNA, might have been set free due to mechanical 

stress (Abdelwahed et al., 2006). The resulting higher zeta potential could therefore 

derive from a lower number of neutralized charges within the TMC nanoparticles after 

lyophilization. Another explanation could be the presence of residual TMC molecules in 

suspension that were not complexed during nanoparticle formation, but instead 
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incorporated during formation of the cryo-concentrated nanoparticle phase (Brus et al., 

2004).  

 

 

Figure 5. Stability of nanoparticles formed from TMC through complexation with 

chondroitin sulfate (TMC-NPs) with or without pDNA adsorbed on their outer surface. 

The size and PDI (A) and zeta potential (B) was measured in aqueous suspension after 

preparation, after 1 h and after 24 h. Particles were also characterized after freeze-

drying (FD) either in water or in 1 % sucrose (w/v), resuspended immediately after 

freeze-drying or after 30 days of storage at 4°C 

  



Chapter II 

 

59 

Charge increase does not imply that freeze-drying is not a successful method for TMC 

nanoparticles. On the contrary, higher surface charges may be even more 

advantageous for gene delivery and cellular uptake. However, if these freeze-dried 

nanoparticles are introduced for standardized use, they must be tested on their toxicity 

potential, due to higher charge densities present on their surface. Freeze-drying of 

pDNA/TMC nanoparticles, with and without cryoprotector led to highly positive charges 

similar to those of freeze-dried unloaded TMC nanoparticles. A complete loss of pDNA 

from nanoparticle surfaces has therefore to be assumed, which could also not be 

prevented by addition of sucrose. Therefore the freeze-drying of the complete 

formulation with pDNA containing TMC nanoparticles cannot be a method of choice for 

future formulation design. However, for large scale production, it is suggested to 

lyophilize unloaded TMC nanoparticles with 1 % sucrose solution, to be reconstituted 

with pDNA containing buffer solution prior to use. This way, standardization of batches 

can be achieved and optimal pDNA adsorption assured.  

3.4. Electrophoretic mobility 

Electrophoretic mobility of pDNA confirmed the integrity of the plasmid after purification, 

after storage in PBS until use, and after release from TMC nanoparticles (data not 

shown). Free pDNA remained in supercoiled form, which indicates that the physical 

integrity of pDNA was not altered. Similar observations were reported previously for 

chitosan pDNA polyplexes (Heuking and Borchard, 2012, Köping-Höggård et al., 2004). 

Furthermore, agarose gel electrophoresis demonstrated the capacity of TMC 

nanoparticles to retain pDNA (Figure 6). The retention effect has also been previously 

observed for other nanoparticles (Railsback et al., 2012, Zanchet et al., 2001). This 

indicates that adsorption of the plasmid on the positively charged surface of the 

nanocarrier takes place. However, it has to be considered that the discrete change in 

mobility might be due to denaturation of dsDNA upon binding to cationic nanoparticles 

(Railsback et al., 2012).   
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Figure 6. Agarose gel electrophoresis of 1 kbp DNA ladder (lane 1), pDNA (lane 2 

and 3), and pDNA adsorbed to TMC nanoparticles (TMC-NPs; lane 4 and 5). 

3.5. Secondary structure of pDNA 

Information regarding the secondary structure of pDNA and its behavior upon 

interaction with TMC nanoparticles was obtained using CD (Figure 7). The CD 

spectrum of pDNA alone shows a maximum at approximately 280 nm, indicative of the 

B-form duplex (Goodman et al., 2006). Upon adsorption to TMC nanoparticles a 

significant change in the DNA conformation could be observed. The decrease in 

ellipticity at approximately 280 nm, and increases at approximately 245 nm, together 

with a shift in the maximum wavelength is indicative of conversion to a denatured 

double strand. The conformational change of DNA upon interacting with nanoparticles 

has also been investigated by others (Ghosh et al., 2007, Goodman et al., 2006, 

Railsback et al., 2012) Presumably, pDNA behavior in our study may be comparable to 

molecular dynamics simulations by Railsback et al., who demonstrated groove specific 

interaction of cationic gold nanoparticles with DNA, that bend and separate dsDNA 

strands upon binding (Railsback et al., 2012). Highly charged nanoparticle binding to 

dsDNA appears to be mediated by a combination of electrostatic and van der Waals 

force interactions (Goodman et al., 2006). Van der-Waals component of interaction 
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involves disruption of Watson-Crick base pairing, while charged groups bind to the 

phosphate backbone of DNA and induce significant bending along the helical curve of 

the DNA strands (Railsback et al., 2012). It has been shown that thermal denaturation 

and enzymatic degradation of DNA is significantly inhibited in the presence of cationic 

nanoparticles (Kamata et al., 2011, Oster et al., 2005). However, it was shown 

elsewhere that maintenance of the helical structure is required for the recognition of its 

promoter sequence and subsequent RNA transcript synthesis (Goodman et al., 2006). 

Therefore studying the recovery of DNA secondary structure is an essential aspect 

when using cationic nanoparticles as delivery vectors. We further evaluated if the 

secondary structure of the plasmid was recovered after desorption from the TMC 

nanoparticles. Indeed, CD showed the release of pDNA in its native form from the 

particle surface by an increase in ellipticity at 280 nm and a DNA conformation which is 

identical to the helical CD spectrum of the DNA control sample. 

 

 

Figure 7. Effect of adsorption to TMC nanoparticles (TMC-NPs) on the secondary 

structure of pDNA. Circular dichroism of PBS and TMC-NPs (controls), pDNA in PBS, 

pDNA adsorbed to TMC-NPs, and pDNA after release from TMC-NPs.  
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4. Conclusion 

The purpose of this study was to clarify the effects of cationic TMC nanoparticles on the 

denaturation and renaturation of DNA and its colloidal stability in aqueous solutions and 

after freeze-drying. The stability study to assess the formulations’ behavior in 

suspension to proceed to further experiments showed that TMC nanoparticles 

remained suspended for 24 hours without changes in their physicochemical properties. 

For further pharmaceutical development, freeze-drying and storage in the presence of 

1 % sucrose solution was proven to be appropriate to preserve TMC nanoparticle 

characteristics during long-term storage. Changes in the secondary structure of pDNA 

upon adsorption to TMC nanoparticles were observed that were shown to be 

reversible, suggesting an intact double strand after release from the carriers. 
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Abstract 

Three cationic nanoparticle formulations were evaluated for their potential as carriers 

for plasmid DNA (pDNA) encoding antigen 85A of Mycobacterium tuberculosis (Mtb). 

The formulations included (1) nanoparticles prepared from trimethyl chitosan (TMC), (2) 

a cationic squalene-in-water nanoemulsion prepared with DOTAP and (3) the 

commercially available cationic oil-in-water nanoemulsion Cationorm®. The adjuvant 

effect of the different pDNA-nanoparticle complexes was evaluated and compared in 

vivo by serum antibody analysis of immunized mice. pDNA as applied in these 

formulations naturally contain immunostimulatory unmethylated CpG motifs that are 

recognized by Toll-like receptor 9 (TLR-9). In mechanistic in vitro studies, activation of 

TLR-9 was investigated along with MDP as second immunostimulator for nuclear-

binding domain (NOD)-like receptor 2 (NLR-2) targeting. The ability to enhance 

immunogenicity of the pDNA-nanoparticle complexes by simultaneous targeting of 

TLR-9 and NLR-2 was determined by pro-inflammatory cytokine release in RAW264.7 

macrophages. Blocking of RIP-2 kinase of the NLR-2 pathway was accomplished to 

show dependency of NOD2 activation on synergistic enhancement of innate immune 

responses during co-stimulation of pDNA with MDP. In conclusion, it could be 

demonstrated that all carriers display a strong adjuvant effect in vivo, however, only 

TMC nanoparticles were capable to bias immune responses towards Th1 dependent 

cellular immune responses. In the in vitro model, pDNA in combination with MDP, 

delivered with all three cationic nanocomplexes was shown to significantly increase 

pro-inflammatory cytokine release in a synergistic manner, dependent on NLR-2 

activation. In summary, we could develop pDNA loaded nanoparticle formulations to 

induce cell-mediated immune responses in mice and demonstrated in vitro how 

sophisticated combinations of TLR and NLR agonists can lead to increase of the 

carriers’ adjuvanticity. 
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1. Introduction 

Vaccination by direct injection of plasmid DNA (pDNA) encoding bacterial and viral 

antigens has been tested against various infectious diseases. Several preclinical 

studies were promising, showing that these so-called DNA vaccines can trigger not 

only humoral but also cell-mediated immunity in animals (Kutzler and Weiner, 2008). 

Generally, DNA vaccines consist of a bacterial plasmid vector that is genetically 

modified to express selected antigens of the pathogen in the absence of the other 

bacterial components present in traditional attenuated and live vaccines. Therefore 

genetic vaccines are considered to be advantageous over traditional vaccines in terms 

of safety and specificity (Shedlock and Weiner, 2000). However, although proven to be 

safe and well tolerated, clinical trials demonstrated that first-generation DNA vaccines 

failed to demonstrate sufficient vaccine-specific immunity in humans (Le et al., 2000, 

MacGregor et al., 2002, Wang et al., 1998). The low immunogenicity of these DNA 

vaccines is hypothesized to be due to suboptimal delivery of the plasmids to antigen 

presenting cells. Current research attempts to focus on developing novel strategies to 

improve immunogenicity by formulating pDNA with delivery systems and immunologic 

adjuvants (Rottinghaus et al., 2003, Sasaki et al., 1998). Particle based adjuvants are 

known to offer high carrier capacity acting as delivery vehicles for pDNA to enhance 

plasmid stability and uptake into cells (Giljohann et al., 2007, Lee, 2013). Moreover, 

versatility of particulate carriers in terms of size, surface charge, and material, enables 

tailoring according to the desired outcome of immune responses (Cui and Mumper, 

2003, Poecheim and Borchard, 2015, O'Hagan et al., 2001). Another advantage of 

nano- and microparticles might be the induction of local chemotaxis to the 

immunization site due to the promotion of a depot effect (Denis-Mize et al., 2003). Our 

approach was to adsorb pDNA at the outer surface of diverse cationic nanoparticles, to 

avoid steric shielding effects by encapsulating pDNA, while still making use of the 

potential adjuvant effects of nanoparticles as delivery systems.  



Chapter III 

 

70 

Among various existing particle-based formulations, three cationic nanocomplexes, 

offering different structural characteristics, were chosen for this study, to evaluate the 

most suitable formulation to improve DNA vaccination. Accordingly, N-trimethyl 

chitosan (TMC) nanoparticles, a cationic squalene-in-water nanoemulsion (named 

SWE06) and the commercially available cationic nanoemulsion Cationorm® were 

compared for their adjuvant potential to increase immunogenicity of pDNA. Chitosan-

based particles have been used previously as DNA delivery systems, with pDNA 

entrapped inside the nanoparticles, to maintain the cationic surface charge, which can 

be beneficial for mucosal application of DNA vaccines (Heuking and Borchard, 2012, 

Kumar et al., 2002). However, preliminary in vivo studies from our lab with such 

formulations could not demonstrate higher immunogenicity over non-adjuvanted pDNA, 

when administered intramuscularly. The strong electrostatic charge interaction of 

condensed pDNA with the cationic polymer may have led to difficulties of DNA release 

once the polyplex is taken up by the cell, at the site of action.  Squalene based oil-in-

water emulsions have already been approved for human use in influenza vaccines (Egli 

et al., 2014, FDA, 2013). The cationic phospholipid 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP) was added to the hydrophobic phase of the squalene-in-water 

nanoemulsion (SWE06) to obtain positively charged oil droplets. Cationorm® was 

chosen as a third type of nanoformulation, as it is known to be safe in ophthalmic 

applications (Lallemand et al., 2012). Therefore it was expected to be a non-toxic 

example for inert mineral oil-in-water nanoemulsions, with cetalkonium chloride 

accounting for the positive charge. The rational of using Cationorm® as an adjuvant for 

parenteral delivery of pDNA was to achieve a similar effect as the potent mineral oil 

based Freund’s adjuvant, without safety concerns (Coffman et al., 2010).  

DNA vaccines promote exogenous major histocompatibility complex (MHC) class II-

restricted, as well as endogenous (MHC class I-restricted) antigen presentation, which 

mimics antigen processing induced by intracellular pathogens such as Mycobacterium 

tuberculosis (Mtb) (Bruffaerts et al., 2014). Protection against Mtb is known to be 
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mediated by cellular immunity, in which proinflammatory cytokines and Th1 cells play a 

pivotal role. Among Th1 cytokines, IFN-γ and TNF-α were identified as the most 

important agents in mycobacterial control, acting synergistically in the activation of 

macrophages (Appelberg, 1994, Cavalcanti et al., 2012). The cellular immune system 

can specifically be targeted by immunostimulatory adjuvants resembling certain 

antigenic structures of the pathogen. The innate immune system has evolved to 

recognize conserved pathogen-associated molecular structures by pattern recognition 

receptors (PRRs), mainly represented by Toll-like receptors (TLRs) and NOD-like 

receptors (NLRs). Recognition of bacteria, as well as vaccination with live attenuated 

vaccines, induces activation of multiple PRRs, triggering different signaling pathways, 

which has been shown to be more effective in establishing immune responses than 

activation of a single pathway alone (Querec et al., 2006). Unmethylated CpG 

sequences present on bacterial pDNA are recognized by endosomal membrane-bound 

TLR-9, whereas muramyl dipeptide, a bacterial cell wall component, stimulates 

cytosolic NLR-2. TLR-9 activates the MyD88-dependent pathway, while NLR-2 

activation leads to recruitment of receptor-interacting protein 2 (RIP-2) kinase 

(Coulombe, 2009, West). There is documentation on cross-talk of TLR and NLR 

signaling through RIP-2, demonstrating extensive activation of immune cells in a 

synergistic manner by simultaneous co-activation of these two pathways (Archer et al., 

2010, Chin et al., 2002, Kobayashi et al., 2002, Uehara et al., 2005).  

To our knowledge the adsorption of Mtb antigen 85A (Ag85A) encoding pDNA to TMC 

nanoparticles, SWE06, and Cationorm® is a novel approach to increase 

immunogenicity of this DNA vaccine. The aim was to compare these cationic 

nanoparticle formulations as pDNA delivery systems to increase Th1 related immune 

responses against Ag85A in a preliminary proof of concept study in mice. Following in 

vivo screening, the second objective was to exploit the potential of concurrent 

activation of two non-redundant PRR pathways to potentially optimize and further 

enhance cell-mediated immunity by innate immune activation. Therefore, mechanistic 
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investigations of TLR-9 targeting by unmethylated CpG sequences present on pDNA, 

together with MDP as a second immunostimulatory agent for NLR-2 activation were 

performed in RAW264.7 murine macrophages as an in vitro model. Hence, RIP-2 

kinase of the NLR-2 pathway was blocked to show dependency of NOD2 activation on 

synergistic enhancement of innate immune responses during co-stimulation of pDNA 

with MDP. 

 

2. Materials and methods 

2.1 Materials 

Chitosan (79 % degree of deacetylation, ChitoClear Cg10, 7 – 15 mPa s) was 

purchased from Primex (Siglufjordur, Iceland). Methyl iodide and chondroitin sulfate 

and bovine serum albumin (BSA, endotoxin <0.1 ng/mg) were obtained from Sigma-

Aldrich (Buchs, Switzerland). DOTAP was purchased from Avanti Polar Lipids 

(Alabaster, AL, USA) and Cationorm® (Novagali Pharma, Evry, France) was purchased 

at a local pharmacy (Collonges-sous-salève, France). Double stranded 5853 bp pDNA 

encoding Ag85A was provided by the Institute Pasteur (Brussels, Belgium), propagated 

in NovaBlue competent cells (Novagene, Merck, Darmstadt Gernamy) that were kindly 

provided by Prof. L. Scapozza (University of Geneva, Geneva, Switzerland). The 

plasmid was then purified by using an Endofree Plasmid Giga Kit (Quiagen, France) 

according to the manufacturer’s protocol and suspended in PBS. Goat anti-mouse total 

IgG, IgG1, IgG2b and IgG2c conjugated to horseradish peroxidase (HRP) was obtained 

from Southern Biotech (Birmingham, AL, USA) and 3,3’,5,5’-Tetramethylbenzidine 

(TMB) substrate from (Becton Dickinson, CA, USA). Recombinant Ag85A protein 

(rAg85A) was obtained through BEI Resources, National Institute of Allergy and 

Infectious Diseases (NIAID), National Institute of Health (NIH), Bethesda, MD, USA. All 

cell culture reagents were provided by Life technologies (Zug, Switzerland) and Sigma-

Aldrich (Buchs, Switzerland) and XTT-cell proliferation kit II was bought from Roche 

(Basel, Switzerland). MDP, as well as LPS-EB, CpG-free pDNA (pCpGfree-giant) and 
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inactive MDP (D-MDP) as controls, and RIP-2 tyrosin kinase inhibitor gefitinib were 

purchased from Invivogen (San Diego, CA, USA). For proinflammatory cytokine 

detection in cell supernatants, mouse TNF-α ELISA Ready-SET-Go! Kit was obtained 

from eBioscience (Paris, France).  

2.2 Preparation of nanoparticle formulations 

TMC nanoparticles: TMC was synthesized from chitosan by quaternisation of the amino 

groups based on the method first published by Domard et al. (Domard et al., 1986), 

and later modified by Heuking et al. (Heuking et al., 2009). In this study only one 

methylation step was employed for the synthesis procedure of TMC. Briefly, 2 g of high 

molecular weight chitosan of crustacean origin were trimethylated through nucleophilic 

substitution by addition of 12 ml methyl iodide for 70 min at 60 °C under reflux. TMC 

nanoparticles were prepared by polyelectrolyte complexation with chondroitin sulfate 

according to Schatz et al (Schatz et al., 2004). (Schatz et al., 2004). TMC (5 mg/ml) 

and chondroitin sulfate (1 mg/ml) were solubilized separately in water at room 

temperature and filtered through 0.22 μm syringe filters (Millipore AG, Zug, 

Switzerland). Equal volumes of each polymer solution were mixed, briefly vortexed at 

maximum speed, and the resulting nanoparticle suspension diluted 1:10 with the 

appropriate media. In case of nanoparticles containing MDP the dipeptide was mixed 

with the TMC solution before particle formation. The final MDP concentration per ml 

nanoparticle suspension was 30 µg. For pDNA adsorption, 50 μg/ml of the plasmid 

were incubated for 15 minutes at 4 °C with the TMC nanoparticle suspensions.  

Nanoemulsions SWE06 and Cationorm®: Cationic SWE06 was manufactured by the 

Vaccine Formulation Laboratory at the University of Lausanne (Epalinges, Switzerland) 

and contained 0.1 % DOTAP, 3.9 % (w/v) squalene, 0.5 % (w/v) Tween® 80 and 0.5 % 

(w/v) Span® 85 in saline. The third nanoparticle formulation investigated was 

Cationorm® developed by Novagali Pharma (now Santen), an oil-in-water 

nanoemulsion composed of 0.1 % poloxamer 188, 0.3 % tyloxapol, 0.002 % 

cetalkonium chloride, 1 % mineral oils and 1.6 % glycerol in Tris hydrochloride buffer as 
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indicated in the decision report of the French National Authority for Health (HAS, 2013). 

Cationorm® obtained a marketing authorization in Europe for the treatment of dry eye 

symptoms (Lallemand et al., 2012). Both nanoemulsion formulations were diluted at a 

ratio of 1:100 with the appropriate media prior to each experiment. pDNA was 

incubated for 15 minutes at 4 °C with the nanoemulsions to obtain electrostatic binding 

of pDNA to the cationic nanodroplets and a final pDNA concentration of 50 ug/ml. For 

the MDP containing nanoemulsion formulations, the dipeptide was simply mixed with 

the emulsion to obtain a final concentration of 30 μg/ml, then vortexed at high speed, 

and immediately applied in the experiments. According to Endosafe® Test Record all 

three nanoparticle suspensions showed an endotoxin level < 1 EU/ml. 

2.3 Particle size, zeta potential and morphology of nanocarriers 

Hydrodynamic diameters and polydispersity index (PDI) were determined by dynamic 

light scattering measurements and zeta potential by electrophoresis and laser light 

scattering using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, U.K.). 

Samples were diluted ten times in 1 mM NaCl to achieve a constant ionic background 

and measured at 25 °C in clear disposable zeta cells. The morphology of dried TMC 

nanoparticles was imaged with scanning electron microscopy (SEM; Jeol JSM-7001FA, 

Tokyo, Japan) at an accelerating voltage of 15 kV. The samples were 1000-fold diluted 

with water, placed on a grid, and air-dried overnight under vacuum. The grids were 

sputter coated with 10 nm gold under vacuum before imaging (Leica EM SCD 500). 

SWE06 and Cationorm® nanoemulsions were stained with uranyl acetate and their 

morphology examined by transmission electron microscopy at 200 kV (TEM; Tecnai G2 

T20 Sphera, FEI, Hillsboro, OR, USA). 

To assess the particle area and radius, microscopic images were analyzed using 

ImageJ 1.46r software (National Institute of Health, Bethesda, MD, USA). Assuming 

that the nanostructures are roughly spherical their radius was calculated from the 

particle areas, and subsequently their diameters, according to the following equations:  



Chapter III 

 

75 

Eq. 1 r =  √A
π
 

Eq. 2 d = 2 r  
2.4 Loading efficiency 

The adsorption rate of pDNA (50 μg/ml) onto nanoparticles was evaluated. 

Nanoparticle suspensions were centrifuged at 14,000 rpm for 15 min (Eppendorf 

5810R, Vaudaux-Eppendorf, Basel, Switzerland) and unloaded pDNA in the 

supernatant was quantified by PicoGreen assay according to the manufacturer’s 

protocol. A calibration curve was established by plotting the fluorescence intensity of 

each standard over the concentration series. The samples were excited at a 

wavelength of 480 nm and the fluorescence emission intensity was measured at 520 

nm using a fluorescence microplate reader (Tecan Group Ltd., Männedorf, 

Switzerland). The amount of pDNA adsorbed on TMC nanoparticles or nanoemulsions 

was calculated by subtracting the pDNA quantity found in the supernatants or in the oil 

phase after centrifugation, from the amount of pDNA initially added.  

2.5 In vivo immunogenicity of pDNA-nanoformulations 

Female C57BL/6 mice (Harlan, Itingen, Switzerland) were maintained under 

standardized conditions in the animal facility of the Department of Biochemistry 

(University of Lausanne, Epalinges, Switzerland). The study was done according to the 

guidelines of the authorization N° 2475 of the Service de la consommation et des 

affaires vétérinaires (SCAV, Lausanne, Switzerland). The formulations were prepared 

as described above, diluted with phosphate buffered saline (PBS) and pDNA at a final 

concentration of 50 µg per dose was applied. Eight week old mice (n = 4 per group) 

were immunized on days 0, 21, and 42 with a dose of 50 µl by intramuscular 

administration in the hind limb. The mice were bled 1 week after the second boost 

immunization by cardiac puncture and sera were stored at -20 °C. Anti-Ag85A-specific 

serum IgG titers and IgG isotypes 1, 2b, and 2c were determined by ELISA at the 
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endpoint of the optical density-log dilution curves. Non-responding mice were given an 

arbitrary titer of 1. Briefly, the antibody ELISA involved coating of 96-well microtiter 

plates (Nunc, Roskilde, Denmark) with 1 μg/ml rAg85A in PBS over night at 4 °C, 

followed by blocking of the wells with 1% (w/v) BSA in PBS for 2 h at room temperature 

(RT) to reduce nonspecific binding and subsequent addition of serial dilutions of serum 

ranging from 100 to 2.2 x 105 for 1 h at RT. Ag85A specific antibodies were detected by 

incubating HRP conjugated goat anti-mouse IgG, IgG1, IgG2b or IgG2c (1h, RT) and 

by developing plates with TMB for 5 min at RT in the dark. The reaction was stopped 

with 1 N sulfuric acid and absorbance was determined at 450 nm with an iMARK micro 

plate reader (Bio-Rad Laboratories, Hercules, CA, USA). 

2.6 Cell culture 

The murine macrophage cell line RAW264.7 was obtained from American Type Culture 

Collection (ATCC, Rockville, MD, USA) and used for the following in vitro cell studies. 

The cells were cultured in full cell culture medium based on DMEM, supplemented with 

10 % heat-inactivated fetal calf serum (FCS) and 1 % penicillin/streptomycin, at 37 °C 

in an atmosphere containing 5% CO2. Cells were seeded at an initial density of 3 x 104 

cells per well in a 96-well plate, if not indicated otherwise.  

2.7 In vitro cytotoxicity and cytokine release assays 

Potential cytotoxic effects of the nanoparticle formulations were evaluated by XTT 

assay to determine cell viability following nanoparticle exposure. RAW264.7 cells were 

cultured with the nanoformulations for 24 h. Additionally, positive controls were run in 

parallel, SDS 0.2% for cytotoxicity and LPS (5 ug/ml) for proinflammatory cytokine 

release. The cell supernatants were withdrawn for cytokine analysis, replaced by XTT 

reagent and incubated for another 5 h at 37 °C. The mean OD value of the wells was 

determined by measuring at a wavelength of 490 nm using a microplate 

spectrophotometer reader (Power Wave XS, Biotek, France) and corrected by the 
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blank value. The relative cell viability was expressed as a percentage relative to 

untreated control cells cultured under the same conditions.  

Cell supernatants from the cell viability assay as described above were centrifuged at 

300 x g for 5 min and frozen at -80 °C prior to analysis. TLR-9 and NLR-2 control 

samples included nanoparticle complexes, formed with pCpGfree and D-MDP. Both 

control ligands were applied at the same concentrations as pDNA and MDP, 

respectively. For NLR-2 pathway inhibition, cells were pretreated with 100 nM gefitinib 

for 1 h before stimulation with the nanoparticle formulations. Cell supernatants of all 

cytokine release experiments were diluted 1:10 and TNF-alpha (TNF-α) induction 

determined by mouse TNF-α sandwich ELISA, according to the manufacturer’s 

instruction. Cytokine concentrations were calculated against a standard curve prepared 

in duplicates.  

2.8 Statistical analysis 

The statistical significance for all in vitro experiments, measuring TNF-α release, was 

assessed by Student’s t-test for two samples, assuming equal variance. Experiments 

were repeated at least once and data evaluated are mean values of triplicate samples. 

Antibody titers were logarithmically transformed before statistical analysis. All in vivo 

data, measuring IgG antibody titers, were analyzed by a two-tailed Mann-Whitney test 

to demonstrate significant differences between the experimental groups (n=4). The 

statistical analysis was carried out using GraphPad Prism 6 software (GraphPad, San 

Diego, CA, USA) and p values less than 0.05 were considered to be significant.  

 

3. Results and Discussion 

3.1 Nanoparticle characterization 

The formulations were characterized for their size expressed in Z-average (nm), PDI, 

and the charge as Zeta-potential (mV), as shown in Table 1. The mean hydrodynamic 
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diameter of the mere unloaded polymer complexes and nanodroplets was between 133 

- 216 nm (PDI ≤ 0.2) and their surface charge was positive, ranging between +18 and 

+31 mV. After adsorption of pDNA the size increased for all formulations, while the 

Zeta-potential decreased drastically to negative values. While addition of MDP did not 

have any influence on size and zeta potential, PDI values for TMC nanoparticles 

increased slightly. PDIs between 0.1 and 0.5 were observed for all nanoparticle 

formulations, corresponding to systems of mid-range polydispersity (Gadad et al.). Only 

small amounts of pDNA were found in the supernatant, indicating pDNA adsorption of 

99.8 % to TMC nanoaprticles, 95 % to SWE06, and 93 % to Cationorm® of initially 

added 50 μg/ml pDNA to the cationic nanocomplexes.  

 

Table 2. Physicochemical properties of TMC nanoparticles, SWE06 and Cationorm®, 

either unloaded or loaded with pDNA, MDP, or both.  

 TMC nanoparticles SWE06 Cationorm® 

Loaded with: Size (nm) PDI ζ (mV) Size (nm) PDI ζ (mV) Size (nm) PDI ζ (mV) 

- (blank) 216 ± 2 0.1 31 ± 2 133 ± 2 0.1 27 ± 1 157 ± 3 0.2 18 ± 1 

pDNA  252 ± 5 0.2 7 ± 5 188 ± 3 0.1 -14 ± 1 205 ± 2 0.3 -39 ± 0.5 

MDP  215 ± 0.5 0.2 32 ± 4 134 ± 2 0.2 26 ± 1 156 ± 2 0.2 14 ± 0.2 

pDNA and MDP  259 ± 3 0.2 4± 5 189 ± 3 0.2 -16 ± 1 267 ± 12 0.5 -41± 1 

 

Electron microscopy of empty nanocarriers and associated particle size calculations 

revealed a size distribution that confirmed size measurements by DLS (Figure 1). Mean 

diameters determined by electron microscopy were slightly smaller than for DLS (192 ± 

28 nm for TMC nanoparticles, 114 ± 37 nm for SWE06 and 126 ± 21 nm, respectively). 

This might be due to shrinking during preparation, which can affect the measurements 

of particle diameters (Bootz et al., 2004). TMC nanoparticles were of circular shape 

(Figure 1a), whereas the emulsions droplets were of subangular shape (Figure 1b and 

1c). Upon pDNA adsorption TMC nanoparticles appeared to deform by loosening the 

electrostatically formed structure (Figure 1A). pDNA at the external site of 

nanoemulsion droplets make them distract due to charge repulsion and single droplets 



Chapter III 

 

79 

and small groups of droplets appear (Figure 1B). Repulsion was also observed within 

pDNA loaded Cationorm®, however to a lesser extent (Figure 1C).  

 

 

Figure 1. SEM images of plain TMC nanoparticles (a) and pDNA loaded TMC 

nanoparticles (A), TEM images of plain SWE06 (b) and SWE06 + pDNA (B), and TEM 

images of plain Cationorm® (c) and Cationorm® + pDNA (C). The scale bars represent 

a size of 200 nm.  

3.2 Adjuvant effect of pDNA-nanoformulations in vivo 

In a preliminary in vivo experiment TMC nanoparticles, SWE06 and Cationorm® 

applied with pDNA were sought to be evaluated for their potential to increase Mtb 

antigen-specific Th1 related immune responses of a tuberculosis DNA vaccine. A 

higher amount of pDNA was applied to achieve a detectable magnitude of antigen-

specific antibodies and influence of the nanocomplexes on the outcome of these 
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immune responses in mice, dependent on the nature of the delivery systems. The 

adsorption rate of pDNA within these formulations was 43 to 44 %. Generally, antigen 

specific total IgG responses to pDNA in the adjuvanted groups were higher than those 

seen to naked pDNA. However, only in TMC nanoparticle vaccinated mice significantly 

increased titers of total IgG were observed in comparison with pDNA alone (Figure 2A). 

Oil-in-water emulsions based on squalene or mineral oils reportedly induce Th2 

responses in protein vaccines (Fang and Hora, 2000, Ioannou et al., 2002). Formulated 

with DNA both nanoemulsions promoted increase in Ag85A specific antibodies to 

pDNA without altering the balanced Th1/Th2 responses observed with naked pDNA 

(Figure 2). TMC nanoparticle adjuvanted pDNA delivery induced a clear bias of Th 

activation towards type 1. Th1 polarization of immune responses by TMC nanoparticle 

complexes with pDNA was indicated by detection of ratios of serum IgG2b/IgG1 (Figure 

2B) and IgG2c/IgG1 (Figure 2C) titers above unity. According to the literature the 

adjuvant effect of TMC and chitosan on Th1/Th2 balance seems to be very dependent 

on the antigen applied, route of administration, or formulation as particles(Li et al., 

2013). Chitosan itself reveals Th2 adjuvant effects (Borchard et al., 2012, Tokura et al., 

1999), whereas formulated as particles immune response are shifted towards Th1 

(Slütter et al., 2009, Strong et al., 2002). Moreover, although we did not investigate the 

physical interaction between CpG containing pDNA, a TLR-9 ligand, and TMC, the 

physicochemical properties of chitin derivatives, known to activate PRRs such as TRL-

2, Dectin-1, and the mannose receptor could mediate such interactions (Bueter et al., 

2013). It is tempting to speculate that the observed increase in Th1 type responses is 

dependent upon the triggering of distinct intracellular signals, which then merge to 

activate NF-kB, as has been demonstrated following stimulation of mannose receptors 

and TLR-2 in parallel to TLR-9 stimulation (Dan et al., 2008). Whether this Th1 

polarization results from the physical association of pDNA with TMC or the effect of 

enhanced uptake of pDNA through particle mediated delivery, remains to be 

determined.  
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These screening experiments suggest that physical or chemical association between 

pDNA and adjuvants may be necessary to impart Th1 adjuvanticity. In subsequent 

mechanistic experiments the inherent adjuvant effect of unmethylated CpG containing 

pDNA in combination with MDP as an additional immunostimulator, delivered with all 

three cationic nanocomplexes, was investigated to potentially further optimize cell-

mediated immunity by simultaneous innate immune activation. 

 

Figure 2. Immune responses in mice to pDNA (50 µg per dose) with/ without TMC 

nanoparticles one week after the 2nd booster injection (i.m.). Ag85A-specific serum IgG 

titers were analyzed by endpoint ELISA. Each ∘ symbol represents the log serum titer 

of an individual mouse (non-responding mice were given an arbitrary titer of 1). (A): 

Bars represent mean n=4 ± SEM, *p < 0.05, compared to pDNA alone. (B; C): 

Corresponding average Log IgG2b/ Log IgG1 and Log IgG2c/ Log IgG1 ratios are 

indicative for the quality of the immune response, where values higher than 1 (dotted 

line) characterize Th1 biased immune responses. 

3.3 Cell viability 

Cell viability after exposure to the different particle formulations for 24 h in culture were 

confirmed with XTT assays including Trypan blue dye exclusion, as shown in Figure 3. 

It is proposed that cationic nanoparticles interact with the cell membrane and may 

cause damage by membrane disruption, leading to cell death (Hwang et al., 2015). 

Therefore investigation of the potential toxicity of the cationic nanoformulations was 
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needed, to exclude biological responses due to cell death and to assess safety 

concerns for in vivo applications. When uncomplexed TMC polymer was applied to the 

cells, reduced cell viability was observed (data not shown). Chondroitin sulfate partially 

balanced the cationic charge of TMC and cell viability to the resulting nanoparticles 

increased. This is in accordance with other studies that showed less toxicity by charge 

neutralization with anionic agents or pDNA (Heuking et al., 2009, Kean et al., 2005). No 

significant toxicity was detected for all nanoformulations, either unloaded, pDNA and/or 

MDP loaded, compared to the untreated control cells (viability >80 % in all cases). For 

TMC nanoparticles and SWE06 emulsions cell viability was slightly increased with 

pDNA loading compared to the unloaded formulations, which is probably due to 

neutralization of cationic surface charges known to be linked to better biocompatibility 

(Goodman et al., 2004).  

 

Figure 3. Cell viability of RAW264.7 macrophages, detected with XTT reagent, after 

24h of incubation with the following formulations: unloaded TMC nanoparticles, SWE06 

and Cationorm® (∘) and each nanoformulation loaded either with pDNA (∗), MDP (▲), 

or pDNA + MDP (⋄). 
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3.4 In vitro activation of TLR-9 and NLR-2  

Optimization of adjuvanted pDNA with muramyl dipeptide was accomplished and tested 

on proinflammatory cytokine release in vitro. More precisely, synergistic enhancement 

of immune response by two PRR ligands was investigated using CpG islet containing 

pDNA for TLR-9 stimulation, and MDP as a NOD2 ligand. Emerging evidence suggests 

cooperative effects of PRRs (Petterson et al., 2011). Consequently we also 

investigated the outcome of combined stimulation via the TLR and NLR systems. 

Neither pDNA nor MDP alone could substantially activate macrophages as shown in 

Figure 4. TMC nanoparticles loaded with pDNA were shown to significantly increase 

cytokine release, compared to pDNA alone (p < 0.001).  

 

Figure 4. TNF-α release from RAW264.7 murine macrophages on exposure to different 

stimulating agents: pDNA and MDP applied either alone or in combination in solution, 

or with TMC nanoparticles (TMC-NP), SWE06, and Cationorm®, respectively. Bars 

represent mean values (n=3) ± SEM. pDNA loaded nanoformulations were compared 

with either pDNA alone (*) or with [pDNA + MDP] loaded nanoformulations (*), and 

[pDNA + MDP] in solution with [nanocarrier + pDNA + MDP] (x). Significant differences 

were indicated with ** (p < 0.01), *** (p < 0.001), and ns (not significant).  
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Carrier function for Cationorm® seemed to be less important and SWE06 even 

decreased TNF-α release induced by pDNA alone (p < 0.01). When having combined 

both ligands in one formulation, the NOD2 ligand MDP augmented pDNA-induced 

activation of murine macrophages in vitro up to 4-fold, having observed a significant 

increase, compared to naked pDNA (p < 0.001) or pDNA adsorbed to nanocarriers 

(TMC nanoparticle p < 0.01, SWE06 p < 0.001, Cationorm® p < 0.01). This might 

indicate that MDP has an influence on enhancing immune responses in a synergistic 

manner, as cytokine production by the combination of immune receptor ligands was 

higher than production of each of the single stimulations and, moreover, as the sum of 

the two. 

 

Figure 5. TNF- α release from RAW264.7 murine macrophages treated with pDNA 

and/or MDP and their inactive controls pCpGfree and/ or D-MDP, respectively. The 

ligands were applied either in solution, as single components, or combined with TMC 

nanoparticles (TMC-NP), SWE06, or Cationorm®, respectively. Significantly reduced 

activity by control ligands compared to their active ligands are indicated with **(p < 

0.01), (p < 0.001)***, and **** (p < 0.0001).   
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TLR-9 specifically recognizes unmethylated or hypomethylated CpG islets, prevalent in 

bacterial and many viral DNAs (Krieg, 2002). To confirm that TNF-α response is 

dependent on TLR-9 activation, macrophages were stimulated with pDNA, either 

containing or lacking CpG motifs. To further assure that the cytokine response is also 

dependent on NLR-2 activation the inactive D-isoform of MDP was applied in the same 

experiment. The dependency on PRR activation to induce a distinct TNF-α response 

towards TLR-9 and NLR-2 ligands implemented in the experiments is shown in Figure 

5. Nanoparticles loaded with control ligands were found to not induce cytokine release, 

compared to the unloaded nanocarriers. Significant decrease of cytokine release was 

observed for control ligands transported by TMC nanoparticles, SWE06 and 

Cationorm®, compared to their active forms. Chitosan has the ability to stimulate innate 

immunity (Gafvelin and Grönlund, 2014). Due to inherent adjuvant effects of TMC, that 

possibly derive from its precursors’ molecular features to activate PRRs, and potential 

contributions to immune activation by pDNA by other elements than TLR-9 activation, 

such as cytosolic TANK-binding kinase-1 activation by the double stranded B-form of 

pDNA, cells were also minimally stimulated with TMC and pCpGfree containing control 

samples (Ishii et al., 2008). Mineral oil based incomplete Freund's adjuvant as well as 

squalene based formulations have been shown to polarize the immune response 

toward the production of anti-inflammatory cytokines, which may mask the TNF-α 

increasing effect by the double stranded nature of pCpGfree, as well as of the active 

ligands, applied with SWE06 and Cationorm®, respectively (Hart et al., 1989, Mantile et 

al., 2011).  

3.5 NLR-2 dependent synergistic enhancement of TNF-α release 

NLR-2 activation was inhibited to show its influence during co-stimulation with TLR-9 

ligand on the synergistic enhancement of immune responses. Cells incubated with 

pDNA and MDP were treated with or without RIP-2 tyrosin kinase inhibitor gefitinib, to 

study NOD2 synergy with pDNA. The mechanism of the cross-talk between the 

pathways for PRRs is not yet fully understood, but it has been shown that there are 
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functional links between protein RIP2 and both pathways of TLR and NLR (Chin 2002, 

Kobayashi 2002). If synergistic enhancement is dependent on interaction between 

RIP2, activated by NOD2, and MyD88 of the TLR pathway, then inhibition of RIP2 

kinase may serve to correct the excessive activation seen with combination of pDNA + 

MDP (Tigno-Aranjuez et al., 2010). Indeed, RIP2 blocking led to significant reduction of 

cytokine release, showing reduced cytokine release for ligands applied in solution 

(p < 0.05), for TMC nanoparticle-conjugates (p < 0.01) and for ligands applied with 

SWE06 (p < 0.001) and Cationorm® (p < 0.01) nanoemulsions, respectively, compared 

to untreated cells (Figure 6). The diminished macrophage activation, was shown to be 

similar to that induced by pDNA alone or pDNA applied with the nanocarriers without 

MDP. 

 

Figure 6. TNF-α release from RAW264.7 murine macrophages treated with or without 

RIP2 tyrosine kinase blocker gefitinib. Stimulants were pDNA and MDP in combination, 

applied either in solution or with TMC nanoparticles, SWE06, or Cationorm®, 

respectively. Significantly reduced activity by RIP2 tyrosine kinase blocking compared 

to unblocked NLR-2 pathway are indicated with *(p < 0.05), **(p < 0.01), and *** (p < 

0.001).  
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4. Conclusion 

In the present study, we compared cationic polymeric TMC nanoparticles with the 

cationic oil-in-water nanoemulsions SWE06 and Cationorm®, with regards to their 

ability to increase immune responses to pDNA in vitro and in vivo. Among the three 

nanoformulations evaluated, TMC nanoparticles were identified as the most successful 

carrier for DNA vaccines, by not only having increased immunogenicity of pDNA in vivo 

and in vitro, but also by having directed the outcome to cell-mediated immune 

responses. In mechanistic in vitro studies it was demonstrated that immune responses 

to pDNA can be substantially increased by MDP, showing significantly increased pro-

inflammatory cytokine release in a synergistic manner. pDNA loaded TMC 

nanoparticles were shown to be promising candidates for further vaccine development 

to be investigated in future in vivo studies for immunopotentiating effects by 

simultaneous targeting of TLR-9 and NLR-2 with MDP.   
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Abstract 

The influence of DNA vaccine formulations on immune responses in combination with 

adjuvants was investigated with the aim to increase cell-mediated immunity against 

plasmid DNA (pDNA) as a model tuberculosis vaccine, encoding Mycobacterium 

tuberculosis antigen 85A. To accomplish this goal the historical empirical approach to 

formulation development in vivo was sought to be extended with a systematic approach 

of detailed physicochemical and biophysical characterization of DNA nanoparticle 

formulations. Different ratios of pDNA with cationic trimethyl chitosan (TMC) 

nanoparticles were characterized for their morphology and physicochemical 

characteristics (size, zeta potential, loading efficiency and pDNA release profile) 

applied in vitro for cellular uptake studies and in vivo, to determine dose-dependent 

effects of pDNA on immune responses. Finally, a selected pDNA/TMC nanoparticle 

formulation was optimized by incorporation of muramyl dipeptide as an 

immunostimulatory agent. Cellular uptake investigations in vitro showed saturation to a 

maximum level upon increase in pDNA/TMC nanoparticle ratios, correlating with 

increasing Th1 related antibody responses up to a definite pDNA dose applied. 

Moreover, TMC nanoparticles induced clear polarization towards a Th1 response, 

indicated by IgG2c/IgG1 ratios above unity and enhanced numbers of antigen-specific 

IFN-γ producing T-cells in the spleen. Remarkably, the incorporation of MDP in TMC 

nanoparticles provoked a significant additional increase in T-cell mediated responses 

induced by pDNA. In conclusion, pDNA loaded TMC nanoparticles are capable of 

provoking strong Th1 type cellular and humoral immune responses, with the potential 

to be further optimized by incorporation of MDP. 
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1. Introduction 

Tuberculosis was declared a ‘‘global health emergency’’ by the World Health 

Organization in 1993, and continues to be a leading cause of deaths worldwide with 

nearly 1.5 million lethal cases per year (WHO, 2014). Prevalence of tuberculosis 

infections is the highest in developing countries, where the concomitant HIV infections 

as well as malnutrition lead to immunodepression and therefore poor efficacy of 

bacillus Calmette–Guérin (BCG), the only vaccine currently licensed against 

tuberculosis (Russell, 2007). BCG has several limitations, including a variable efficacy 

in different populations and a lack of protection against pulmonary tuberculosis in 

adults. Also, BCG-induced protection wanes with time and BCG boosters have not 

been found to be effective, nor considered to be safe in immunocompromised patients, 

as it is a live vaccine (Andersen and Kaufmann, 2014). Moreover, exposure to non-

tuberculous environmental mycobacteria can cause antagonistic influence on BCG 

vaccination and exposure to parasitic infections lead to Th2 dominance in humans, 

which diminishes protective cellular responses and facilitates Mycobacterium 

tuberculosis (Mtb) evasion from the immune system (Bentwich et al., 1999, Brandt et 

al., 2002). It is anticipated that all these problems might be overcome by developing 

more effective, safe, and reliable vaccines that are not dependent on mycobacterial 

replication. 

The acquisition of protective immunity during latent tuberculosis in healthy individuals, 

as well as by BCG vaccination, mainly depends on the induction of IFN-γ-producing 

type 1 T helper (Th1) cells. Activation of potent Th1 responses have been shown to 

prevent Mtb infection and reactivation and is used as a strategy for developing an 

effective vaccine against tuberculosis (Hoft et al., 1999, Lindblad et al., 1997, Tameris 

et al., 2014). DNA vaccines offer an interesting approach to replace BCG. In situ 

expression of antigenic proteins encoded by plasmid DNA (pDNA) induce specific 

immune responses against the pathogen, without the risk of reversion into virulence 

associated with live-attenuated vaccines (Ingolotti et al., 2010). Moreover, DNA 
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vaccines have the ability to induce both, humoral and cellular immune responses, 

including cytotoxic T-cell responses, which is crucial to prevent reactivation of latent 

tuberculosis infection and to mediate elimination of intracellular Mtb (Kutzler and 

Weiner, 2008). 

Antigen Ag85A is among the major Mtb secretory proteins and display key 

immunoprotective activities against tuberculosis infection (Yuk and Jo, 2014). DNA 

encoding Ag85A is among the most investigated DNA vaccines against Mtb and 

demonstrated promise due to its ability to stimulate strong humoral and cell-mediated 

immune responses, as well as protective effects in mice (Huygen et al., 1996). 

However, it has been found that biodistribution and cellular uptake present significant 

limitations to DNA vaccine potency and the amount of actual protein synthesized 

(Dupuis et al., 2000). Therefore current research on DNA vaccines is focused on the 

use of appropriate adjuvants as delivery vectors. Furthermore, immunostimulatory 

adjuvants can enhance immune responses against the encoded antigen and modulate 

the outcome towards a Th1 bias and CD4+ T-cells activation (Kim et al., 1999). 

Nanoparticles composed of cationic polymers like trimethyl chitosan (TMC), a chitosan 

derivative characterized by its permanent positive charges, can be loaded with pDNA 

by electrostatic interactions (Amidi et al., 2006, Thanou et al., 1999). TMC 

nanoparticles have previously been shown to promote enhanced cellular uptake of 

nucleic acids and model antigens, as well as to induce dendritic cell maturation, which 

makes them an interesting adjuvant system for DNA vaccines (Slütter et al., 2009, 

Thanou et al., 2002). 

Immune responses can be modulated by activation of pattern recognition receptors of 

the innate immune system, such as Toll-like receptors (TLR) and NOD-like receptors. 

pDNA naturally contains unmethylated CpG islets for TLR-9 targeting that activate 

proinflammatory cytokine release upon receptor binding. Muramyl dipeptide (MDP), a 

ligand of NOD-like receptor 2 (NOD2), has been shown to enhance Th1 responses 

against leishmania, AIDS/HIV, and malaria in different animal models (Bomford et al., 
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1992, Lemesre et al., 2007, Pye et al., 1997). Co-delivery of pDNA with MDP by TMC 

nanoparticle transport, allows simultaneous targeting of immune cells in order to 

potentiate Th1 immune responses in a synergistic fashion (Abbott et al., 2007, Higgins 

and Mills, 2010).  

The aim of the present work is to investigate the influence of formulating a DNA 

vaccine with polymeric nanoparticles on its immune responses. pDNA was adsorbed at 

the outer surface of cationic TMC nanoparticles and the impact on cell-mediated 

immune activation of different pDNA/TMC nanoparticle ratios was investigated. In this 

approach, DNA vaccine investigations were initiated with physicochemical 

characterization to better understand the adjuvant mechanism of TMC nanoparticles 

towards pDNA delivery, followed up by in vitro uptake studies, with the goal to explore 

the correlation of the results to the outcome of in vivo immunization studies. Finally, we 

aimed to optimize a selected pDNA/TMC nanoparticle formulation by co-delivery of 

MDP to further enhance cell-mediated immune responses in mice. 

 

2. Materials and methods 

2.1 Materials 

N-trimethyl chitosan with a degree of quaternisation of 20% was synthesized from 

chitosan (ChitoClear cg10; Primex, Siglufjordur, IC). The methodology for the synthesis 

was adapted from Heuking et al., employing a one-step reductive methylation with 

methyl iodide for 70 minutes at 60 °C, in the presence of sodium hydroxide (Heuking et 

al., 2009). Chondroitin sulfate and bovine serum albumin (BSA, endotoxin <0.1 ng/mg) 

were obtained from Sigma-Aldrich (Buchs, CH); UltraPure DNase/RNase free distilled 

water and OptiMEM reduced serum medium were purchased from Life Technologies 

(Zug, CH); Muramyl dipeptide (MDP, Invivogen) and LabelIT Cy5 Nucleic Acid Labeling 

Kit (Mirus Bio LLC) were obtained from Labforce (Muttenz, CH), and paraformaldehyde 

(Alfa Aesar, Ward Hill, USA), Triton X-100, phalloidin conjugated to Alexa 488 (Lonza, 
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Basel, CH), 4′,6-diamidino-2-phenylindole (DAPI; AppliChem, Axon Lab AG, Baden, 

CH) used for cell staining. pDNA encoding for the Ag85A antigenic epitope of Mtb 

(V1Jns.tPA-85A, 5853bp) was a kind gift from Institut Pasteur (Brussels, BE) and was 

amplified using the Endofree Qiagen plasmid Giga kit (Hombrechtikon, CH). A549 cells 

(American Type Culture Collection, Rockville, MD), a cell line derived from human 

carcinoma, were cultured in Ham’s F12 medium with 10% FCS, both from PAN Biotech 

GmbH (Aidenbach, DE), and 1 % Penicillin/Streptomycin (PS; Life Technologies). 

Mouse spleen cells were cultured in DMEM (Gibco), containing 10% fetal calf serum 

(FCS, Gibco), 1% PS, all obtained from Life Technologies, and 0.01% β-

Mercaptoethanol and 2mM Glutamine, both from Sigma-Aldrich. Recombinant Ag85A 

protein (rAg85A) was obtained through BEI Resources, National Institute of Allergy and 

Infectious Diseases (NIAID), National Institute of Health (NIH), Bethesda, MD, USA.  

2.2 Nanoparticle preparation 

Nanoparticles were formed according to the procedure described by Hansson et al. 

with some modifications (Hansson et al., 2012). Briefly, TMC and chondroitin sulfate 

were dissolved separately in water with 5 mg/ml TMC and 1 mg/ml chondroitin sulfate 

and equal volumes of the two polymer solutions were mixed. The intermolecular 

linkages created between the positively charged amino groups of TMC and the 

negatively charged sulfate and carboxylate groups of chondroitin sulfate are 

responsible for the success of the nanoparticle formation process. The resulting 

nanoparticle dispersion were diluted 1:10 in phosphate buffered saline (PBS). 

According to Endosafe® Test Record nanoparticle suspensions showed an endotoxin 

level < 1 EU/ml. In case of MDP containing nanoparticle formulations in the in vivo 

immunogenicity studies, 10 µg of the dipeptide per injection volume (50 µl) was added 

to the TMC solution before particle formation. If not stated otherwise, pDNA/TMC 

nanocomplexes were prepared according to the following procedure: pDNA in PBS, at 

four different concentrations, was added to the diluted nanoparticle suspension (15 µg 

TMC nanoparticles per 50 µl) while shaking, at concentrations of 1 µg, 10 µg, 50 µg, 
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and 100 µg per 50 µl, yielding pDNA to TMC nanoparticle weight ratios of 0.07 

(pDNA/TMC-NPs-0.07), 0.7 (pDNA/TMC-NPs-0.7), 3 (pDNA/TMC-NPs-3), and 7 

(pDNA/TMC-NPs-7), respectively. The formed nanocomplexes with adsorbed pDNA 

were kept at room temperature for a maximum of 1 hour prior to experimental use. 

2.3 Nanoparticle characterization 

2.3.1 Size and zeta potential 

Particle size distribution was determined by means of dynamic light scattering (DLS) 

using a Malvern ZetaSizer Nano ZS (Malvern Instruments, Worcestershire, UK). The 

zeta potential (ζ) of the particles was measured by electrophoresis and laser Doppler 

velocimetry using the same equipment. Before the measurement samples were diluted 

at a ratio of 1:10 in 1mM sodium chloride.  

2.3.2 Loading efficiency 

The loading capacity of pDNA in different concentrations on a fixed amount of TMC 

nanoparticles was quantified by separation of the nanoparticles from unloaded pDNA 

using centrifugal ultrafiltration devices (Vivaspin, Sartorius, Göttingen, DE). Samples 

were centrifuged through 300 kDa polyethersulfone (PES) membranes at 3220 x g for 

20 min and non-adsorbed pDNA in the filtrate was determined by measuring the 

absorption at a wavelength of 260 nm with a ND-1000 NanoDrop spectrophotometer 

(Thermo Scientific, France). Loading efficiency was expressed in percentage as the 

amount of adsorbed pDNA compared to the amount of pDNA initially used to form the 

nanocomplexes.  

2.3.3 Scanning electron microscopy 

To examine the surface characteristics of nanoparticles the particles were washed 3 

times with filtered water by centrifugation at 14000 x g for 15 min before pDNA 

adsorption. pDNA/TMC nanoparticles were diluted 1:100 in water, placed on a grid 

(Ted Pella Inc., Redding, CA, USA), dried under vacuum and sputter coated with a 10 
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nm gold layer. Images were viewed with a scanning electron microscope (SEM; Jeol 

JSM-7001FA, Tokyo, JP) at 5 kV and 10 mm working distance. 

2.3.4 pDNA release profile 

Nanoparticles with a pDNA/TMC nanoparticle ratio of 0.7, representing 100% pDNA 

adsorbed at the surface, were either diluted 1:10 in PBS (pH 7.4) or in 0.1 M phosphate 

buffer solution (pH 4.5) and stored in several aliquots at 37 °C at 80 rpm in a shaking 

incubator (GFL, Burgwedel, DE). At different time points after 1 h, 2 h, 3 h, 6 h, 8 h, 12 

h and 24 h, the dispersions were placed in Vivaspin 300 kDa PES membrane tubes 

and centrifuged for 20 min at 3220 x g. Released pDNA was measured 

spectrophotometrically in the filtrate at 260 nm. The absorption values for the filtrate of 

plain nanoparticles were used as a blank and centrifugation of pDNA alone served as a 

positive control for 100% release. pDNA release was calculated using Equation 1. 

Eq. 1 pDNA release [%]= (ODpDNA-NPs-ODblank )
ODpDNA

 ×100 

2.4 Nanoparticle uptake in vitro 

Cellular uptake of pDNA, covalently labeled with Cy5 (pDNA-Cy5), was imaged with an 

automated fluorescence microscope (ImageXpress Micro XL, Molecular Devices). 

A549 cells (105 cells/ ml) were seeded in a 96-well clear-bottom black BD Falcon plate 

(Becton Dickinson, Allschwil, Switzerland) with 100 µl per well and cultured at 37 °C 

and 5 % CO2 for 24h. Culture medium was replaced by PBS containing either pDNA, 

pDNA applied with Lipofectamine2000 3:1 (v/w), or the pDNA/TMC nanoparticle 

formulations. Exclusively in this study, pDNA was applied in the same concentration in 

all wells, to allow comparability of uptake abilities between pDNA alone and the 

pDNA/TMC nanoparticle formulations of different ratios, meaning different pDNA 

densities on nanoparticle surfaces. Therefore 2 µg of pDNA-Cy5 in PBS was added to 

varying concentrations of TMC nanoparticles while shaking, yielding pDNA to TMC 

nanoparticle weight ratios of 0.07 (pDNA-Cy5/TMC-NPs-0.07), 0.7 (pDNA-Cy5/TMC-
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NPs-0.7), 3 (pDNA-Cy5/TMC-NPs-3), and 7 (pDNA-Cy5/TMC-NPs-7). All samples, 

studied in triplicates in two separate experiments, were incubated with cells for 2h 

followed by extensive washing (5 times with PBS) to remove material that remained at 

the external side of the cell membranes. The cells were fixed with 4% 

paraformaldehyde, permeabilized with 0.1% Triton X-100 for 3 min, re-incubated with 

1% BSA for 20 min, before being stained with 6.6 μM phalloidin conjugated to Alexa 

488 and 1 µg/ml DAPI for 15 minutes, respectively. Acquisition setup and image 

analysis was performed with MetaXpress software. Nine positions in the center of each 

96-well sample were collected, and the data were averaged across three biological 

replicates. Following imaging analysis with MetaXpress software, data were evaluated 

by multiwavelength scoring to calculate the percentage of Cy5 positive cells for each 

site within a well using Equation 2. 

Eq. 2 Cells with pDNA-Cy5 uptake [%] = Number of Cy5 positive cells
Number of nuclei count

×100 

To evaluate the effect of the pDNA/TMC nanoparticle formulations on cell viability and 

survival of A549 cells during the uptake experiment the XTT cell proliferation method 

was applied (Roche, Switzerland). Cells were seeded in a 24-well plate (Costar, 

Corning, Amsterdam, NL) at a concentration of 105 cells per ml the day prior to the 

experiment ensuring non-confluent state, so healthy cells can proliferate and false-

positive results are excluded. The pDNA/TMC nanoparticle formulations were prepared 

as described above in the in vitro uptake experiment, with a fixed amount of unlabeled 

pDNA to obtain pDNA/TMC nanoparticle ratios of 0.07, 0.7, 3, and 7. Samples were 

diluted with culture medium and distributed on cells (0.5 ml per well) for 24 h, before 

replacing the medium with XTT-reagent. The absorbance was measured at 490 nm 

after 5 h using a Tecan plate reader (Tecan Group Ltd., Männedorf, Switzerland). Cell 

viability was expressed as a percentage relative to the control with medium alone.  
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2.5 Immunogenicity studies 

2.5.1 Immunization with pDNA loaded nanoparticles 

All animal studies were approved by the cantonal veterinary authority of Geneva, 

Switzerland (SCAV; authorization number 2475). Female C57BL/6 mice (Harlan, 

Itingen, Switzerland), 8 weeks old at the beginning of the experiment, were vaccinated 

3 times by i.m. injection (50 µl) in the thigh muscle, on days 0, 21, and 42. To study the 

influence of pDNA dose on the outcome of immune responses, mice (n=5) received 

increasing concentrations of pDNA adsorbed to a constant concentration of 

nanoparticles to obtain pDNA/TMC nanoparticle formulations of the ratios 0.07, 0.7, 3, 

and 7. In a follow-up experiment, each group of mice (n=8) received pDNA/TMC-NPs-

0.7, or pDNA/TMC-NPs-0.7 with 10 µg MDP per injection as an additional adjuvant. In 

each experiment groups of mice were also vaccinated with pDNA alone in equivalent 

concentrations as in the TMC nanoparticle formulations, and PBS, respectively, as 

controls. Blood samples were collected through terminal cardiac puncture one week 

after the last injection. Sera, isolated by centrifugation, were stored at -20 °C before 

analysis. After sacrificing the animals, spleens were collected and immediately 

prepared for immunological assays.  

2.5.2 Antibody ELISA 

Maxisorp Nunc-immunoplates (Nunc, Roskilde, Denmark) were coated with 1 µg/ml 

rAg85A in PBS overnight at 4 °C. To reduce unspecific binding, wells were blocked with 

1 % BSA (w/v) in PBS for 2 h at room temperature (RT). After extensive washing with 

PBS serial dilutions of serum ranging from 100 to 2.2x105 were applied in duplicates. 

After incubation for 1 h at RT and extensive washing, Ag85A specific antibodies were 

detected using goat anti-mouse total IgG, IgG1, or IgG2c conjugated to horseradish 

peroxidase (Southern Biotech, Birmingham, AL, USA) for 1h at ambient temperature 

and by developing plates with TMB substrate (3,3’,5,5’-Tetramethylbenzidine substrate; 

Becton Dickinson, USA) for 5 min in the dark. reactions were stopped by adding an 
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equal volume of 1N sulfuric acid and the optical density (OD) was measured at 450 nm 

using an iMARK microplate absorbance reader (Bio-Rad Laboratories, Hercules, CA, 

USA). IgG2c/IgG1 ratios above unity, calculated from serum antibody titers, were 

associated with Th1 related immune response profiles.  

2.5.3 IFN-γ ELISPOT 

MultiScreen HTS-HA filter plates (Merck Millipore, Saint Quentin en Yvelines, France) 

were coated overnight at 4 °C with anti-mouse IFN-γ antibody (BD Pharmingen, Basel, 

Switzerland), carefully washed five times with PBS and blocked for 2 h at 37 °C with 

DMEM medium containing 10% FCS. Single cell suspensions were prepared by 

passing the freshly isolated spleens through 100 µm cell strainers and by treating the 

cells with ammonium chloride 0.84% for 1.5 min to lyse red blood cells. Splenocytes 

were plated in duplicates at 106 cells, 5x105 cells, and 2.5x105 cells per well and 

stimulated with 5 µg/ml rAg85A, 5 µg/ml ConA, or media for 72 h at 37 °C. The plates 

were then washed with 0.05% PBS-Tween20 and incubated for 2 h at RT with 

biotinylated anti-mouse IFN-γ antibody (BD Pharmingen) diluted 1:100 in 0.05% PBS-

Tween20 1% BSA. After washing the plates, streptavidin-alkaline phosphatase (Roche, 

Basel, Switzerland) was added to each well at 1 U/ml and incubated for 2 h at RT, 

washed, and filters developed using bromo-chloro-indolyl-phosphate/nitro blue 

tetrazolium ready-to-use (Sigma-Aldrich) until spots appeared. The reaction was 

stopped by washing the plates with deionized water. Plates were dried in the dark for 

several days and spots were counted on an automated ELISPOT reader (Bioreader 

2000; BioSys GmbH, Karben, Germany). Results were expressed as the number of 

IFN γ-secreting cells (spots forming cells; SFC) per million cells, taking the cell dilution 

factor into consideration. 

2.5 Statistical methods 

Antibody titers were logarithmically transformed before statistical analysis. All data 

were analyzed by a two-tailed Mann-Whitney test to demonstrate significant differences 
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between the experimental groups. The statistical analysis was carried out using Prism 

(Graphpad) and p values lower than 0.05 were considered to be significant.  

 

3. Results and Discussion 

3.1 Particle characterization 

Hydrodynamic diameters, PDI values and zeta potential were assessed for the 

pDNA/TMC nanoparticle formulations prepared in PBS as applied in our in vivo 

immunogenicity study and in vitro cellular-uptake experiments, respectively, to ensure 

comparability of the results for both preparation methods. Data are consistent between 

the preparation with constant TMC nanoparticles and varying pDNA concentrations and 

the preparation with fixed pDNA concentration and variable amounts of TMC 

nanoparticles (Table 1) Other than the final amount of each component used in the 

formulation composition, no differences in physicochemical characteristics of the final 

product of pDNA/TMC nanoparticle formulations were observed. Hence, this allows us 

to draw correlations between in vitro uptake and in vivo immunogenicity studies. 

Particle size measurements in PBS of unloaded TMC nanoparticles revealed 

hydrodynamic diameters of 527 nm, a PDI of 0.3, and zeta potentials of 10 mV. Upon 

pDNA adsorption, nanoparticles with pDNA/TMC nanoparticle ratios of 0.07 

represented a size increase to approximately 700 nm, with stable polydispersity index 

(PDI) values of 0.3. However, surface charge dropped to near neutral values, indicative 

for charge neutralization through electrostatic interaction of pDNA with the cationic 

nanoparticles. Formulation of pDNA/TMC-NPs-0.7 led to size contraction (406 - 436 

nm) and zeta potential values below zero, of around -24 mV. By having further 

increased pDNA concentrations, forming pDNA/TMC-NPs-3, particle diameters 

remained at 401 nm to 485 nm, whereas surface charges decreased again to 

approximately -30 mV. For nanoparticles with the highest pDNA/TMC nanoparticle ratio 

(ratio of 7) higher hydrodynamic diameters were observed (519 – 652 nm), however, 

the zeta potential remained in a range between -22 and -36 mV. Different doses of  
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pDNA in the TMC nanoparticle formulation presumably lead to variable packing 

densities of pDNA at the surface of the nanoparticles. The zeta potential of the particles 

with the lowest pDNA concentration was neutral, whereas all the other pDNA/TMC 

nanoparticle formulations showed a negative zeta potential. Uptake and 

immunostimulating mechanisms of particle based vaccines may be related to mimic 

pathogens by their size, surface display of antigens and adjuvant activity of the 

bacterial components in the particle formulations. The pDNA/TMC nanoparticles 

formulated in this study were of a size range between 400 and 700 nm. Particles used 

in vaccine formulations offering comparable size to pathogens are recognized during 

evolution by the immune system (< 5 um) and consequently represent a favorable 

dimension for cellular uptake and promotion of immune responses (Poecheim and 

Borchard, 2015). 100 % adsorption of pDNA at nanoparticles’ surfaces was observed 

for pDNA/TMC-NPS-0.07 and pDNA/TMC-NPS-0.7 (Table 1).  

 

Table 1. Particle Size (Z-av), Polydispersity Index (PDI), Zeta Potential (ζ) and Loading 

Efficiency (LE) of TMC nanoparticles (NPs) with or without (n=3). pDNA/TMC-NPs were 

either prepared with constant TMC nanoparticles and varying pDNA concentrations or 

with fixed pDNA concentration and variable amounts of TMC nanoparticles. 

 Fixed TMC-NP concentration Fixed pDNA concentration  

Z-av (nm) PDI ζ (mV) Z-av (nm) PDI ζ (mV) 

TMC-NPs unloaded 527 ± 17 0.3 10 ± 1    

pDNA/TMC-NPs-0.07 684 ± 107 0.3 2 ± 0.4 712 ± 58 0.3 1 ± 1 

pDNA/TMC-0.7 406 ± 3 0.3 -24 ± 2 436 ± 14 0.3 -23 ± 3 

pDNA/TMC-3 485 ± 8 0.4 -28 ± 2 401 ± 20 0.3 -30 ± 3 

pDNA/TMC-7 652 ± 26 0.4 -36 ± 1 519 ± 8 0.4 -22 ± 4 

 

While increasing the pDNA/TMC-NPs ratio induced lower adsorption rate within 

pDNA/TMC-NPS-3 and pDNA/TMC-NPS-7 only 31 % and 15 % pDNA, respectively, of 

the initially added pDNA was adsorbed. By extrapolating the quantity of pDNA from 
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these percentages it can be assumed that maximally 15 µg of pDNA is strongly 

adsorbed on these nanoparticles. Surplus pDNA may be easily dissociated due to 

repulsion as a consequence of higher pDNA densities on the nanoparticle surfaces, or 

may partly stay in suspension. 

Unloaded nanoparticles were of spherical shape, as seen by SEM imaging (Figure 1A). 

pDNA/TMC-NPs-0.07 formulations appeared to form clusters of single spherical 

particles (Figure 1B). Higher pDNA concentrations in the ternary polyplexes (ratios from 

0.7 to 7), led to deformation of the formerly spherical particles as seen in Figure 1C-1E 

(Wang et al., 2012).  

 

Figure 1. Scanning electron microscopy images of plain TMC nanoparticles (TMC-

NPs) (A), pDNA/TMC-NPs-0.07 (B), pDNA/TMC-NPs-0.7 (C), pDNA/TMC-NPs-3 (D) 

and pDNA/TMC-NPs-7 (E), prepared in deionized water and dried and dried under 

vacuum. The scale bars represent 500 nm. 

3.2 Kinetics of pDNA release 

The in vitro release studies demonstrated highly pH dependent release of pDNA from 

TMC nanoparticles. Significantly faster DNA release was observed at acidic pH of 4.5 

compared to physiological pH. The kinetics of pDNA release from TMC nanoparticles 

showed an initial burst release within 1h at pH 4.5 (lysosomal pH) with 80% release, 

followed by 88% after 12 h and 100% release after 24h (Figure 2). On the contrary, at 

physiological pH, pDNA/TMC nanoparticles remained stable for 8 hours with only 14% 

pDNA release and dissociated slowly with only 50% pDNA being released after 24h. 

These pH sensitive pDNA/TMC nanoparticle complexes are particularly appealing for 

targeted intracellular release. While maintaining their electrostatically conjugated 
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structure in the physiological environment after injection, to efficiently transfer pDNA 

into the host cell, pDNA can be liberated from the nanoparticles inside lysosomes at pH 

4 to 5 after endocytosis to allow entrance into the nucleus for gene transcription. 

 

Figure 2. Release profiles of pDNA (10 µg) from pDNA/TMC-NPs-0.7 at pH 4.5 (▲) 

and pH 7.4 (□) at 37 °C for 24 h, calculated in percent in relation to 100 % pDNA in 

solution (dotted line). All measurement points are expressed as means for a minimum 

of 3 measurements ± SEM. 

3.3 In vitro evaluation of cytotoxicity and cellular uptake 

The formulations for in vitro uptake were prepared with fixed pDNA-Cy5 quantities and 

decreasing concentrations of TMC nanoparticles, in order to obtain the same ratios of 

labeled pDNA in relation to TMC nanoparticles as in our in vivo experiments, rising 

from 0.07, 0.7, 3 to 7. This was necessary, to allow comparability and quantification of 

pDNA-Cy5 uptake for the different formulations applied. It was found that the level of 

uptake was the highest for pDNA-Cy5/TMC-NPs-3 and pDNA-Cy5/TMC-NPs-7 (Figure 

3 A-F and a-f). As presented in Figure 4, 87% Cy5 positive cells were detected after 

incubation with pDNA-Cy5/TMC-NPs-7 and 83% with pDNA-Cy5/TMC-NPs-3. Cellular 

uptake of pDNA-Cy5/TMC-NPs-0.7 was notably reduced to 45% and for 
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pDNA-Cy5/TMC-NPs-0.07 only 1% of Cy5 positive cells were found. No pDNA-Cy5 

uptake was observed for pDNA-Cy5 in the absence of nanoparticle delivery. 

The TMC nanoparticle concentration varied and was the highest for 

pDNA/TMC-NPs-0.07, however, DNA uptake was shown to be the lowest for this 

formulation. pDNA-Cy5/TMC-NPs-0.07 display neutral surface charges and 

consequently seem to resist interaction with cells showing minimal internalization. It is 

well-known that cationic particles interact with negatively charged cell membranes and 

are very efficient in cell-membrane penetration. Yet we could show that despite their 

negative surface coating pDNA-Cy5/TMC nanoparticles of ratios 0.7, 3, and 7 were 

readily taken up by cells and there has been evidence of uptake of negatively charged 

particles as reported by others (Limbach et al., 2005, Patil et al., 2007). Giljohann et al. 

quantified cellular uptake of oligonucleotide loaded nanoparticles, having observed that 

higher densities of DNA on the surface lead to greater uptake, which is in accordance 

with our studies (Giljohann et al., 2007). Their investigations revealed that the 

nanoparticles adsorbed serum proteins on the surface through electrostatic and 

hydrophobic interactions. The amount of proteins increased with the amount of 

oligonucleotides on the particle surface and their uptake into cells might be due to the 

amount and nature of the proteins that are bound to the DNA strands. These 

investigations let us assume that the amount of pDNA present on the nanoparticle 

surface might influence uptake of our pDNA-Cy5/TMC nanoparticle formulations, rather 

than the quantity of nanoparticles. Cell viability for the same preparations of 

pDNA/TMC nanoparticle formulations using unlabeled pDNA was shown to be above 

80% and the particles were therefore considered to be safe to be used in successive in 

vivo studies (Figure 4).  

3.4 In vivo investigations of pDNA/TMC nanoparticles 

To study the influence of pDNA dose on the outcome of immune responses, mice 

received increasing concentrations of pDNA (1 µg, 10 µg, 50 µg and 100 µg) adsorbed 

to a constant concentration of nanoparticles to obtain pDNA/TMC nanoparticle 
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Figure 3. Representative widefield high content microscopy images of A549 cells, 

incubated for 2 h with formulations of pDNA-Cy5 alone (A), pDNA-Cy5/TMC-NPs-0.07 

(B), pDNA-Cy5/TMC-NPs-0.7 (C), pDNA-Cy5/TMC-NPs-3 (D), pDNA-Cy5/TMC-NPs-7 

(E), pDNA-Cy5-Lipofectamine2000 (F) and were taken at 20x magnification and the 

scale bar represents 500 µm. Identical images (a-f) of images A-F are presented to 

visually distinguish pDNA-Cy5 within cells, marked by the cytoskeleton (phalloidin-

Alexa488; green) around nuclei, from pDNA-Cy5 not taken up by cells.  
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Figure 4. Cellular uptake was calculated for each well by having set Cy5 positive cells 

(red) in relations to the number of nuclei (DAPI; blue). The formulations with unlabeled 

pDNA were shown to maintain cell viability >80% after 24 h in relation to cells cultured 

in media (XTT assay).  

formulations of the ratios 0.07, 0.7, 3, and 7. As shown in Figure 5, IgG2c/IgG1 ratios of 

the lowest dose of pDNA applied were below unity, indicating Th2 bias induced by 

pDNA alone that was altered by TMC nanoparticles (pDNA/TMC-NPs-0.07) to mixed 

Th1/Th2 responses, seen in increase of IgG2c titers and decrease of IgG1 titers 

(Figure 6). With higher pDNA/TMC nanoparticle ratios (ratios of 0.7, 3, and 7), which 

implies higher pDNA content adsorbed to TMC nanoparticles, a clear shift to Th1 type 

immune responses could be provoked. An increase of Th1 biased immune responses 

dependent on increase of pDNA/TMC nanoparticle ratios was observed with a 

maximum effect for pDNA/TMC-NPs-3. Interestingly, when having further increased 

pDNA concentrations and hence having further increased the ratio of pDNA to TMC 

nanoparticles to 7, the Th1 biased immune responses unanticipatedly waned. 

According to the loading efficiency studies described above, 15 µg of pDNA is the 

maximum amount strongly bound to the nanoparticles. pDNA/TMC-NPs-3 with 50 µg 
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pDNA and pDNA/TMC-NPs-7 with 100 µg pDNA per injection dose, contain excess 

amounts of pDNA that is either loosely bound (conceivably in pDNA/TMC-NPs-3) or 

remains as free unbound pDNA in suspension (pDNA/TMC-NPs-7).  

 

Figure 5. Influence of different pDNA doses on Th1 and Th2 polarization, either alone 

or adsorbed to TMC nanoparticles. Mice were immunized three times at 3-week 

intervals and sera were analyzed by ELISA at week 7. Bars represent mean n=5 ± 

SEM. Ratios of IgG2c and IgG1 antibodies specific to Ag85A were determined and 

values higher than 1 (dotted line) characterize Th1 biased immune responses.  

Looking closer at the serum IgG antibody subclasses, free pDNA in all concentrations 

generally induced high titers of Th2 related IgG1 antibodies (Figure 6). The non-

adsorbed pDNA may provoke induction of humoral immunity, and suppress IgG2c 

formation associated with cell-mediated Th1 responses. The high IgG1 titers, as well as 

high total IgG levels detected in mice immunized with naked pDNA may be caused by 

the presence of DNA that remains at the outside of cells after i.m. injection. It has been 

suggested that the presence of extracellular host DNA, released from necrotic cells 

exposed to alum, acts as a damage-associated molecular pattern and is linked to alum 

adjuvant activity, inducing a Th2-bias of the subsequent adaptive response (Marichal et 
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al., 2011). Extracellular DNA represents a condition not to be found in healthy subjects 

and thus may stimulate the immune system offering a “danger signal” and strongly 

boost the response in a similar way as proposed for alum adjuvant activity. TMC 

nanoparticles evidently changed the impact of pDNA on serum IgG antibody responses 

towards Th1 related immunity. This might be partly caused by the nanoparticles 

themselves, as chitosan and trimethyl chitosan particles reportedly provoke dendritic 

cell maturation and proinflammatory cytokine production by phagocytosis-dependent 

mechanisms (Babensee, 2008, Bal et al., 2010). Furthermore, higher quantities of 

ingested pDNA due to TMC nanoparticle delivery may lead to stronger intracellular 

stimulation of endosomal TLR9 via unmethylated CpG sequences found in pDNA as 

well as cytosolic TANK-binding kinase-1 activation by the double stranded B-form of 

pDNA. Both incitements activate NF-κB to promote proinflammatory gene transcription 

and thus Th1 cell differentiation (Cui and Mumper, 2003).  

 

Figure 6. Anti-Ag85A antibody responses (IgG, IgG1, IgG2c) in mice vaccinated with 

different pDNA doses, applied either alone or adsorbed to TMC nanoparticles. Mice 

(n=5) were immunized intramuscularly three times at 3-week intervals and sera were 

analyzed by ELISA at week 7.  
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3.5 Impact of MDP on pDNA/TMC-NPs-0.7 formulation 

The formulation with the lowest ratio (pDNA/TMC-NPs-0.7) capable to polarize immune 

responses to a Th1 bias, as shown in Figure 5, was chosen to investigate the impact of 

MDP on enhancing cell-mediated immune responses. 10 µg of MDP per dose was 

applied such that it was administered at a weight ratio to pDNA of 1:1 per formulation. 

This complies with previously published MDP dosages in adjuvant combination studies 

already tested in vivo (Cheng et al., 2011, Moschos et al., 2005). 

pDNA was adsorbed onto TMC particles (pDNA/TMC-NPs-0.7) or applied with MDP 

containing TMC particles (pDNA/TMC-NPs-0.7 + MDP). An immunopotentiating effect 

in vivo was sought to be investigated, as we have reported on synergistic enhancement 

of proinflammatory cytokine release in vitro by co-delivery of pDNA with MDP  

(Poecheim et al., submitted). These previous in vitro investigations didn’t show 

macrophage activation with only MDP (Poecheim et al., submitted), therefore we 

excluded this group from the animal experiments. As shown in Figure 7A significantly 

lower Ag85A-specific total IgG antibody production was detected following vaccination 

with both adjuvanted pDNA formulations (p < 0.001), when compared to vaccination 

with naked pDNA. Similar results were observed for the IgG1 isotype (Figure 8), 

indicating that the Th2 immune response profile induced by pDNA is reduced by the 

adjuvanted formulations. However, IgG2c isotype levels were significantly increased by 

pDNA delivered with TMC nanoparticles (p < 0.05) and were even more enhanced with 

MDP (p < 0.01), compared to the non-adjuvanted pDNA. To characterize the 

polarization of immune responses induced by the different vaccine formulations, ratios 

of IgG2c/IgG1 titers were calculated from the measurements in mouse sera, as shown 

in Figure 7B. The major important difference between the effects of adjuvanted and 

non-adjuvanted pDNA appeared to be the type of immune response elicited. Mice 

vaccinated with naked pDNA developed marked Th2 immune responses with high IgG1 

titers. IgG2c/IgG1 ratios were shifted to a value above unity for the pDNA/TMC  
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Figure 7. Immune responses in mice one week after the 2nd booster injection (i.m.); 

(A-C): pDNA (10 µg) formulations +/- MDP (10 µg) and/or TMC nanoparticles per dose. 

Bars represent mean n=8 ± SEM, *p < 0.05, ***p < 0.001 compared to pDNA alone. 

(A): Ag85A-specific serum IgG titers, analyzed by endpoint ELISA; (B): Corresponding 

average Log IgG2c/ Log IgG1 ratios, indicative for the quality of the immune response; 

(C): IFN-γ secretion in mouse splenocytes analyzed by ELISPOT and data expressed 

as spot-forming cell (SFC) responses to media (no restimulation) and Ag85A protein. 

nanoparticles as well as for the pDNA/TMC-MDP nanoparticles, which is associated 

with a Th1 type immune response.  
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Figure 8. IgG1 and IgG2c isotypes from sera were determined by ELISA. Bars 

represent mean n=5 to 8 mice ± SEM, *p < 0.05, **p < 0.01 compared to pDNA alone. 

Finally, the number of IFN-γ producing spleen cells after restimulation with the antigen 

was determined by ELISPOT (Figure 7C) and confirm the Th1 polarizing effect of the 

adjuvanted pDNA formulations. The numbers of IFN-γ producing T-cells were shown to 

be enhanced by TMC nanoparticles. MDP in the pDNA/TMC nanoparticle formulation 

further increased the Th1 increasing effect of pDNA/TMC nanoparticles, resulting in 

significant higher cell-mediated responses compared to non-adjuvanted pDNA (p < 

0.05). The adjuvant activity of MDP in combination with pDNA may be attributed to 

NOD2 to cross-talk with TLR-9 receptor pathways activating NF-κB in a synergistic 

fashion (Abbott et al., 2007). Most bacteria simultaneously expose a variety of different 

pathogen-associated molecular patterns (PAMPs) to the immune system of the host, 

recognized by PRRs. Several studies reported a synergistic outcome on inflammatory 

cytokine expression in different cells stimulated with NLR and TLR agonist in parallel, 

having observed synergy between TLR-2, TLR-4 and TLR-9 agonists and both Nod1 

and Nod2 elicitors in macrophages and epithelial cells (Tada et al., 2005, Uehara et al., 

2005, van Heel et al., 2005). According to biochemical screens RIP2 predominantly 

interacting with NLRs also binds to TRAF6 of the TLR signaling pathway upon co-
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stimulation of both receptors (Kufer and Sansonetti, 2007). In terms of biological 

relevance, activation of both TLRs and NLRs might be important for the fine-tuning of 

the inflammatory response and was successfully applied in this study in co-delivery of 

those ligands with TMC nanoparticles.  

 

4. Conclusion 

Our studies provided evidence that the strategy to deliver Ag85A encoding pDNA and 

adjuvants in a single nanoparticle formulation allows an effective targeting of the 

cellular immune system and developed profound Th1 cell mediated immune responses.  

The information gained from investigation of physicochemical properties and in vitro 

characterization of nanoparticle-based pDNA formulations is valuable in forming the 

base of knowledge for the design of an effective DNA vaccine. Cellular uptake 

investigations of pDNA in vitro showed saturation to a maximum level upon increase in 

pDNA/TMC nanoparticle ratios, correlating with increasing Th1 related antibody 

responses up to a definite ratio. Variations in pDNA doses changed the outcome of 

immune responses and indicate that dose investigation is crucial for the desired 

outcome of Th1 biased immune responses. Hence, a potential context for the 

interpretation of the effects of formulation parameters on the type and extent of immune 

response elicited in vivo can be provided. An adjuvant effect of MDP co-delivered with 

pDNA/TMC nanoparticles was demonstrated in further increase in Th1-associated 

antibody levels as well as in numbers of IFN-γ producing T-cells. Such responses, 

which correlate with cell-mediated immune responses, are critical for the control of 

intracellular pathogens and may render pDNA/TMC nanoparticles a potential candidate 

for further investigations of protective efficacy against Mtb infections in a challenge 

model.   
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Summary and conclusion 

 

The aim of this work was to formulate nanoparticles with DNA plasmid (pDNA), 

encoding the Mycobacterium tuberculosis (Mtb) antigen 85A. The design of cationic N-

trimethylated chitosan (TMC) nanoparticles, adjuvanted with the pattern recognition 

ligands TLR-9 and NLR-2, is a novel approach for improving DNA vaccines. These 

adjuvanted pDNA-nanoparticle systems were investigated as a potential vaccine 

formulation to increase and polarize cell-mediated immune responses.  

Nanoparticle application in vaccines to activate the immune systems is reviewed in 

Chapter 1. Key parameters of nanoparticles as immunostimulants, nanoparticles as 

delivery systems to enhance antigen processing, as well as current nanoparticle 

vaccines on the market and in clinical trials were discussed. Particle uptake and 

immunogenicity have been shown to be dependent on many factors, associated with 

size, surface charge, the bulk materials in nanoparticle composition, the antigen type 

transferred, the route of administration, as well as the vaccination regime. However, 

fundamental knowledge of nanoparticle mechanism of action in both 

immunostimulation and drug delivery are still urgently required for the rational design of 

nanoparticle-containing vaccines. To date, nanosized vaccines approved for human 

use are represented by virus-like nanoparticles, non-viral liposomal nanoparticles and 

oil-in-water nanoemulsions. The use of nanotechnology in vaccines has been 

increasing exponentially in the past decade and many more candidates are currently 

under investigation in clinical and pre-clinical trials.  

Assessment of stability and integrity of the components implicated in TMC nanoparticle 

formulations with pDNA is described in Chapter 2. The introduction of permanent 

charges in chitosan by trimethylation of the primary amino groups enhanced cationic 
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properties and thus increased complexation of polyanions to form nanoparticles. TMC 

nanoparticles were investigated with regard to their stability in aqueous formulations 

and after lyophilization. pDNA was adsorbed to the TMC particles by electrostatic 

interactions between the cationic nanoparticle surface and the anionic charges of the 

pDNA phosphate backbone. The physicochemical characteristics of TMC nanoparticles 

were preserved during freeze-drying and storage, after reconstitution. Structural 

changes of pDNA were observed upon adsorption to the particles, however, the helical 

conformation was shown to be regained after release.  

In Chapter 3, TMC nanoparticles were compared with a cationic squalene-in-water 

emulsion, and the cationic oil-in-water emulsion Cationorm® on their ability to enhance 

immunogenicity of pDNA in mice. It was demonstrated that TMC nanoparticles was the 

only carrier evaluated able to induce antigen-specific cell-mediated immune responses. 

Moreover, mechanistic in vitro studies revealed an immune response enhancing effect 

by simultaneous targeting of Toll-like receptor 9 via unmethylated CpG motifs present 

on pDNA and Nod-like receptor 2, targeted by co-administration of muramyl dipeptide 

(MDP). The delivery of pDNA with all three cationic nanocomplexes together with MDP 

was shown to significantly increase pro-inflammatory cytokine release in a synergistic 

manner.  

In a last step the optimal dose of pDNA applied with TMC nanoparticles was evaluated 

in vitro and in vivo, as shown in Chapter 4. A systematic approach to formulation 

development was accomplished by detailed physicochemical and biophysical 

characterization of the pDNA/TMC nanoparticle formulations, to gain better 

understanding of their biological behavior. Variations in pDNA doses changed the 

outcome of immune responses and indicate that dose optimization is crucial for 

obtaining the desired outcome of cell-mediated immunity. Finally, having incorporated 

MDP in the formulation, an additional increase in Th1 dependent antigen-specific cell-

mediated immune responses, induced by pDNA/TMC nanoparticles, was provoked. 
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To summarize, formulating pDNA with cationic polymeric TMC particles in the nano-

range was shown to be a successful approach to increase potency of antigen 

expressing DNA vaccines. To provide a potential context for future design of  DNA 

vaccines, important parameters of TMC nanoparticle formulations with pDNA were 

evaluated and characterized. Freeze-drying was demonstrated to be a reasonable 

approach for stabilization and storage of standardized batches of TMC nanoparticles. 

Successful binding of pDNA to the nanoparticles was confirmed as well as integrity of 

the secondary structure of pDNA after being released. It was shown that two pattern-

recognition ligands co-delivered by nanoparticles synergistically activate innate immune 

responses in vitro and enhance cell-mediated immune responses in vivo. The 

combination of two pattern-recognition ligands co-delivered by nanoparticles was 

shown in vitro to synergistically activate innate immune responses and enhanced cell-

mediated immune responses in vivo. Furthermore, in vivo studies revealed that 

investigations of the correct pDNA dose applied were crucial to obtain the desired 

outcome of immune responses.  

TMC nanoparticles, formulated with Mtb antigen 85A expressing pDNA, successfully 

induced robust Th1 immune responses in mice and may render pDNA/TMC 

nanoparticles a potential vaccine candidate for further investigations of protective 

efficacy against Mtb infections in a challenge model. An adjuvant effect of MDP co-

delivered with pDNA/TMC nanoparticles was proven however, further assays are 

needed to validate the appropriate dose combination of pDNA and MDP. CD4 T-cells of 

helper type 1 (Th 1) activated by cytokines including interferon-gamma (IFN-γ) and 

tumour necrosis factor-alpha (TNF-α) are considered central mediators of protection 

and are widely used as an indicator for vaccine efficacy. Nevertheless, observations of 

IFN-y secreting T-cells as a sole predictor of protection needs to be extended by 

investigations of the contributions of various types of T-cells, such as natural killer, 

gamma-delta, lipid-specific CD1-restriced, CD8 cytotoxic T-cells and T-cells of helper 
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type 17. Elucidating their relevance to protection may offer a valuable concept for 

continuing vaccine design. 
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Résumé et conclusion 

 

L'objectif du travail présenté dans cette thèse était de formuler des nanoparticules 

chargées en plasmides (pADN) codant l'antigène 85 A de Mycobacterium tuberculosis 

(Mtb). Le développement des nanoparticules de N-triméthyl chitosan (TMC), avec des 

ligands de TLR-9 et de NLR-2, est une nouvelle approche pour améliorer les vaccins 

ADN. Ces systèmes de nanoparticules-pADN ont éte étudiés et analysés comme une 

formulation potentielle de vaccin pour augmenter et polariser les réponses 

immunitaires à médiation cellulaire.  

L'utilisation de nanoparticules comme vaccins pour activer le système immunitaire est 

abordée dans le Chapitre 1. Les caractéristiques clés des nanoparticules comme 

stimulants immunitaires, systèmes de livraison pour améliorer la production d'antigènes 

ainsi que les vaccins à nanoparticules actuellement sur le marché et en 

expérimentations cliniques y sont également traités. L’absorption cellulaire de 

particules et l'immunogénicité dépendant de beaucoup de facteurs, comme la taille, la 

charge de surface, la composition des nanoparticules, le type d'antigène vectorisé, la 

voie d'administration ainsi que les paramètres de vaccination. Cependant, la 

connaissance fondamentale du mécanisme d'action des nanoparticules à la fois dans 

l'immunostimulation et dans les systèmes de libération sont encore nécessaires pour la 

conception rationnelle  de vaccins contenant des nanoparticules. A ce jour, les 

nanovaccins approuvés pour l'utilisation humaine comprennent des virosomes et des 

formes non virales comme des liposomes et des nanoémulsions huile dans eau. 

L'utilisation de nanotechnologies dans les vaccins a augmenté de façon exponentielle 

ces dix dernières années et de plus en plus de candidats sont actuellement en cours 

d'étude dans des tests cliniques et pré-cliniques. 
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L’évaluation de la stabilité et de l’intégrité des composants impliqués dans les 

formulations de nanoparticules TMC avec de l’ADN sont décrites dans le chapitre 2. 

L’introduction de charges permanentes sur le chitosan par triméthylation des groupes 

amines primaires a amélioré les propriétés cationique et la complexation des 

polyanions pour former des nanoparticules. La stabilité des nanoparticules TMC dans 

les formulations aqueuses et après lyophilisation ont été étudiées. Le pADN a été 

adsorbé sur les particules grâce aux interactions électrostatiques entre la surface des 

nanoparticules cationiques et les charges anioniques du pADN. Les caractéristiques 

physiochimiques des nanoparticules TMC ont été préservées lors des phases de 

congélation- séchage et stockage, après reconstitution. Des changements structurels 

de pADN ont été observés au moment de l’adsorption sur les particules, cependant la 

structure hélicoïdale s’est montrée stable après libération.  

Dans le chapitre 3, les nanoparticules de TMC ont été comparées avec une émulsion 

de squalène cationique dans l’eau et l’émulsion huile dans eau Cationorm® pour leur 

capacité à améliorer l’immunogénicité du pADN chez les souris. Il a pu être démontré 

que les nanoparticules TMC étaient le seul candidat évalué capable de déclencher des 

réponses immunes à médiation cellulaire contre des antigènes spécifiques. De plus, 

des études d’in vitro ont révélé l’amélioration de la réponse immune en ciblant 

simultanément le récepteur Toll-like receptor 9 via les motifs CpG non-méthylés 

présents sur le pADN et le récepteur Nod-like receptor 2, ciblé par la co-administration 

du muramyl dipeptide (MDP). La libération du pADN avec les trois nanocomplexes 

cationiques associés au MDP a montré l’augmentation significativement de la libération 

de cytokine pro-inflammatoire en synergie.  

Dans la dernière partie, la dose optimale de pADN appliquée  avec les nanoparticules 

TMC  a été évaluée in vitro et in vivo, comme décrit dans le Chapitre 4. Une approche 

méthodique du développement de la formulation a été accomplie par une description 

physiochimique et biophysique détaillée des formulations des nanoparticules pADN-

TMC, pour avoir une meilleur compréhension de leur comportement biologique. Les 
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variations de doses de pADN ont influencé le résultat des réponses immunitaire et 

indiquent que l’étude de l’effet de la dose sur les réponses immunitaire est cruciale 

pour obtenir l’effet désiré d’immunité à médiation cellulaire. Finalement, après avoir 

incorporé le MDP dans la formulation, une augmentation supplémentaire des réponses 

immunitaires Th1 à médiation cellulaire antigène spécifique, induite par les 

nanoparticules pADN-TMC, a été obtenue.  

En résumé, la formulation de pADN avec des nanoparticules TMC cationique s’est 

révélée être une approche réussie pour augmenter l’efficacité du vaccin avec antigène 

exprimé par le pADN. Pour fournir un contexte potentiel pour la conception future d’un 

vaccin ADN, des paramètres importants de la formulation de TMC nanoparticules avec 

pADN ont été évalués et caractérisés. La lyophilisation est une approche raisonnable 

pour stabiliser et stocker des lots standardisés de nanoparticules TMC. Le succès de la 

liaison entre pADN et les nanoparticules a été confirmé ainsi que l’intégrité de la 

structure secondaire du plasmide après libération. La combinaison de deux modèles de 

reconnaissance de ligands  co-delivrés par des nanoparticules a montré activer en 

synergie in vitro des réponses immunes naturelles et améliorer in vivo les réponses 

immunes. De plus, les études in vivo ont révélé que les recherché sur la dose de pADN 

appliquée étaient cruciales pour obtenir le résultat des réponses immunes désirée.  

Les nanoparticules TMC, formulées avec l’antigène Mtb 85A exprimant pADN, ont 

induit avec succès des réponses immunes Th1 robustes chez les souris et pourraient 

faire des particules  pADN/TMC un potentiel candidat pour de plus amples recherches 

sur l’efficacité protective  contre les infections  Mtb dans un modèle de simulation. Un 

effet adjuvant de MDP co produit avec des nanoparticules pADN/TMC a été prouvé. 

Cependant, de plus amples analyses sont nécessaire pour valider la dose appropriée 

dans la combinaison de pADN et MDP.  

Les lymphocytes CD4 de type helper 1 (Th1) activés par les cytokines y compris 

l’interferon gamma (IFN-γ) et le facteur de nécrose tumorale alpha (TNF- α) sont 

considérés comme des médiateurs centraux de la protection et sont largement utilisés 
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comme indicateurs de l’efficacité des vaccins. Cependant, les observations des cellules 

T secrétant l’ IFN-γ comme le seul facteur prédictif de la protection doivent être élargies 

par des recherches sur les contributions de différents types de cellules T, telles que 

natural killer, gamma-delta, CD1, cytotoxique (CD8) et Th17. Expliciter leur pertinence 

dans l’effet protecteur pourrait offrir des concepts précieux pour poursuivre la 

conception de vaccins. 
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Abbreviations 

 

Ag85A   Antigen 85A 

AIDS    Acquired immunodeficiency syndrome 

APC    Antigen presenting cell 

ATCC    American Type Culture Collection 

BCG    Bacillus Calmette–Guérin 

BEI    Biodefense and Emerging Infections Research Resources  

BGH    Bovine growth hormone 

BSA    Bovine serum albumin  

CD (cells/ receptor)  Cluster of differentiation protein 

CD (method)   Circular dichroism 

CMV    Cytomegalovirus 

ConA    Concanavalin A 

CpG    Cytosine-phosphate-guanine  

CS    Chondroitin sulfate  

CTL    Cytotoxic T lymphocytes 

DAPI    4′,6-diamidino-2-phenylindole 

DC    Dendritic cell 

DLS    Dynamic light scattering 

DMEM   Dulbecco's modified Eagle medium 

DNA    Deoxyribonucleic acid 

DOTAP   Phospholipid 1,2-dioleoyl-3-trimethylammonium-propane  

dsDNA   Double stranded DNA 

EDTA    Ethylenediaminetetraacetic acid 

ELISA    Enzyme-linked immunosorbent assay 

ELISPOT   Enzyme-Linked ImmunoSpot 

FCS    Fetal calf serum 
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FDA    Food and Drug Administration 

FTIR    Fourier transform infrared spectroscopy 

HCV    Hepatitis C virus 

HIV    Human immunodeficiency virus 

HPV    Human papillomavirus 

IFN-γ    Interferon gamma 

Ig    Immunoglobulin 

IL    Interleukin 

ISCOM   Immune-stimulating complexes 

LB    Luria Bertani medium 

LE    Loading efficiency 

LN    Lymph node 

LPS    Lipopolysaccharide 

MDP    Muramyl dipeptide 

MHC    Major histocompatibility complex 

Mtb    Mycobacterium tuberculosis 

MyD88   Myeloid differentiation primary response 88 

NF-κB Nuclear factor kappa-light-chain-enhancer of  

activated B cells 

NIAID     National Institute of Allergy and Infectious Diseases 

NIH     National Institute of Health 

NK    Natural killer cells 

NLR    Nod-like receptor 

NLRP    NOD-like receptor family pyrin domain containing protein 

NMP    1-methyl-2-pyrrolidinone  

NMR    Nuclear magnetic resonance 

NOD    Nuclear binding domain 

NP    Nanoparticle 

OD    Optical density 

OVA    Ovalbumin 

PAMP    Pathogen-associated molecular pattern 
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PBS    Phosphate buffered saline 

PDI    Polydispersity index 

pDNA    Plasmid DNA 

PEG    Polyethylene glycol 

PES    Polyethersulfone 

PLGA    Poly lactic-co-glycolic acid 

PRR    Pattern recognition receptor 

RIP    Receptor-interacting protein 

ROS    Reactive oxygen species 

RT    Room temperature 

SDS    Sodium dodecyl sulfate 

SEM    Scanning electron microscope 

SFC    Spots forming cells 

SLN    Solid lipid nanoparticles 

SPION   Superparamagnetic iron oxide nanoparticles 

SWE06   Squalene-in-water emulsion with DOTAP 

TANK    TRAF family member-associated NF-κB activator 

TCR    T-cell receptor 

TEM    Transmission electron microscope 

Th    T-helper cells 

TLR    Toll-like receptor 

TMB    3,3’,5,5’-Tetramethylbenzidine  

TMC    N,N,N-trimethylated chitosan 

TNF-α    Tumor necrosis factor alpha 

tPA    Tissue plasminogen activator 

TRAF    TNF receptor associated factor 

TSP    3-(trimethylsilyl) propionic-2,2,3,3-d4 acid 

VLP    Virus-like particles 

XTT   Sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-

  methoxy-6-nitro) benzene sulfonic acid hydrate
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