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Abstract
Most vaccines are administered parentally since they are absorbed poorly at mucosal 
sites. However, the nasal mucosa is a particularly attractive site for the delivery of 
vaccines due to its large absorption area and low proteolytic activity. The use of this 
route would result in both local and systemic immune responses. While most proteins 
are not well adsorbed from the nasal mucosa, particulate systems with protein antigens 
have shown great potential for nasal vaccination. The most commonly used polymers 
for the preparation of particulates are the polyesters PLGA and PLA. One of the major 
drawbacks of these polymers is their water insolubility necessitating the use of organic 
solvents which can cause problems with antigen stability. An alternative polymer to the 
polyesters is chitosan. Chitosan has been effectively used as a biomaterial for drug 
delivery to enhance mucosal absorption. However, a major disadvantage of chitosan is 
its insolubility at physiological pH whereas it is soluble and active as an absorption 
enhancer in acidic media. Recently, A/-trimethyl chitosan (TMC), a derivative of 
chitosan has been used as a particulate and as a soluble adjuvant for vaccines. It is 
highly water soluble at neutral pH and protonated. This quaternised polysaccharide has 
a permanent positive charge and its toxicity is dependant on the degree of 
quaternisation.

The aim of this research has been to investigate the potential of TMC nanoparticles for 
their utilisation as a mucosal vaccine adjuvant. Low molecular weight TMCs with 
different conversion degrees were synthesised and characterised by NMR and GPC. 
Nanoparticles were then prepared by a novel mild polyelectrolyte complexation with 
different polyanions such as polyfy-glutamic acid), fucoidan, carboxymethylated 
laminarin and carboxymethylated pullulan. These polymers were selected due to their 
known adjuvanticities. The nanoparticles were characterised with respect to their size, 
charge and loading efficiency. Antigens employed in this study were bovine serum 
albumin, diphtheria toxoid and tetanus toxoid. The antigen integrity was investigated by 
SDS page. Both the polymers and the nanoparticles were tested for their toxicity by 
MTT assay (Calu-3 and HEK 293). In addition, the nanoparticles were prepared with 
FITG-BSA and cellular uptake studies were performed with a macrophage cell line 
(J774A.1). After the in-vitro characterisation female BALB/c mice were primed and 
boosted with antigen loaded nanoparticles via intramuscular, subcutaneous and 
intranasal route.

Different formulations resulted in the particle sizes between 150 and 250 nm and with a 
positive surface charge. All particulate formulations were able to encapsulate almost 
100% of the antigens used (1% (m/m) theoretical loading with respect to the polymers). 
This result was independent on the chosen antigen. The antigens retained full integrity 
due to the mild preparation method chosen. The nanoparticles appeared to be non
toxic up to a concentration of 5 mg/ml compared to TMC alone 0.1 mg/ml. In vivo 
studies revealed that the nanoparticles induced high serum IgG antibody titres. 
Furthermore, antibody isotyping showed high lgGi antibody titres whereas the lgG2a 
serum antibody titres were much lower indicating a Tha biased immune response. 
Some of the formulations were also able to elicit a significant disseminated mucosal 
immunity as significant levels of IgA response in the vaginal washes indicating a 
common mucosal response. Additionally, the co-encapsulation of CpG motifs 
enhanced the levels of IgGza isotype titre. The amounts of IL-2, IL-4, IL-6 and INF-y and 
TNF-a were measured following in-vitro spleen stimulation. They correlated well with 
the measured antibody titres for example showing higher amounts of IL-6.

In conclusion, this study showed that it was possible to prepare non toxic TMC 
nanoparticles with a size range between 150 to 250 nm. All tested particulate 
formulations were able to elicit significant antibody titres as well as cytokine levels 
which revealed a Th2 biased immune response.
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1. Introduction

1.2. Historic background of vaccination
Vaccination has been one of the major breakthroughs in disease control in the 20"’ 

century as evidenced by the eradication of smallpox and significant reduction of other 

infectious diseases such as diphtheria, measles, mumps, rubella, pertussis and tetanus 

(Jiskoot and Kersten, 2005). Most of the early discoveries in the field of vaccination are 

attributed to Edward Jenner and Louis Pasteur even though the principle of 

immunisation might actually date back to Indian Buddhists who used snake venom as 

early as the century to induce immunity in a somewhat similar way to a toxoid like 

effect. Variolation against smallpox could have begun as early as the 10‘̂  century in 

India and China but most of these texts cannot be verified (Plotkin and Plotkin, 2004). 

A Chinese text which dates back to the year 1742 listed four forms of inoculation 

against smallpox ‘(1) the nose plunged with powdered scabs laid on cotton wool, (2) 

powdered scabs blown into the nose, (3) the undergarments of an infected child for 

several days, and (4) a piece of cotton smeared with the contents of a vesicle and 

stuffed into the nose’ (Plotkin and Plotkin, 2004). In India the Brahim cast of Hindus 

used pus from smallpox on the skin against this disease in the 16*̂  century. Later, the 

use of cowpox against smallpox spread from India west to Turkey where Lady Mary 

Wortley Montague picked it up and introduced it in 1721 to England (Levine and Lagos, 

2004).

In 1774 a cattle breeder, Benjamin Jesty, himself immune against smallpox due to 

cowpox exposure, inoculated his wife and sons with cowpox to avoid the smallpox 

epidemic (Levine and Lagos, 2004). In 1778 Edward Jenner presented his work about 

cowpox entitled Variolae Vaccinae to the scientific community to immunize against 

smallpox (Plotkin and Plotkin, 2004). In 1885 Louis Pasteur developed the first vaccine 

against rabies and he also observed that a weakened chicken cholera was a more 

desirable way to immunise against cholera. The principle of killed vaccines was later 

developed by Salmon and Smith, which led to vaccines against cholera, typhoid and 

plague (Plotkin and Plotkin, 2004). This led by the end of the 19‘̂  century to the 

development of 5 vaccines for humans: the live attenuated vaccines against rabies and 

smallpox and the killed bacterial vaccines against typhoid, plague and cholera (Plotkin 

and Plotkin, 2004).
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From the beginning to mid 20'  ̂century more vaccines were developed which included 

the toxoids against tetanus and diphtheria, the BCG vaccine against tuberculosis and 

the first influenza vaccines. The next breakthrough for vaccination was the 

development of tissue culture in 1940, which allowed the production of vaccines in a 

large scale (Plotkin, 2005). More licensed vaccines followed in the middle of the 20’̂  

century like those against measles, mumps, rubella and pertussis. Despite these 

developments there are still many diseases for which no effective vaccinations are 

available such as the human immune deficiency syndrome (HIV), malaria and 

tuberculosis (Ahmad, 2007). The concept of vaccination has been extended for other 

diseases including autoimmune diseases, cancer and allergies, but has not resulted in 

many products on the market with the exception of the human papilloma virus vaccine 

(Bosch et al., 2008).

Vaccines can be divided into five groups: live attenuated whole cell vaccines, 

inactivated whole cell vaccines, subunit vaccines, toxoids, and DNA vaccines (Jiskoot 

and Kersten, 2005). Live attenuated vaccines comprise bacteria or viruses that are 

able to infect and replicate within the host, but with a reduced virulence. The attenuated 

organisms cannot cause disease, but result in an immune response that is sufficient to 

stop the virulent organism (Table 1). Examples of this type of vaccines are the BCG 

(for tuberculosis), Sabin oral polio (ORV), and yellow fever vaccines (Plotkin and 

Plotkin, 2004). The immune response is usually good, producing both humoral and cell- 

mediated responses, and lifelong immunity is often achieved with a single dose. 

However, although much success has been achieved with attenuated microorganisms, 

this kind of vaccines present limitations, including the potential reversion of the vaccine 

to virulence, especially in immunodeficient patients (Jiskoot and Kersten, 2005). This 

has been well documented with the Sabin polio vaccine (OPV) which has been the 

preferred anti polio vaccine for a long time in the United States of America, but which is 

currently being replaced by the safer inactivated Salk polio vaccine (IPV).

Inactivated whole cell vaccines contain entire viral particles or bacterial cells which 

have been killed. The organisms are inactivated by physical (heat) or chemical 

(formaldehyde, acetone) means, but they are still able to induce specific immune 

responses (Jiskoot and Kersten, 2005) (Table 1).These vaccines are not infectious, 

assuming that all the pathogens are totally killed during the process and are therefore 

generally safe. The practical advantages of these preparations are their stability and 

their simpler storage. Although these vaccines possess all the necessary antigens, 

their immunogenicity is often reduced, leading to the need of repeated boosters. Two
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examples are the vaccines against Hepatitis A (virus) and Salmonella Typhi (bacterial) 

(Plotkin and Plotkin, 2004).

Table 1 Different approaches of vaccine design in the pre-genomic era (adapted from

Type Description Advantages Drawbacks Examples
Killed
microorganism

The causative 
agent is 
inactivated by 
chemical or 
physical treatment

Efficacious • Some pathogens 
are difficult or 
almost impossible 
to cultivate in a 
scalable setting

• Regulatory 
autiiorities require 
high safety and 
quality standards 
for all new vaccine 
formulations and 
obtaining approval 
might be difficult

Polio virus 
vaccine (Saik) 
Influenza vaccine 
Rabies vaccine 
Oral cholera 
vaccine

Live
attenuated
microorganism

The causative 
agent is live but it 
has lost the ability 
to cause the 
disease

Efficacious, induces a 
protective immune 
response

Same as above Polio virus 
(Sabin) 
intranasai flu 
vaccine (cold 
adapted) 
Measles, mumps 
and rubella 
(MMR)

Subunit Vaccine that 
contains purified 
portions or 
epitopes of the 
causative agent

•  There is no risk 
that these 
vaccines can 
provide the 
disease

• if recombinant 
form of the 
selected 
components are 
utilized, the 
pathogen needs to 
be cultivated

The identification of the 
few protective 
components from the 
pool of molecules present 
in the pathogens is 
usually complex and time 
consuming

Diphtheria Toxoid 
Tetanus Toxoid 
Pertussis Toxoid 
Hepatitis B 
vaccine

Subunit
conjugated

A polysaccharide 
component of the 
causative agent is 
chemically linked 
to a foreign protein 
carrier

The conjugated 
polysaccharide that is 
poorly immunogenic 
on its own becomes 
immunogenic

• Need to grow the 
pathogen in vitro to 
obtain the capsule 
polysaccharide

• Capsule not always 
immunogenic

• Too many capsule 
types

Haemophilus 
influenzae 
Meningococcus 
A, 0, Y and 
W135
Pneumococcus

Subunit vaccines represent a further reduction or simplification, since only a limited 

number of components from the appropriate pathogens are formulated into the vaccine 

(Table 1). This happens in cases where a protective immunity is known to be directed 

against one or two proteins of the organism, often surface proteins, and therefore 

purified antigens can be used as an effective and well-defined vaccine (Plotkin and 

Plotkin, 2004). This is the case for surface polysaccharides (as used for the 

Hemophilus influenzae vaccine) or specific viral proteins (as in the hepatitis B vaccine). 

Subunit vaccines can be manufactured more easily than their live (attenuated) 

counterparts and, moreover, tend to have less safety and regulatory associated issues. 

The development of recombinant DNA technology allows for the synthesis of desired 

antigenic epitopes in large and well-defined quantity, but the greatest problem lies in

21



identifying the epitopes that possess the sufficient antigenicity to produce long-term 

immunity (Jiskoot and Kersten, 2005).

Toxoids can be considered a subclass of subunit vaccines, since they consist only of a 

toxin of the pathogen treated at high temperature to eliminate its toxicity. Two 

examples are tetanus toxoid and diphtheria toxoid, often adsorbed onto an adjuvant 

which is alum, the only worldwide clinically approved vaccine adjuvant (Baylor et al., 

2002).

Nucleic acid vaccines contain naked DNA or formulated DNA which is injected to the 

patient. The injected DNA can then be transcribed into an encoded antigen which can 

generate the desired immune response. These vaccines have been called the vaccines 

of the future but for the last several years not much progress has been made in 

producing more effective DNA vaccines. One of the main hurdles for effective 

transcription is the endosome/phagosome, from which the DNA has to be released into 

the cytoplasm and then reach the nucleus (Liu eta!., 2006).

One of the major issues in producing new vaccines was the availability of novel vaccine 

antigens, which could be used for the formulation of new and more effective vaccines. 

The first genome sequence of an organism {Haemophilus influenzae) was published by 

Fleischmann et al., (1995). This development led to the complete sequencing of many 

other pathogens that could be used for the discovery of novel antigens. In 2000, Rino 

Rappuoli coined the term “reverse vaccinology”, in which a whole bacterial genome 

was used to express many available proteinic sequences in Escherichia coli. These 

proteins were then evaluated for their antigenicity by ELISA, FACS and western blot 

analysis (Rappuoli, 2000). Reverse vaccinology has been employed for Neisseria 

meningitides B, which is a human pathogen that causes mortality as a result of sepsis 

and meningitis. Using traditional approaches vaccines have been developed against 

serogroups A, 0, Y and W135 but not for B (MenB) (Mora et al., 2003). Using reverse 

vaccinology, fragments of DNA were screened to identify the genome sequence of 

MenB. Six hundred novel genes could be predicted which encoded different surface 

exposed or exported proteins of which 350 were expressed in Escherichia coli and 22 

of these proteins were shown to induce sufficient bacterial antibodies. It was also 

shown that some of these antigens offered a sufficient cross-protection against 

heterologous strains (Mora et al., 2003). This approach demonstrated the use of “in 

s/Z/co” analysis combined with molecular biology and was able to reduce the time span 

in the discovery of antigens significantly from 5-15 years for conventional vaccine 

development to just 1-2 years using reverse vaccinology (Rappuoli, 2000) (Figure 1).
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Figure 1 Comparison between conventional vaccine antigen discovery and Reverse 
vaccinology (adapted from Rappuoli, (2000)).

Genome based approaches have now been extended for Streptococcus pneumoniae, 

Staphylococcus aureus, Porphyromonas ginigivalis. Streptococcus agalactiae. 

Streptococcus pyrogenes. Chlamydia pneumoniae and Plasmodium falciparum 

(Serruto and Rappuoli, 2006). Even though this approach has led to the discovery of 

many novel antigens, it could only be applied to protein based vaccines and not for 

polysaccharide vaccines. For diseases such as HIV the prediction of a suitable antigen 

is also very difficult due to the change of antigen in almost daily intervals (Rappuoli, 

2007). Another problem is that even though high throughput screening could be applied 

for the discovery of novel antigens, there is still a lack of high throughput analysis for 

vaccine formulations.

Other in silico techniques have been applied which involve an array of bioinformatic 

techniques combined with proteomics, microarray and other structural biology 

techniques. Much effort has been especially dedicated to design epitope specific 

antigens as well as antigens for B and T cells, which are capable of eliciting a cellular 

and humoral immune response. The vaccines which are currently on the market mainly
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produce a humoral immune response In the form of neutralizing antibodies, but 

especially for diseases such as HIV, malaria and tuberculosis this is not enough for an 

effective treatment. As suggested by Rappuoli, (2007) there is a great need for bridging 

gaps between the conventional and modern vaccine design, in which a vaccine should 

result in a strong cellular as well as humoral immune response to tackle diseases such 

as cancer, HIV and many more.

1.3. The immune system
In the field of vaccinology it is required to understand how the immune system works 

since this is where vaccines will work. The body’s immune system is a complex one 

which gives a defensive response when in contact with a pathogen leading to its 

elimination. The immune system can be divided into a) the innate and b) the adaptive 

immune system. The innate immune system contains macrophages and dendritic cells, 

which are also called antigen presenting cells (ARC). These cells are able to ingest 

antigens, viruses, bacteria and other particulate matters, and present them to the 

adaptive immune system. The main cells of the adaptive immune system are B and T- 

cells. These cells are produced in the bone marrow from pluripotent stem cells, which 

differentiate into lymphoid stem cells. The latter can further differentiate into naïve T- 

cells, which can mature either into T-helper (Th) cells or cytotoxic T cells (CTL), which 

will be discussed below (Figure 2).

B-cells develop from lymphoid stem cells in a maturation process which involves gene 

rearrangement and the subsequent expression of surface antibodies. B-cells with 

surface located IgM and IgD are called naïve B cells, but mature B cells, which then 

can bind antigens in the follicles of the spleen, lymph nodes and mucosal lymphoid 

tissues (Figure 3). This process leads to the production of a humoral immune response 

which results in the secretion of antibodies (Abbas and Lichtman, 2006). Two types of 

B-cells are known: memory B-cells and effector B-cells. Effector B-cells after contact 

with an antigen secrete different antibodies such as IgM, IgG, IgA and IgE, a process 

which is known as isotype switching (Figure 3). For the production of large quantities of 

antibodies a second signal, which is received from T-helper (Th) cells, is crucial: it is 

formed by binding to B-cells via T-cell receptors (TCR), which results in an increased 

production of antibodies. Within the four antibody groups additional subclasses can be 

divided into IgGi and IgGaa- Antibodies are crucial for the immune defense because 

they either neutralize pathogens or bind to pathogens to increase their opsonization, 

which in return results in further production of antibodies. IgM antibodies are the first 

indication for the activation of an immune response. IgG is generally observed after 

IgM activation following the stimulation with an antigen. IgG (after antigen presentation)
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has a high affinity for macrophage receptors, which thus leads to further processing of 

the antigen. IgA is the most abundant antibody found in the serum and is the main 

antibody found at the mucosal surfaces (Abbas and Lichtman, 2006). Memory B-cells 

are important for a second exposure to the antigen because they result in the 

production of more plasma B-cells which in turn result again in the production of 

antibodies.
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Figure 2 Steps In the maturation of lymphocytes. During their maturation, B cells go through 
cycles of proliferation and expression of receptor chains by gene recombination. Cells that fail to 
express useful antigen receptors die by apoptosis, because they do not receive necessary 
survival signals. At the end of the process, the cells undergo positive and negative selection 
(adapted from Abbas and Lichtman, 2006).
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Figure 3 Phase of humoral Immune responses. Naïve B-cells recognize antigens and under 
the influence of Th cells or other stimuli the B-cells are activate and differentiate either into 
antibody secreting effector cells (plasma B-cells) or become live long memory cells (adapted 
from Abbas and Lichtman, 2006).
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The innate immune response or cellular immune response occurs earlier than the 

humoral immune response. Pathogens or antigens are taken up by ARC, which 

degrade the pathogens in the phagosome and the epitopes are loaded either via the 

MHC I or MHC II molecule to the cell surface of the APCs. There exist two different 

subsets of T-cells, either CD8+ T-cells (CTL) or CD4+ T-cells (Th-cells). These different 

T-cells are then selected based on positive or negative selection. A negative selection 

results in cell apoptosis, whereas a positive selection gives rise to mature CD4+ T-cells 

or CD8+ T-cells (Figure 4) (Abbas and Lichtman, 2006). This selection process is 

based on recognition between the ARC and the T-cell.

Stem Double
cell negative

(CD4-CD8 ) 
Pro-T cell

Pre-T 
cell /  

Double 
positive 

(CD4«CD8+) 
immature 

Tcell

W eak recognition  of 
Class II M HC + peptide

Mature
CD4+
T cell

Mature
CD8’
Tcell

W eak recognition  of 
c lass  I M H C  + peptide

Positive
selection

No recognition  of
M H C  + peptide Apoptosis Failure of 

positive  
selection  

("death  by 
neglect")

S trong  recognition  of
e ither c lass  I o r c lass  II ApoptosisM H C  + peptide

N egative  
selection

_________   i f i  Elsevier. Abbas & L lc titm an: Basic tm m unoloqy. U p d ^ ^  w w w  s tu d e n tc o n ^ t  com  ___________

Figure 4 Steps In the maturation and selection of MHC-restricted T lymphocytes. The
maturation of T lymphocytes in the thymus proceeds through sequential steps that are often 
defined by the expression of the CD4'' and CD8^ co-receptors. Maturation culminates in the 
development of CD4‘" and CD8^ single-positive T cells (adapted from Abbas and Lichtman 
2006).

CD4^ T-cells bind to the MHC II molecule on the surface of the APCs cells via the T- 

cell receptor (TCP) and other co-stimulatory molecules such as CD28 and B7 and then 

differentiate from Tho into Thi or Th 2  cells. Thi cells are predominately produced due to 

the secretion of IL-12 and IFN-y, whereas Th2 are produced due to the existence of IL-4 

which can either be secreted from the ARC or from B-cells (Figure 5) (Abbas and 

Lichtman, 2006). Whether or not Thi or Th2 cells are produced is very important for the 

further direction of the immune response. A Thi response leads to a further activation 

of macrophages and dendritic cells and results in elevated levels of IFN-y and IL-2 

(Abbas and Lichtman, 2006). The secreted IFN-y also suppresses the production of Th2 

cells. Additionally, the Thi cells show an effect on the second class of T-cells, the CD8^ 

T-cells which bind to the MHC I molecule and result in the production of cytotoxic T- 

lymphocytes (CTL), which are crucial for the elimination of viral infections and cancer 

cells (Abbas and Lichtman, 2006).

26



The Ïh 2 cells result on the other hand in the secretion of IL-4, IL-5, IL-6 and IL-10 

(Abbas and Lichtman, 2006). IL-10 is especially responsible for the suppression of Thi 

cells. These cytokines then have an effect on the production of antibodies by B-cells 

and increase the amount of B-cells as well as the production of antibodies, something 

which has been previously discussed. The type of immune response that is elicited is 

dependent on several factors such as the type of antigen, the route of administration 

and the type of vaccine adjuvant used (O’Hagan, 2007). Commonly used vaccine 

adjuvants will be discussed below.

N a iv e  C D 4  +
T cell - j i m

A c tiv a te d  T  c e lls
A c tiv a te d  
m a c ro p h a g e s ,  
d e n d rit ic  c e lls

o th e r
c e llu la r
s o u rc e s ?

T h I  c e l ls T h 2  c e l ls

Elsevier. Abbas & Uchtman; Baste Immunology, Updated - www.stijdentcpnsult.corn

Figure 5 The differentiation of naïve CD4* helper T-cells into Thi and Th2 cells. After their 
activation by antigen naïve helper T-cells differentiate into Th, or Th2 cells under the influence of 
cytokines. IL-12 results in the production of Thi cells whereas in the absence of IL-12, IL-4 
results in the production of Th2 cells.

The uptake of pathogens and microbes by B-cells and APCs is not always derived via 

a passive uptake mechanism (Abbas and Lichtman, 2006). Often an active uptake 

mechanism is involved with specific receptors which are pattern recognition receptors 

(PRRs) (Guy, 2007). PRRs are membrane anchored proteins exposing leucine rich 

repeat domains in the extracellular or luminal (endosomal compartments). These 

receptors bind selectively to pathogen associated molecular patterns (PAMPs), which 

are located on pathogens and microbes (Guy, 2007). The biggest group of PRRs are 

the toll like receptors (TLR), which were first identified in Drosophila melanogaster, but 

which were also discovered in human cells such as macrophages, dendritic cells and 

B-cells (Guy, 2007). TLRs 1, 2, 3, 4, 5, and 6 are cell surface located, whereas TLRs 3, 

7, 8, and 9 are located in the endosomes (Guy, 2007). The amount of TLRs differs
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between cell types (Figure X). These receptors are also known to have an influence in 

directing the immune response either towards Thi or Thz and to promote regulatory T- 

cells which are also involved in directing the immune response. Especially known for 

their activity on TLR-4 is the lipopolysaccharide (LPS) and the unmethylated CpG 

oligonucletides for TLR-9 (CpG ODN), which direct the immune response towards Thi 

(Guy, 2007).

Non-TLR receptors include nucleotide binding oligomerization domain proteins (NODs), 

NOD-like receptors, C-type lectin receptors, scavenger receptors and the mannose 

receptors. All these receptors bind to very specific ligands. For instance, the scavenger 

receptors bind to polyanionic ligands and internalize them, and the mannose receptors 

have been reported to bind to mannosylated liposomes and chitosan (Peluso et al., 

2004; Vereschagin et a/.,1998 and Han et a!., 2005). All these receptors might be 

potential candidates for the targeted delivery of vaccines.

1.4. Vaccine adjuvants
Most vaccine antigens such as the Hepatitis B surface antigen (HBsAg), DT and TT are 

proteins which are not very immunogenic by themselves (McKeever and Rege, 1999). 

Therefore, these proteins need to be mixed with or encapsulated into vaccine 

adjuvants, which potentiate their immune response effect and/or direct them to the side 

of action (Gupta and Siber, 1995; O’Hagan et a!., 2001 and O’Hagan, 2007). The word 

adjuvant derives from the Latin word adjuvare, which means to help. Several authors 

have summarized and categorised the different vaccine adjuvants used in the clinic as 

well as in preclinical studies. Cox and Coulter, 1999 described five ways in which an 

adjuvant might work: (/) immunomodulation which results in an overall augmentation of 

the immune response or a modification of the cytokine response (i.e. stimulation of 

either Thi or Tha response), (//) improved presentation in which the adjuvant preserves 

the configuration of the antigen for a better presentation to B-cells which results in 

increased neutralising antibody titres, (///) induction of a CTL response, (iv) improved 

and selective targeting by the use of ligands and formulation parameters such as size, 

charge, hydrophobicity and by decreasing antigen degradation, and (v̂  by a depot 

effect which results in the sustained release of the antigens in a continuous or pulsatile 

fashion.

The signals necessary for a successful immune response can be broken down into 

different signals in which signal 1 is the antigen, signal 2 is the co-stimulation of 

immune cells (including antigen presenting cells), signal 3 is the immune modulation 

and, finally, signal 0 the activation of the innate immune response (O’Hagan, 2007).
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O’Hagan et al., 2001 divided vaccine adjuvants into two very simplified groups. Group 

one are delivery systems which prolong signal 1 and result in a depot effect. Delivery 

systems are particulates and they are taken up by APCs so they can also contribute to 

signal 2 to activate APCs indirectly. Aluminium salts, liposomes, emulsions, 

microparticles, nanoparticles, ISCOMs and virus particles belong to this group. Some 

of these will be discussed in more detail below. Group two are immunopotentiators 

which show a direct effect on immune cells (signal 2, 3) and can also lead to the 

induction of an initiate immune response (signal 0). These immunopotentiators are 

either purified components of bacterial cells and viruses or synthetic molecules which 

mimic these structurally such as CpG oligonucleotides, monophosphoryl lipid A (MPL) 

and synthetic derivatives, muramyl dipeptide (MDP) and derivatives, lipopeptides, 

saponins, and small molecule immune potentiators such as resiquimod 

(imidazoquinolinamine). Some of these adjuvants will be discussed in more detail 

below.

1.4.1. Mineral salts
The only worldwide approved vaccine adjuvants are aluminium salts. Commercial 

vaccines usually contain aluminium hydroxide (AI(0H)3), aluminium phosphate (AIPO4) 

or alum (KAI(S0 4 )2* 1 2 H2 0 ) (Baylor et a!., 2002). Aluminium salts have been 

extensively reviewed by several authors (i.e. HogenEsch, 2002; Baylor et a!., 2002; 

Lindblad, 2004 and Brewer, 2006) and therefore in this thesis the key functions of 

aluminium salts will be shortly summarised. Aluminium salts are in clinical use for the 

administration of diphtheria toxoid, tetanus toxoid, pertussis and hepatitis B. They have 

been used as vaccine adjuvants for more than 70 years by hundreds of millions of 

patients. The general safety profile of alum is acceptable even though several side 

effects have been reported including erythema, subcutaneous nodules, 

granulomotaous inflammation and contact hypersensitivity (Gupta, 1998). Aluminium 

adjuvants tend to induce a strong Th2 response which is essential for vaccines against 

extracellular pathogens, bacterial exotoxins and helminth parasites. However, they do 

not result in the stimulation of a cellular immune response or Thi immune response 

which would be necessary for vaccines against intracellular pathogens such as viruses, 

mycobacteria and certain protozoa. Two drawbacks of this vaccine adjuvant is the 

stimulation of IgE antibodies which are associated with allergic reactions and that alum 

adsorbed vaccines can not be easily lyophilised (Lindblad, 2004).

Even though these adjuvants have been used for such a long period of time the actual 

mechanism of action is controversial. Several studies have reported a depot effect in 

which alum slowly releases the vaccine antigen and therefore increases the immune
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response (Brewer, 2006). On the other hand, immunostimulation has also been 

suggested for alum but it is not clear whether alum itself acts as an immunostimulant or 

if after injection due to an inflammatory reaction released substances lead to an 

augmentation of the immune response (Brewer, 2006). Apart from aluminium some 

other mineral salts such as calcium phosphate, calcium chloride, zinc sulphate and 

others have been reported as effective vaccine adjuvants (Gupta and Siber, 1995).

1.4.2. Lipid particies

1.4.2.1. Emulsions
Either oil in water or water in oil emulsions are used as vaccine adjuvants. The first 

emulsions used as vaccine adjuvants were the complete and incomplete Freund’s 

adjuvants. The complete Freund’s adjuvant contains heat deactivated mycobacteria, 

whereas the incomplete does not. The main problems associated with the Freund’s 

adjuvants are related to toxicity (Oscherwitz et al., 2006). The only clinically used 

emulsion is MF-59, which is an oil in water emulsion that is used for the delivery of 

influenza (Fluad™). This vaccine is licensed only in Europe and not in North America. It 

contains squalen which is obtained from sharks and also two non-ionic surfactants: 

polysorbate 80 and sorbitan trioleate 85, which are used to stabilise the small oil 

droplets. Fluad™ has been used in more than 20 countries and more than 23 million 

doses have been administered into humans. The effect of MF-59 is an augmentation of 

antibody titres. Compared to the flu vaccine alone it is especially effective in selected 

populations especially in elderly who are at high risk. Additionally, it has been shown 

that MF-59 is well tolerated (Podda, 2001) and the concentration of the applied antigen 

could be significantly reduced compared to non adjuvantised flu vaccines (O’Hagan, 

2007). MF-59 is considered to be a delivery system which increases the uptake of the 

antigen in APCs and it has also shown to stimulate immune cells. MF-59 leads to the 

release of factors from immune cells, which promote the maturation of additional 

immune cells (O’Hagan, 2007).

1.4.2.2. Virosomes
Virosomes is the third vaccine adjuvant approved for humans in several countries 

excluding the United States of America (Crucell, 2008). This technology is based on 

the disruption of the influenza virus to free the viral glycoproteins, and the addition of 

phospholipids to form liposomes by the removal of detergents which yields 150 nm lipid 

particles which can be used for the delivery of vaccines (O’Hagan, 2007). Infelxal V 

and Epaxal are two licensed vaccines by Crucell which are based on this virosome
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technology. Infelxal V is used against influenza and it is licensed in 32 countries, the 

main flu vaccine being licensed in Switzerland. Epaxal is used for the delivery of 

Hepatitis A, it is licensed in 40 countries and it has shown to be as effective as alum 

based hepatitis A vaccines (Crucell, 2008).

1.4.2.3. Liposomes and ISCO M S
Liposomes have been intensively studied for the delivery of anticancer drugs as well as 

for biomacromolecules. Liposomes generally consist of a lipid vesicular structure with 

an aqueous core. They can consist either of one lipid layer (unilamelar) or of multiple 

lipid layers (multilamelar). The surface charge of lipids can be either positive or 

negative dependant on the lipid utilised. Several products are currently on the market 

either in the pharmaceutical or cosmetic industry, which include Doxil, and DaunoXome 

(Peer et al., 2007). The first used liposomes for the delivery of vaccines has been 

reported by Allison and Gregoriadis, 1974 for the delivery of encapsulated diphtheria 

toxoid. The use of liposomes has been extensively reviewed by Gregoriadis, (1990); 

Leserman, (2004) and Christensen et a!., (2007). Moreover, cationic liposomes have 

been evaluated for the delivery of vaccine antigens and plasmid DNA as genetic 

vaccines. Ferrie et al., 2001 found that plasmid DNA encoding for the Hepatitis B 

surface antigen encapsulated into liposomes led to an augmentation in antibody titres 

as compared to naked DNA. Additionally, cationic liposomes have been used for the 

adsorption of protein antigens and DNA (Bramwell et a!., 2002). Recently, much focus 

has been placed on the use of surface modified liposomes with polymers for the 

delivery of vaccines (Bramwell et a!., 2002).

ISCOMs are a special class of liposomes which include Quil A, a saponin and a very 

effective immunopotentiator but which is associated with toxicity. ISCOMs do not have 

a lipid by-layer structure and are rather ‘cage-like’ structures. They have been reviewed 

by Hu eta!., (2001) and by Myschik eta!., (2006) and Sanders eta!., (2005).

1.4.3. Toxins and derivatives
Both the Vibro cholerae cholera toxin (CT) and the Escherichia coil heat labile 

enterotoxin (LT) have shown to be very powerful for the mucosal application of 

vaccines as mucosal adjuvants (Lycke, 2005 and Vajdy et ai., 2004). However, the 

main problem with these two adjuvants is their toxicity in humans which can cause 

severe diarrhoea and the accumulation of the adjuvant in olfactory tissue after 

intranasal administration, something which has limited their use in humans. In fact as 

little as 5 pg of CT can result in severe diarrhoea. On the other hand, CT and LT are 

both strong adjuvants which can stimulate both a cellular and a humoral immune
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response. Therefore, derivatives of LT such as LTK63 have been prepared, which 

showed a reduced toxicity but maintained the adjuvant activity (Chen, 2 0 0 0  and Kende 

eta!., 2007).

1.4.4. Monophosphoryl lipid A (MPL) and synthetic derivative
MPL is a derivative of lipopolysaccharide from bacteria Salmonella Minnesota which

has been shown to interact with the TLR-4 receptors on APCs resulting in the release 

of cytokines especially IL-2 and IFN-y, which are predominately associated with Thi 

cells. Clinically, MPL has been used in combination with liposomes, emulsions and 

alum. MPL has been approved with allergy vaccines in Europe (Wheeler et al., 2001 

and Guy, 2007). Additionally, MPL is included as a component of the AS02 adjuvant 

complex which is an emulsion containing QS2 1 , a saponin from the Quilliaja sapanaria 

tree. This combination has shown to evoke a cellular as well as a humoral immune 

response (Garcon et al., 2007).

1.4.5. Cytokines
Cytokines have also been evaluated as vaccine adjuvants. They have the advantage of 

not being foreign to the body and may therefore lead to fewer side effects. On the other 

hand, cytokines have shown dose dependent toxicity and problems related with 

stability due to their proteinic structure. Cytokines as vaccine adjuvants have shown to 

be able to change the immune response from a Thz response to a Thi response. Most 

extensively evaluated have been IL-1, IL-2, IFN-y, IL-12 and the granulocyte- 

macrophage colony stimulating factor (GM-CFS) (Griffin et al., 2 0 0 2 ; Chabalgoity et al., 

2007 and Zaharoff et al., 2007b).

1.4.6. CpG oligonucleotides
CpG oligonucleotides (ODNs) present in bacterial DNA and found to a lesser extent in 

mammalian DNA have been found to be very effective immunostimulants (Krieg, 2006). 

CpG ODNs can be either incorporated into plasmid DNA constructs or co-administered 

with protein based antigens and they have shown to be very powerful stimulants of a 

cellular immune response (McCluskie et al., 2001). CpG ODNs especially promote the 

production of IFN-y and of IgGza- The main function of CpG ODNs has been associated 

with its direct effect on toll like receptor 9 (TLR-9) expressed on T-cells (Krieg, 2006). 

Moreover, CpG ODNs have shown to be a very powerful adjuvant for the mucosal 

delivery of vaccines, something which has been reviewed by Holmgren et al., (2003). 

Currently, CpG ODNs are being evaluated in clinical trials for the delivery of various 

vaccine antigens. Additionally, CpG ODNs have been co-administered with other 

adjuvants such as alum and have also been encapsulated in various nanoparticle
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formulations (Eastcott et a/.,2001; Diwan et al., 2002; Tafaghodi et al., 2006 and 

Borges et al., 2007) . After the co-administration with alum a more balanced Thi/Tha 

immune response was observed compared to that produced by CpG ODN alone, which 

yielded a Thi directed immune response, suggesting a synergistic effect between alum 

and CpG ODN (Eastcott ef a/.,2001).

1.4.7. Micro-/nanoparticles
Micro and nanoparticles have been extensively evaluated in preclinical studies for the 

delivery of vaccine antigens such as DT, TT, HBsAg, and other protein based antigens. 

Several polymers have been utilised for the preparation of these polymeric carriers and 

much focus has been placed on polyesters such as PLGA and PLA. These systems 

have been extensively reviewed by Alpar et al., (2001); O’Hagan et al., (2004); Davis, 

(2006) and others. PLGA and PLA micro- and nanoparticles can be prepared by 

several methods including solvent evaporation, spray drying, supercritical fluid and 

others (Walter et al., 1999; Elvassore et al., 2001 ; Atuah et al., 2003 and Freitas et al.,

2005). The main drawback of this system is the necessity to use organic solvents 

which could harm the proteinic structures. Therefore, recent studies have focused on 

the utilisation of chitosan and its derivatives for the preparation of micro and 

nanocarriers which will be discussed below in more detail. Briones et al., (2001); Atuah 

et al., (2003) and Kusonwiriyawong et al., (2004) have also prepared positively charged 

microparticles for the delivery of plasmid DNA. Micro and nanoparticles have 

additionally shown some promise for the mucosal delivery of vaccines and especially 

for the nasal delivery of vaccines which is the main focus of this thesis (Almeida and 

Alpar, 1996; Alpar et al., 2001 ; van der Lubben et al., 2003; Vila et al., 2004; Tafaghodi 

et al., 2006 and Amidi et al., 2007). Mucosal delivery of vaccines will be discussed 

below in more detail.

1.5 Mucosal vaccines
The mucosal delivery of vaccines is promising due to the fact that they can stimulate a 

local as well as a systemic immune response and because of the non-invasive nature 

of their application (Almeida and Alpar, 1996; Alpar et al., 2001 ; van der Lubben et al., 

2003; Vila et al., 2004; Tafaghodi et al., 2006 and Amidi et al., 2007). As previously 

discussed, several vaccine adjuvants have been evaluated for the delivery of mucosal 

vaccines such as polymerised liposomes, micro and nanoparticles, toxins and CpG 

ODNs (Vajdy et al., 2004). The most favourable route from a patient compliance point 

of view would be the oral route. Oral delivery of vaccines is difficult due to biological 

and chemical barriers such as the acidity of the stomach which brings problems 

associated with antigen and formulation stability (Holmgren and Czerkinsky, 2005 and
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Neutra and Kozlowski, 2006). Therefore, other routes of administration have been the 

focus of numerous studies including the pulmonary, nasal, vaginal and rectal routes 

(Holmgren and Czerkinsky, 2005 and Neutra and Kozlowski, 2006). The nasal route 

has especially shown a great promise due to the easiness of application which does 

not require trained personal (Almeida and Alpar, 1996; Alpar et al., 2001; van der 

Lubben et a!., 2003; Vila et a!., 2004; Tafaghodi et a!., 2006 and Amidi et al., 2007). In 

2003 the Food and Drug Administration (FDA) approved the first nasal vaccines 

against influenza FluMist®. This vaccine is a cold adaptive live vaccine which is 

approved from the age of 2  years and which requires a single dose to be effective 

(Glezen, 2004). Its cold attenuation avoids virus replication at 3 7 and leads to local 

IgA and systemic IgG (Bellanti, 2006). A drawback of the intranasal application is the 

possibility of reaching the brain via the olfactory route (Fujihashi et al., 2002; Lemiale et 

al., 2003 and Alpar et al., 2005). The nasal associated lymphoid tissue (NALT) is the 

first site of contact for antigens applied via the nasal route. The NALT has been 

extensively reviewed by several authors (Kuper et al., 1992, Almeida and Alpar, 1996). 

It is part of the mucosal associated lymphoid tissue (MALT). Other compartments of the 

MALT are the gastrointestinal associated lymphoid tissue (GALT) and the bronchial 

associated lymphoid tissue (BALT). These parts of the MALT have been reviewed 

extensively elsewhere (Kuper, 2006 and Liebler-Tenorio and Pabst, 2006).

The NALT in humans is also known as the Waldeyer’s ring which consists of the 

adenoid or nasopharyngeal tonsils, the bilateral pharyngeal lymphoid bands, the 

bilateral tubal and faucial or palatine tonsils and the bilateral lingual tonsils (Davis, 

2001). M-cells have been also identified in the Waldeyer’s ring, especially in the tonsils. 

Tissues similar to the Waldeyer ring have been found in monkeys, horses and cattle 

(Almeida and Alpar, 1996). Spit et al., (1989) reported the existence of NALT in rats 

and located it at the entrance of the nasopharyngeal duct as paired lymphoid tissue. 

The presence of M-cells was also identified which are known from the GALT and are 

crucial for processing the antigen (Laissue et al., 1993). Additionally, by scanning 

electron microscope studies the existence of B and T lymphocytes was also verified. A 

similar finding was later also identified in mice, so the use of rodents as a viable model 

for the evaluation of nasally applied vaccines appears to be appropriate (Langermann 

et a i, 1994).
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Figure 6 Processing of soluble and particulate antigens. Hypothetical scheme of pathways 
eliciting a local and systemic immune response via the nasal associated lymphoid tissue (for 
explanation see text, (adapted from Kuper eta!., 1992 and Almeida and Alpar, (1996)).

Kuper et a!., (1992) evaluated the uptake and subsequently the fate of nasally applied 

antigens. Briefly, particulate antigens are mainly taken up by M-cells whereas soluble 

antigens are absorbed at the nasal epithelium. Particulate antigens are subsequently 

processed by the M-cells and preferentially drained to the posterior cervical lymph 

nodes (PCLN). On the other hand, soluble antigens get in contact with APCs and 

subsequently deliver them to the superficial cervical lymph nodes (SOLN), which will 

then in turn drain into the PCLN. Depending on whether the antigen is processed via 

the SCLN or the PCLN there will be differences in the immune response. Antigens 

processed by the PCLN can lead to the production of secretory antibodies especially 

sIgA as well as to systemic immune responses. Antigens processed by the SCLN will 

mainly result in a systemic immune response (Almeida and Alpar, 1996). All these 

pathways are very simplified and some of these processes overlap to a large extent 

(Figure 6 ).

From the early 1990s onwards much focus was placed on the use of permeation 

enhancers and the formulation of vaccines inside particles for the nasal delivery of 

vaccines and proteins (Almeida and Alpar, 1996; Alpar et a!., 2001 ; van der Lubben et 

al., 2003; Vila et al., 2004; Tafaghodi et al., 2006 and Amidi et al., 2007). Recent 

studies have investigated the biopolymer chitosan and its derivatives for the delivery of
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vaccines. Chitosan is the deacetylated form of chitin (poly-p-(1-+4)-N-acetyl-D- 

glucosamine), a waste product from the seafood industry, which makes it an 

inexpensive material. Besides this advantage, chitosan has been studied as a 

biomaterial and as a pharmaceutical excipient due to its favourable biological 

properties which include biodegradability and low toxicity (Picker-Fryer and Brink, 

2006; Singla and Chawla, 2001 and Thanou et al., 2 0 0 1 a). It has been shown that 

chitosan enhances the absorption of macromolecules via an increase in paracellular 

transport and due to its ability to open tight junctions (Artursson at a!., 1994 and Smith 

at a!., 2004). Another advantage for chitosan is that it is mucoadhesive, which 

increases the residence time of the antigen at the mucosal site. Chitosan's use as a 

solution as well as in the form of micro and nanoparticles has shown great promise as 

a vaccine delivery system (Vila at a!., 2004 and Chopra at a!., 2006). Several studies 

have shown that chitosan particles are able to enhance systemic and local immune 

responses to various antigens given nasally and orally (Ilium at a!., 2001 ; Vila at a!., 

2004 and van der Lubben at a!., 2003). For the nasal delivery of antigens nanoparticles 

are more favourable than microparticles, since they are more efficiently taken up by the 

microfold (M) cells present in the NALT, which leads to a local as well as a systemic 

immune response (Fujimura at a!., 2006). Lately, chitosan derivatives such as N- 

trimethyl chitosan have also received attention for the delivery of vaccines (see chapter 

3) (Amidi at a!., 2006 and 2007).

1.6. Aims and objectives of the study
The aim of this thesis is to evaluate the potential use N-trimethyl chitosan as a 

bioadhesive, water soluble chitosan derivative to be complexed to various polyanions 

for the preparation of nanocarriers which could be utilised for the nasal as well as 

parenteral vaccine delivery. Several polyanions have been selected in this study 

because of their reported adjuvanicity for the preparation of these carriers which were 

expected to further boost the immune response. These were: poly (y-glutamic acid) 

(PG), fucoidan (FUC), carboxymethylated pullulan (CMP) and carboxymethylated 

laminarin (CML).

In chapter two I discuss the materials and methods used in my research. In chapter 

three I address the use of PG for the complexation with TMG (Sung at a!., 2005). 

Chapter four addresses the use of fucoidan, a sulphated polysaccharide which is also 

known to interact with scavenger receptors on APC and it was selected as it was 

expected that it might therefore potentially improve the immune response (Mytar at a!., 

2004, Nakamura at a!., 2006). In chapter five I discuss a larger molecular weight TMC 

combined with CMP, another known vaccine adjuvant which was reported to
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specifically accumulate in the spleen (Mitani et al., 1982; Yamaya et al., 1990 and 

Masuda et al., 2 0 0 1  ). Additionally, particles were also prepared with the chitosan salts 

such as chitosan chloride and glutamate prepared from the same starting material to 

evaluate the difference between these derivatives to TMC. In the TMC containing 

formulation also CpG ODN was co-encapsulated to evaluate whether or not a Thi 

adjuvant is capable of changing the direction of the immune response (Krieg, 2006). In 

all these chapters (Chapters 3 ,4  and 5) diphtheria toxoid was encapsulated as a model 

antigen, but before this the particle preparation was optimised with bovine serum 

albumin (BSA), a relatively cheap model protein. Several formulations have been 

prepared with different amounts of model protein to analyse the change in particle size, 

charge, loading and yield and to select an optimal formulation for the in-vivo studies. 

Chapter six addresses the use of tetanus toxoid which was encapsulated into low 

molecular weight TMC, which were prepared by polyelectrolyte complexation with 

carboxymethylated laminarin.

This thesis aimed to investigate how to engineer particle properties depending on 

composition and the method of formation of nanoparticles for the delivery of vaccines. 

It therefore addressed the following questions: a) which differences can be observed 

from a physicochemical point if any and whether differences matter or not in-vivo, b) 

whether a change in polyanion effects or not the toxicity of the chitosan based drug 

delivery system, one of the main criteria for the approval of novel vaccine adjuvants 

apart from its adjuvanicity.
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2. General Methods

2.1. Gel permeation chromatography (GPC)
Gel permeation chromatography (GPC) is also known as size exclusion 

chromatography. The main principle behind this analytical tool is the separation of 

macromolecules (polymers and proteins) based on their size (molecular weight). This 

can be achieved by the use of a single or a multiple column system. Each column is 

filled with different pore size materials such as polystyrene gel, glas? beads or silica gel 

which will retard the macromolecules. Larger molecules will elute faster than smaller 

molecules. The most commonly used detectors are concentration detectors such as 

refractive index and UV. The measured molecular weights with these detectors are 

relative to calibration standards. A major limitation of conventional GPC in polymer 

characterization using only one detector is the inability to distinguish between the effect 

of molecular weight and structural differences. Other detectors based on viscometers 

and light scattering are also used. These two detectors give a response which is both 

proportional to intrinsic viscosity and size, respectively. If these two detectors combined 

with a refractive index detector, absolute molecular weight can be measured by the use 

of only one narrow and one broad molecular weight standard. In this thesis triple 

detection GPC with a refractive index, viscometer and light scattering detector was 

used (VE 5200 GPC autosampler, VE 1 1 2 1  GPC solvent pump, trial dual detector 

model 270, VE 3580 refractive index (Rl) detector and VE 7510 GPC degasser, all 

Viscotek, UK).

2.2. Nuclear magnetic resonance (NMR)
Nuclear magnetic resonance (NMR) spectroscopy is used to elucidate the chemical 

structure of molecules. With NMR it is possible to analyse samples in the liquid as well 

as solid state. NMR is based on the application of a magnetic field on nuclei such as 

and ^̂ C which can lead to a shift to a higher energy level. This can then be applied for 

the structural analysis of molecules by the use of transformation to acquire a spectrum. 

A NMR spectrum generally consists of several peaks which are specific for each 

carbon or hydrogen within a molecule dependant on the type of analysis which is 

performed. The position of these peaks depends on the neighbouring atoms around it 

and with this knowledge it is possible to analyse the structure of even complicated 

molecules. The detailed methods of analysis can be found in Chapters 3 to 6 .
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2.3. Encapsulation efficiency: BCA or Bradford assay

2.3.1. Bicinchoninic acid assay (BCA)
The BCA assay is based on the reduction of Cû '" to in the presence of protein 

and bicinchoninic acid. Bicinchoninic acid and form a water soluble purple 

coloured complex which exhibits a strong absorption at 562 nm which is nearly linear 

with increasing protein concentration. The BCA assay is not an endpoint assay but the 

continued colour development is sufficiently slow. Mainly responsible for the reduction 

of copper are the macromolecular structure of protein, the number of peptide bonds 

and the presence of four amino acids such as cysteine, cystine, tryptophan and 

tyrosine. In general, protein concentrations are determined based on protein standards 

which can be either bovine serum albumin or the applied protein.

BCA was used to determine the encapsulated protein amount loaded into the 

nanoparticles. The nanoparticles were centrifuged at 50 000 rpm for 2 h. A 25 pL of 

each sample was added in each well of a 96 well microtitre plate. The samples were 

either protein standards or supernatants of the centrifuged nanoparticle dispersions. All 

standards and samples were added at least in triplicates. In addition, 200 pL of a BCA 

working reagent were added. The working reagent was prepared by mixing BCA regent 

A and B together in the ratio 50:1. The microtitre plate was then incubated at 37*€ for 

30 min or 2h. After the incubation the plate was removed from the oven and cooled 

down for 5 minutes. The samples were then read at 570 nm using a Dynax MRX 

microplate reader (Dynax Technologies, Billingshurst, W. Sussex). The concentration 

of protein in the supernatants was calculated with the aid of a calibration curve. 

Thereafter, the encapsulation efficiency (EE) was calculated with the following 

equation:

total amount of protein -  protein in supernatant
EE = -------------------------------------------------------------------------------- X 100

total amount of protein

2.4.2. Bradford assay
The Bradford assay is based on the reaction of coomassie with protein samples. When 

coomassie binds protein an immediate shift in absorption from 465 to 595 nm occurs. 

This change can be observed in an abrupt change in colour from brown to blue. Protein 

concentrations can be estimated using running serial diluted protein standards. The 

colour response with coomassie is non-linear with increasing protein concentration.
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Bradford assay was used to determine the encapsulated protein amount loaded into 

the nanoparticles. The nanoparticles were centrifuged at 50 000 rpm for 2 h. A 50 pL of 

each sample was added in each well of a 96 well microtitre plate. The samples were 

either protein standards or supernatants of the centrifuged nanoparticle dispersions. All 

standards and samples were added at least in triplicates. Thereafter, 50 pL of 0.5 M 

NaOH was added in each well. In addition, 200 pL of bradford reagent was added. The 

plate was left for 5 min to react with the samples. The microtitre plate was then read at 

570 nm using a Dynax MRX microplate reader (Dynax Technologies, Billingshurst, W. 

Sussex). The concentration of protein in the supernatants was calculated with the aid 

of a calibration curve. Thereafter the encapsulation efficiency was calculated with the 

following equation:

total amount of Protein -  protein in supernatant
EE = -------------------------------------------------------------------------------- X 100

total amount of protein

2.5. Determination of surface charge: Zeta potential
The DVLO theory proposes that if repulsive forces between particles are greater than 

attractive forces a colloidal suspension is stable. A charged particle will always attract 

counter-ions from the bulk media in which it is dispersed. This attraction occurs in two 

layers. The inner layer or Stern layer consists of the particles themselves plus the 

counter-ions which would move with the particles if an electric field is applied. The 

outer layer or diffuse layer is composed of less attached counter-ions. The interface of 

these two layers is called the slipping plane or hydrodynamic shear. The potential at 

the slipping plane is referred to as the zeta potential. This potential can be measured 

by the use of an applied electric field in capillary flow cell. When an electric field is 

applied the particles start to move according to their charge. This movement depends 

on temperature, pH and other medium properties. The velocity with which a particle is 

moves is referred to as the electrophoretic mobility. Mostly, these measurements are 

performed in water but other bulk media can be applied as well. The actual 

electrophoretic mobility is measured by the use of a laser which calculates the distance 

a particle is able to move in a cell when a current is applied. The zeta potential is then 

related to the electrophoretic mobility.

The zeta potential of nanoparticles was determined using an electrophoretic light- 

scattering technique (Zetamaster, Malvern Instruments Ltd., Malvern, UK). The 

nanoparticles were dispersed in 10 mM potassium chloride solution. This dispersion 

was then added to the Zetasizer electrophoresis cell, the electrophoretic mobility was
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measured and the data converted to zeta potential values. Six measurements were 

performed on each sample and the mean values and standard deviations were 

calculated.

2.6. Particle diameter: Photon correlation spectroscopy (PCS)
Photon correlation spectroscopy, dynamic light scattering or quasi elastic light 

scattering all measure the Brownian motion and relate this to actual particle diameter. 

The Brownian motion is a random movement of particles in dispersion. This movement 

can be measured by the use of light scattering. The larger the particles are the slower 

the movement will be. If particles become too big they start to sediment and this 

represents the cut off for this size measurement which is approximately 2  pm. The 

diameter of a particle is calculated from the diffusion coefficient using the following 

Stokes Einstein equation;

kT
d = ------------

3r|TTD

d = hydrodynamic diameter, k = Boltzmann’s constant, T = absolute temperature, q = 

viscosity, D = diffusion coefficient

The particle size (nm) was then determined by the use of a Zetasizer 2000 (Malvern 

Instruments Ltd., Malvern, U.K.). The average particles size was determined over six 

readings of each sample. Particle size was quoted as Z-average diameter which is also 

known as the hydrodynamic diameter. This is the mean hydrodynamic diameter based 

on the intensity of the scattered light detected.

2.7. Particle morphology: Transmission electron microscopy 
(TEM)
Transmission electron microscopy is often used to determine the morphology and 

structure of nano-materials. TEM provides a much higher spatial resolution than 

scanning electron microscopy (SEM), and can facilitate the analysis of features at an 

atomic scale (in the range of a few nanometers) using electron beam energies in the 

range of 60 to 350 keV. Unlike the SEM which relies on dislodged or reflected 

electrons from the specimen to form an image, the TEM collects the electrons that are 

transmitted through the specimen. Like the SEM, a TEM uses an electron gun to 

produce the primary beam of electrons that will be focused by lenses and 

apertures into a very thin, coherent beam. This beam is then controlled to strike the 

specimen. A portion of this beam gets transmitted to the other side of the specimen, is 

collected, and processed to form the image.
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A Philips, CM 120 Biotwin TEM, was used in this study. Samples were added onto 

carbon-coated copper grids (300 meshes). Excess sample on the surface was filtered 

off and 1 % (m/v) uranyl acetate was added to provide a contrast. A high voltage (80- 

200 keV) finely focused electron beam was passed through a thin (50-200 nm) solid 

sample. Contrast was derived by electrons scattering from atoms in the material. 

Electrons undergo diffraction from lattice planes in crystalline materials yielding phase 

identification.

2.8. Protein Integrity: SDS-Poiyacryiamide gei electrophoresis 
(SDS-PAGE)
Electrophoresis is the study of the movement of charged molecules in an electric field. 

The most commonly used gels are made up of either polyacrylamide or agarose which 

are widely used for larger molecules such as proteins, DNA and RNA. The general 

electrophoresis techniques cannot be used to measure the molecular weight of the 

biological molecules because the mobility of a substance in the gel is influenced by 

both charge and size. In order to overcome this, if the biological samples are treated so 

that they have a uniform charge, electrophoretic mobility then depends primarily on 

size. The molecular weight of protein maybe estimated if they are subjected to 

electrophoresis in the presence of a detergent sodium dodecyl sulphate (SOS) and a 

reducing agent mercaptoethanol (ME). SOS disrupts the secondary, tertiary and 

quaternary structure of the protein to produce a linear polypeptide chain coated with 

negatively charged SOS molecules. Mercaptoethanol assists the protein dénaturation 

by reducing all disulfide bonds.

A precast NuPage’’’'̂  4-12% Bis-Tris gel was used to visualize the stability of BSA 

during processing. The samples were then mixed in a ratio of 1:4 with loading buffer 

(4x loading buffer, Invitogen). A marker, Seeblue® (1x sea blue marker, Invitrogen), as 

well as the samples were added onto the gel. The gels were then run at 200 mV for 

approximately 60 min with a MOPS running buffer (2 0 x MOPS, Invitogen). Afterwards, 

the gel was fixed with a solution consisting of (methanol-water-acetic acid) solution for 

ten min. Then the fixing solution was poured off and the staining solution was added 

(Colloidal blue, Invitrogen). After 24 hours the staining solution was discarded and the 

gel was destained with purified water. Subsequently, a picture of the gel was taken by 

a scanner.
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2.9. Cell culture of Immortalized cell line

2.9.1. Human embryonic kidney ceiis (HEK 293)
HEK 293 cells were maintained in Dulbecco’s modified eagle’s medium (DMEM) 

(Sigma Aldrich, UK) supplemented with 10% foetal calf serum (PCS),ICO U penicillin 

and 100 pg streptomycin in a 500 ml bottle of medium. When cells were about 90% 

confluent, the old medium was removed and the cells were washed with a volume of 

PBS. The cells were detached from the surface of the tissue culture flask using 

trypsin/EDTA and were re-suspended in an appropriate volume of growth medium. The 

cells were passaged at a ratio of 1:5, put into a new culture flask, and then transferred 

back to the incubator.

Long term stocks were prepared by freezing cells at a density of 3 x 10® cells/ml. The 

freezing medium consisted of the usual growth medium of the cells supplemented with 

10% (v/v) of DMSO. The cells were aliquoted into cryovials at 0.5 ml or 1 .0 ml volumes 

and were initially frozen at -80'C for 24 h, before being transferred to liquid nitrogen for 

long-term storage.

2.9.2. Human Caucasian lung adenocarcinoma ceiis (Caiu-3)
Calu-3 cells were maintained in Eagles modified essential medium (EMEM) (ATTC)

supplemented with 1 0 % PCS, 100U penicillin and 1 0 0  pg streptomycin in a 500 ml 

bottle of medium. When cells were about 90% confluent, the old medium was removed 

and the cells were washed with a volume of PBS. The cells were detached from the 

surface of the tissue culture flask using trypsin/EDTA and were re-suspended in an 

appropriate volume of growth medium. The cells were passaged at a ratio of 1:3, put 

into a new culture flask, and then transferred back to the incubator.

Long term stocks were prepared by freezing cells at a density of 3 x 10® cells/ml. The 

freezing medium consisted of the usual growth medium of the cells supplemented with 

10% (v/v) of DMSO. The cells were aliquoted into cryovials at 0.5 ml or 1 .0 ml volumes 

and were initially frozen at -80*0 for 24 h, before being transferred to liquid nitrogen for 

long-term storage.

2.9.2. Murine BALB/c monocyte macrophage cells (J774A.1)
J774A.1 cells were maintained in Dublecco’s modified eagle’s medium (DMEM),

supplemented with 10% PCS, 2  mM glutamine, 100U penicillin and 100 pg 

streptomycin in a 500 ml bottle of medium. When the cells were about 90% confluent
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the cell culture medium was removed. The cells attached to the surface of the tissue 

culture flask were removed using a cell scraper and were re-suspended in medium. 

The cells were passaged at a ratio of 1:3 to 1 :4, put into a new culture flask, and then 

transferred back into the incubator.

Long term stocks were prepared by freezing cells at a density of 3 x 10® cells/ml. The 

freezing medium consisted of the usual growth medium of the cells supplemented with 

1 0 % (v/v) of DMSO. The cells were aliquoted into cryovials at 0.5 ml or 1 . 0  ml volumes 

and were initially frozen at -80*0 for 24 h, before being transferred to liquid nitrogen for 

long-term storage.

2.10. MTT assay for cell viability and evaluation of cytotoxicity 
of polymers
The tétrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), is taken up into cells and reduced by a mitochondrial dehydrogenase enzyme to 

yield a purple formazan which is largely permeable to cell membranes, thus resulting in 

its accumulation within healthy cells. The ability of cells to reduce MTT provides an 

indication of the mitochondrial integrity and activity which, in turn, is interpreted as a 

measure of viability of cells. A Comparison of results between the control and the test 

cultures provides an indication of the cytotoxic effect of test compounds.

Sterile, flat bottomed 96-well plates were seeded with HEK 293 or Calu 3 cells to a 

density of 1 0  ̂cells/well and incubated at 3 T C  and 5% GO2 for 24 h. The wells in the 

plate were only used in the central part ( 6  X 10 wells) because the media in the 

peripheral wells easily evaporates affecting cell growth. The peripheral wells were filled 

with medium only. The negative controls were put at both sides of the wells because of 

the effect of the order of addition of the materials, humidity and/or temperature on the 

obtained results.

44



Ha

N A D H / N A D P H

Mitochondrial enzyme

HN,

Figure 7 Metabolism of MTT by viable ceiis to a water-insoiubie formazan salt.

Polymers and nanoparticles were diluted in the growth media (DMEM or EMEM) to 

yield a concentration of 5 mg/ml and then added to the cells to give a concentration 

range of 0 - 5 mg/ml as shown in Table 2. Each sample was prepared in triplicate. After 

incubation for 72 h, cell viability was assessed using the MTT assay. MTT (20 p.1 of a 5 

mg/ml solution in PBS) was added to each well and the plates were subject to a further 

incubation of 5 h at 37°C in 5% CO2 . The plates were gently tipped and the media was 

aspirated, taking care not to disturb the layer of formazan crystals at the base of each 

well. Spectrophotometer grade DMSO 100 pi was then added to each well and the 

plates were incubated at 37°C for 30 min to dissolve the crystals. The plates were read 

spectrophotometrically at 570 nm using a Wallace Victor II multilabel counter (Perkin- 

Elmer, Inc).

Table 2 The concentration of polymers or nanoparticle used for the MTT assay. Polymers 
or nanoparticles were diluted with the appropriate growth medium.

Concentration 5 2 1 0.5 0.1 0.05 0.01 0.005 0.0
of polymers or
nanopartlcles
(mg/ml)
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Cells incubated in the growth medium alone were used as a control to assay 1 0 0 % 

viability. Viability of cells exposed to test polymers was expressed as percentage of the 

viability seen in control untreated cells (Mean ± S.D., n = 3). Normally, the 10% value 

(i.e. concentration of chemical resulting in 50% inhibition of cell growth or reducing cell 

survival by 50%) can be obtained from the viability plots (percentage of viability of the 

cells tested over a range of concentrations of the test chemicals).

2.11. Cellular uptake studies
Cellular uptake studies were performed using FITC-BSA loaded nanoparticles. FITC- 

BSA was incorporated into nanoparticles during preparation. Mouse BALB/c monocyte 

macrophages J774A.1 were cultured as previously discussed. Poly-L-Lysine (PLL, 1 

mg/ml) solution was sterilised by passing through a 0 . 2 2  pm filter and it was 2 0  times 

diluted as a working solution (50 pg/ml). The coverslips were sterilised in 95% ethanol 

and dried before coating and then were placed in a single layer in a sterile 6 -well plate 

containing the working solution and incubated for 1 h at 37 -C. The PLL solution was 

removed and the surfaces of coverslips were allowed to dry in air. Before placing the 

particles, macrophages were washed with PBS and then re-suspended by scrapping. 

After collection, 4 x 1 0 ® cells in 2 ml of DMEM were added in each well of the 6 -well 

plate with coverslips. The cells were incubated for 18 h and then washed twice with 

DMEM-L-glutamine to remove nonadherent cells and PCS. Subsequently, 2  ml of 

DMEM L-glutamine medium containing 200 pg of nanoparticles loaded with FITC- 

labelled BSA were added to each well and incubated to allow phagocytosis of the 

particles. To investigate time dependent uptake, the cells were incubated for 30, 120, 

240 min and 24 h at 37*C. After incubation, the cells were fixed with cold methanol for 

5 min. Then the fixed cells were washed with PBS. The coverslips with fixed cells were 

mounted on microscope slides and sealed using nail polish. The cellular uptake 

(phagocytosis) was observed using a Zeiss LSM 510 Meta laser scanning confocal 

microscope. The channels used for the observation were set at a multiple channel 

function using T1: 488 nm and T2: 633 nm. The pixel time was set at 32 ps. The 

objective was Plan-apochromat 63x/1.4 oil (DIG: differential interference contrast).

2.12. Serum collection from the immunized mice
Tail vein blood samples were taken at specific time points after immunisation. The 100 

pi samples were collected and stored in an empty eppendorf tube overnight at 4*0  in 

the fridge. After 24 h the samples were centrifuged at 15 000 rpm for 10 min and the 

serum was collected in a new eppendorf. The serum samples were frozen away at - 

2 0 * 0  until further use.
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2.13. Vaginal and nasal washing form the Immunized mice
For the vaginal washes as well as for the nasal washes PBS 7.4 was used. The vagina 

was washed three times with 33 1̂ of PBS and the washing solution was collected in an 

eppendorf and stored on ice. For the nasal washes the animals were humanly killed 

and the trachea was exposed. With a pipette 100 pi of PBS were injected through the 

trachea and collected at the nose. Afterwards the samples were stored on ice. Both 

washing samples were then centrifuged at 15 000 rpm for 10 minutes. 50 pi of the 

supernatant were taken and mixed with PBS (pH 7.4) which included (0.1% m/v) 

sodium azide as a preservative.

2.14. Enzyme-linked immunoadsorbent assay (ELISA)
ELISA has evolved in the late 1960s. It is based on the reaction between an analyte 

(antigen or protein) with a specific antibody. The two used ELISA methods in this thesis 

were either an indirect ELISA or a sandwich ELISA. The indirect ELISA was used for 

the measurement of antibodies whereas the sandwich ELISA was used for the 

detection of cytokines. The main difference between these two methods is that in the 

indirect ELISA the plate gets coated with an antigen and thereafter a primary as well as 

a secondary antibody is added. In the sandwich ELISA the plate is coated with a 

specific antibody and the analyte is added. In addition, a second labelled antibody is 

added which is important for the detection. At the end both assays require the addition 

of a substrate. The amount of antibody in the indirect ELISA is measured in 

comparison to the negative control whereas in the sandwich ELISA a calibration curve 

is obtained.

2.15. Indirect ELISA for the detection of IgG, IgGI, lgG2a and 
IgA
1 - 96 well plates were coated with antigen overnight at 4-C (concentration of 

diphtheria toxoid, tetanus toxoid (50 Lf per plate). 100 pi antigen solution in PBS 

(pH 7.4) was put into each well.

2- After the coating the plates were washed with PBST (0.05% v/v) and dried at room 

temperature (RT).

3- All wells were blocked with 2% (m/v) BSA (Fraction V; >95 %, Fluka, 05480) 

solution 50 pl/well for 1 h at 37-C.

4- The washing and drying step was repeated.

5- Serum was added in the appropriate dilution (before boosting 1:16 and after 

boosting 1:128) and was serially diluted.

6 - The 96 well plates were incubated for 1 h at 37 °C.

7- The washing and drying step was repeated.
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8 - 50 M-l/well of IgG peroxidase antimouse (1 pl/ml in PBS pH 7.4), lgG1 peroxidase 

antimouse (dilution 1 / 1 0 0 0  -  1 /2 0 0 0 ), lgG2 a peroxidase antimouse (dilution 

1/2000) or IgA peroxidase antimouse (dilution (1/2000) were added.

9- The 96 well plates were incubated for 1 h at 37 *C.

1 0- The washing and drying step was repeated.

11 -50  p.l/well of ABTS substrate in citrate buffer (25 ml citrate buffer + 2  2,2'-Azino- 

bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt tablets (ABTS tablets) 

+ 15 p,l H2O2) were added.

12- The 96 well plates were incubated for 30 minutes at 37*€.

13-The plates were read at 405 nm using a microplate reader (Dynax Technologies, 

Billingshurst, W. Sussex).

14-The immunoglobulin titters were calculated with the use of a negative control.

2.16. Sandwich ELISA for the detection of ii-2 , ii-4 , iL-6, IFN-y 
and TNF-a

1- The capture antibody was diluted to the desired working concentration with 

PBS. The 96 well plates were coated with 100 pi of the prepared solution at 

room temperature over night.

2- After the coating the plates were washed with PBST (0.05% v/v) and dried.

3- The plates were blocked with 300 pi of Regent Diluent and incubated for 1 h at 

room temperature.

4- The washing and drying step was repeated.

5- 100 pi of samples or standards in Reagent Diluent were added and the plates 

were covered with an adhesive strip and incubated for 2  h as room 

temperature.

6 - The washing and drying step was repeated.

7- 100 pi of the Detection Antibody diluted with Reagent Diluent were added and 

the plates were covered with a new adhesive strip and incubated again for 2  h 

at room temperature.

8 - The washing and drying step was repeated.

9- 100 pi of the working dilution of Streptavidin-HRP were added. The plates were 

covered and incubated at room temperature for 2 0  min.

1 0- The washing and drying step was repeated.

1 1 - 1 0 0  pi of Substrate solution were added and incubated for further 20 min.

1 2 - 50 pi of Stop Solution (2 N H2SO4) were added and the plates were gently 

tapped to ensure thorough mixing.
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13- The optical density of each well was immediately determined using a 

microplate reader (Dynax Technologies, Billingshurst, W. Sussex) at 450 and 

570 nm. The readings at 570 nm were subtracted from the readings at 450 nm 

to remove the optical imperfections of each plate,

14- The cytokine levels were calculated by the use of a calibration curve.

2.17. Statistical analysis
In-vivo data obtained from animal experiments were subjected to statistical analysis 

using Mann-Whitney U test. p<0.05 was considered to be indicative of significance. For 

the statistical analysis the median was of all the animal data was used rather than 

average. The standard deviations are indicated on all graphs as error bars.
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3. Novel N-trimethyl chitosan-poly (y-giutamic acid) 
nanoparticles for nasal vaccine delivery

3.1. Abstract
This chapter addresses the use of AAtrimethyl chitosan (TMC) -  Poly (y-glutamic acid) 

(PG) nanoparticles for the delivery of diphtheria toxoid (DT). Different molecular weight 

TMC derivatives were synthesised and the medium molecular weight of chitosan was 

selected for the preparation of nanoparticles with PG by polyelectrolyte complexation 

(PEC). At first the particles were prepared with bovine serum albumin (BSA) as a 

model protein to evaluate the effect of particle diameter, surface charge, loading 

efficiency and production yield. Most BSA encapsulating formulations resulted in a 

particle diameter between 200 to 300 nm with a positive surface charge. The 

production yield varied depending on composition, whereas the encapsulation 

efficiency was almost 100% for all BSA containing formulations. After this preliminary 

optimisation study, formulation 3 (TMCiPG ratio 2 :1 ) was selected for further 

characterisation of toxicity as well as cellular uptake. TMC-PG nanoparticles exhibited 

a significantly reduced toxicity as compared to TMC alone. Thereafter, TMC-PG 

nanoparticles were loaded with DT and evaluated in-vivo. No differences in the 

physicochemical characteristics were observed as compared to the optimisation study 

with BSA. Immunisation studies with TMC-PG-DT nanoparticles via the nasal route 

resulted in slightly lower DT specific IgG antibody titres compared to TMC-DT 

dispersions, whereas the antigen solution alone resulted in significantly lower antibody 

titres. Additionally, for TMC-PG-DT and TMC-DT significant levels of IgGi antibody 

titres were observed, which suggests the stimulation of a Tha directed immune 

response. Also, DT specific IgGi antibody titres were found for TMC-PG-DT and TMC- 

DT as well as IgA antibody titres, which indicated the stimulation of a common mucosal 

immune response. Additionally, the formulations resulted in the production of IL-2, IL-4 

and IFN-y, which suggested a stimulation of a cellular as well as a humoral immune 

response. Taken together all these results suggest that TMC-PG-DT nanoparticles 

should have a higher potential as a vaccine delivery system due to the toxicity 

associated with TMC alone.

3.2. Introduction
Recent advances in biotechnology have led to an increased availability of vaccine 

antigens, but their delivery is still hampered by the use of traditional technology
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(McKeever and Rege, 1999). Most vaccines up to date are administered parenteraily 

with the disadvantages of high production cost, low patience compliance, poor mucosal 

responses and the need of trained personal for their administration (Vajdy eta!., 2004). 

An alternative is mucosal administration of vaccines via the oral or nasal route. The 

development of an efficient oral vaccine is still hindered by degradation of the antigen 

in the acidic pH of the stomach as well as by the low bioavailability of the antigen 

(Lavelle et a!., 1995). An alternative for oral vaccination with all its shortcomings is the 

nasal delivery of vaccines (Almeida and Alpar, 1996; Ilium et at., 2001 and Ilium, 2007). 

The respiratory and specifically the nasal mucosa are the first site of contact for inhaled 

pathogens such as measles, pertussis, diphtheria and influenza (Holmgren and 

Czerkinsky, 2005). Mucosal immunisation leads to the secretion of local IgA (sIgA) 

antibodies, and provides the first line of defence since it prevents the attachment of the 

corresponding antigens at the mucosa during renewed infection, and therefore 

prevents any possible development of a disease or damage to the host (Kuper et a i, 

1992; Almeida and Alpar, 1996; Boyaka eta!., 1999; Holmgren and Czerkinsky, 2005). 

However, soluble mucosally administered antigens tend to elicit a weak systemic 

immune response. This has been attributed to several factors such as limited diffusion 

of macromolecules across the mucosal barrier, rapid mucociliary clearance of 

macromolecules and at the nasal site the presence of enzymes, which possibly 

degrade vaccine antigens (Davis, 2001).

To overcome these problems different strategies have been proposed such as the use 

of mucosal adjuvants (GT, LT halotoxin and its mutants, CpG and polycations) or 

particulate drug delivery systems (micro/nanoparticles, liposomes and ISCOMS) to 

increase the immunogenicity of antigens (O’Hagan and Valiante, 2003; Kensil et a i, 

2004; Ulmer, 2004 and Vajdy eta!., 2004). In recent years, the main focus has been on 

the utilization of micro- and nanoparticles. The most commonly used polymers for the 

preparation of these particles is poly(D,L-lactide-co-glycolide) (PLGA) and poly(L- 

lactide) (PLA), which were able to elicit good immune responses for subunit antigens 

such as DT, TT and HBsAg (Davis, 2006 and Pandit et a i, 2007). The main drawback 

of PLGA and PLA is the necessity to use organic solvents to form particles, which can 

lead to denaturation/degradation of the antigen, and that the process of preparation is 

complex and time consuming (Freitas et ai., 2005). As an alternative to these polymers, 

chitosan was suggested (Ilium et al., 2001; van der Lubben et al., 2001a and b and 

Moschos et al., 2004). Chitosan is the deacetylated form of chitin (poly-p-(1-^4)-N- 

acetyl-D-glucosamine), a waste product from the seafood industry, therefore cheap. 

Apart from this, chitosan has many other advantages: it is used as biomaterial and as a 

pharmaceutical excipient due to its favourable biological properties such as
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biodegradability and low toxicity (Singla and Chawla, 2 0 0 1 ; Thanou et al., 2 0 0 1 a and 

Picker-Ftyer and Brink, 2006). Finally, chitosan is able to enhance the absorption of 

macromolecules through increasing the paracellular transport due to its ability to open 

tight junctions transiently (Artursson et a!., 1994; Smith et a!., 2004 and Lin et al.,

2005). Finally the adjuvant displays mucoadhesive properties, which increase the 

residence time of the antigen at the mucosal site (Junginger and Verhoef, 1998).

It is therefore not surprising that chitosan’s use as a solution as well as in the form of 

micro- and nanoparticles has shown great promise as a vaccine delivery system (Vila 

et al., 2004 and Chopra et al., 2006). Several studies have shown that chitosan 

particles are able to enhance systemic and local immune responses to various 

antigens given nasally and orally (van der Lubben et al., 2003; Vila et al., 2004 and 

Ilium, 2007). For the nasal delivery of antigens the size of particles is correlated with 

the delivery efficiency because the smaller particles are more efficiently taken up by the 

microfold M-cells in the nasal associated lymphoid tissue (NALT) (Fujimura et al.,

2006). This is important, since M cells further transport the antigens to the antigen 

presenting cells (ARC), which are the key cells for the induction of an immune 

response (Kuper et al., 1992; Almeida and Alpar, 1996 and Holmgren and Czerkinsky, 

2005).

More recent focus has been put on the development of colloidal drug delivery carriers, 

using polyelectrolyte complexation (PEC) (Schatz et al., 2004; Thunemann et al., 2004; 

Lin et al; 2005 and Hartig et al., 2007). In general, PECs can be formed either by 

complexation of two oppositely charged polymers or by the reaction of a polyanion and 

a cationic surfactant. The main difference between these two PEC systems is that 

PECs with cationic surfactants typically show highly ordered mesophases in the solid 

state, in contrast to PECs containing oppositely charged polymers, which result in a so 

called “scrambled egg” structure (Thunemann et al., 2004). The latter are the main 

focus of this study. PECs can be either formed by layer-by-layer assembly technology 

or by coacervation of oppositely charged polyelectrolytes. The layer-by-layer assembly 

technology is a versatile method for the preparation of nanoparticles but multiple steps 

are needed (Kim and Choi, 2007). Therefore, the coacervation technique is the more 

preferred option which is easier. This process involves a single step, in which one 

polymer solution is added into the other one while stirring rapidly. The formation of 

stable colloid depends on many parameters such as dropping speed, stirring rate, 

droplet size, temperature, pH and others (Schatz et al., 2004; Chen et al., 2005). 

Bakeev et al., (1992) proposed a ‘host guest’ mechanism for the formation of particles. 

The guest is the polymer, which is added drop wise while the host is the polymer in
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which the guest is added. The final particle consists of two shells: the outer shell is the 

host polymer and the inner shell is the guest polymer (Chen et al., 2005) (Figure 8 )

PC

€ )  N H j *

e roo
• rooii

COO'NH

Figure 8  Formation of particles by polyelectrolyte complexation (adapted from Chen et 
a!., (2005)). Poly(y-glutamic acid) (guest polymer) is added into N-trimethyl chitosan (TMC) 
(host polymer), a) Polymers are mixed together, b) charge interaction between the positively 
charged TMC and the negatively charged (PG). c) Formation of a core shell structure in which 
TMC is surface located

So far, the main focus of research for the preparation of nanoparticles by PEC involved 

non-biodegradable polymers (Bakeev et a!., 1992; Thunemann et a!., 2004). Lately, a 

few studies have shown the use of chitosan as polycation to formulate nanoparticles 

with dextran sulphate, poly (acrylic acid) and poly(methacrylic acid) (Schatz et a!., 

2004; Chen et a!., 2005 and de Vasconcelos et ai., 2006). All these polyanions are 

non-biodegradable but still biocompatible and therefore, are not ideal as a drug delivery 

system. Lin et a!., (2005) used chitosan and poly(y-glutamic acid) (PG) to fabricate 

nanoparticles. Although particles are made from biodegradable polymers such as 

chitosan and PG, chitosan itself is not soluble at neutral pH, which is not ideal for the 

encapsulation of macromolecules. Additionally, chitosan is active as an adsorption 

enhancer, when it is protonated (Thanou et a!., 2001a). An alternative to chitosan might 

be /V-trimethyl chitosan (TMC) which is soluble over a wide range of pH and more 

specifically soluble at pH 7.4. TMC has shown to act as an absorption enhancer for 

macromolecules and it also opens tight junctions (Muzzarelli and Tanfani, 1985; Kotze 

eta!., 1997 and Sieval eta!., 1998). Moreover, TMC is mucoadhesive and therefore will 

increase the residence time of antigens at the mucosal site and therefore increase the 

uptake (van der Merwe et a!., 2004). Particulate systems of TMC have been formed 

between TMC and sodium tri-polyphosphate (TPP), a crosslinker. The resulting 

particles range between micron and submicron size depending on composition (van 

der Lubben et a!., 2 0 0 2 ; Amidi et a!., 2006 and 2007; Chen et a!., 2007). TMC 

nanoparticles were able to elicit good immune responses, but nevertheless were 

accompanied with some signs of toxicity (van der Lubben et a!., 2002 and Amidi et a!.,

2007). Authors suggested that the toxicity derived from TMC, with the level of toxicity
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increasing with the degree of trimethylation and molecular mass (Kean et al., 2005 and 

Mao et a!., 2005). Another alternative might be PG which is a non-toxic and 

biodegradable polymer produced by the fermentation of bacillus subtilis and other 

bacteria (Shih and Van, 2001) (Figure 9). It was also previously shown that PG can act 

as a vaccine adjuvant (Sung et al., 2005).
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Figure 9 Chemical structure of PolyCy-glutamlc acid).

The aim of this study was to investigate whether it was possible to replace TPP with 

PG to form nanoparticles with a suitable nano-size and surface charge. Moreover, we 

wanted to investigate the loading efficiency of this new drug delivery system as well as 

its stability and toxicity. Afterwards, the particles were evaluated for their potential 

cellular uptake into macrophages (J 7741 .A). To conclude this study, in-vivo 

experiments were also performed with diphtheria toxoid (DT) loaded nanoparticles as a 

model antigen to investigate the levels of mucosal as well as systemic humoral immune 

response and their related cytokines.

3.3. Materials and Methods

3.3.1. Materials
The materials used in this study were the following: Chitosan (Primex, Icleand 5 cP, 9 

cP, 16 cP), diphtheria toxoid (NIBSC, UK), bovine serum albumin (Sigma Aldrich, UK), 

albumin - fluorescein isothiocyanate conjugate (FITG-BSA) (Sigma Aldrich, UK), (3- 

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT (Sigma Aldrich, UK), 

poly(y-glutamic acid) (Wako chemicals, Japan), ELISA plates (Fisher Scientific, UK), 

IgG peroxidase (Sigma Aldrich, UK), IgGi, lgG2a and IgA (Serotec, UK), 2,2'-Azino- 

bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt tablets (ABTS substrate 

tablets) (Sigma Aldrich, UK), cytokine kits (R&D systems, UK), NuPAGE® Novex® Bis- 

Tris gels (Invitrogen, UK), SeeBlue® protein marker (Invitrogen, UK), NuPAGE MOPS 

SOS Running Buffer (Invitrogen, UK), colloidal blue staining kit (Invitrogen, UK), 

sodium iodide (Sigma Aldrich, UK), NMP (Sigma), methyl iodide (Sigma Aldrich, UK) 

and G PC standards (PEG 21450, dextran 50 kDa and pullulan P-100) (Polymer 

laboratories, USA and Sigma Aldrich, UK). The animals used were female BALB/c 

mice (Harlan). All other materials were of general grade
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3.3.2. Methods

3.3.2.1. Synthesis of N-trimethvI chitosan
Chitosan (2.0 g) and sodium iodide (4.8 g) were dissolved in 80 ml 1 -methyl-2 - 

pyrrolidinone on oil bath at 6 0 with stirring for 1 h. After dissolution of Chitosan, 11 

ml of 15% (m/v) aqueous sodium hydroxide solution and 11.5 ml of methyl iodide were 

added and stirred for 60 min. The product was precipitated using a 300 ml mixture of 

ether and ethanol (1 :1 ) for 1 h stirring and subsequently isolated by filtrating using a G3 

sintered glass filter. After washing with ethanol-diethyl ether mixture, the powder (N- 

trimethyl chitosan iodide) was dried in a vacuum oven at room temperature (After 

applying argon). For a 2 step reaction AAtrimethyl chitosan iodide was dissolved in 80 

ml 1 -methyl-2-pyrrolidinone on oil bath at OO'C with stirring for 1 h. Sodium iodide (4.8 

g), 11 ml 15% (m/v) aqueous sodium hydroxide solution and 7 ml methyl iodide were 

added with rapid stirring at 60 *C for 30 min. Aftenvards, 2 ml methyl iodide and NaOH 

pellets (0.6 g) were added and stirring was continued for 1 h. A 300 ml mixture of ether 

and ethanol (1:1) was added slowly and the mixture was stirred for 5 min and waited 

for precipitation, filtered from G3 filter and vacuum dried. AZ-thmethyl chitosan iodide, 

obtained either by 1 step or 2 step synthesis was dissolved in 40 ml 10% sodium 

chloride aqueous solution with magnetic stirring for 24 h. Then the /V-trimethyl chitosan 

chloride (TMC) obtained was dialyzed against water using dialysis tube (12.000 MWCO 

cut off, Visking) for 72 h and freeze-dried (Virtis, Advantage).

3.3.2.2. ^H-NMR analysis and determination of quaternisation degree of TMC  
samples
^H-NMR spectra of the TMC polymers were obtained with 400 MHz Bruker DMX-400 

Spectrometer (Karlsruhe, Germany) by dissolving samples of polymers in a 1% (v/v) 

acetic acid solution in D2O to allow complete dissolution of the polymer at 80-C. The 

water peak was calibrated with TSP (water soluble NMR marker). The degree of

trimethylation was calculated with data obtained from the ̂ H-NMR spectra according to

the following equation:

Degree of trimethylation (%) = ((CH3)3 / [H] x 9) x 100 

Degree of diemthylation (%) = ((CH3)2 /  [H] x 6 ) x 100

Degree of trimethylation and Degree of dimethylation as a percentage, respectively; 

(CH3)3 is the integral of the trimethyl amino group at 3.32 ppm and (CH3)2 is the integral
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of dimethyl amino group at 3.11 ppm and (H) is the integral f the peaks between 5.1 

and 5.6 ppm

3.3.2.3. Determination of molecular mass of N-trimethvI chitosan
The molecular weight of (TMC 5 cP 1 and 2  step, TMC 9 cP 1 and 2 step and TMC 16

cP 1 and 2  step) was measured with a GPC triple detection system (VE 5200 GPC 

autosampler, VE 1121 GPC solvent pump, trial dual dectector model 270, VE 3580 

refractive index (Rl) detector and VE 7510 GPC degasser, all Viscotek, UK). The used 

polycationic columns (PC-Guard, PC-MBMMW and PC-MBHMW, Viscotek, UK), avoid 

stickiness of the polymer with the column material. As a mobile phase a 95:5 mixture of 

water and acetic acid was used respectively. The GPC system was calibrated by single 

injection of a narrow molecular weight pullulan (P-100, Polymer laboratories, USA) 

standard. Subsequently, five different concentrations of each polymer (1  to 5 mg/ml) 

were injected in triplicates and the dn/dc was calculated with the help of the refractive 

index detector by the use of Omnisec 4.1 software. The calculated dn/dc was then 

used to calculate the molecular weight of each polymer using the triple detection 

system.

3.3.2.3. Determination of molecular mass of polvfy-alutamic acid)
The molecular weight of poly(y-glutamic acid) was measured with a GPC triple

detection system (VE 5200 GPC autosampler, VE 1 1 2 1  GPC solvent pump, trial dual 

dectector model 270, VE 3580 refractive index (Rl) detector and VE 7510 GPC 

degasser, all Viscotek, UK). The used column system was from Viscotek (GMPWxi x 2 , 

Viscotek, UK) and as a mobile phase PBS (pH 7.4) was used. The GPC system was 

calibrated by single injection of a narrow molecular weight polyethylene glycol standard 

(PEG 21450, Polymer laboratories, UK) and a broad Dextran standard (Dextran 50 

kDa, Sigma Aldrich, UK). Afterwards, five different concentrations of each polymer (1 to 

5 mg/ml) were injected in triplicates and the dn/dc was calculated with the help of the 

refractive index detector by the use of Omnisec 4.1 software. The calculated dn/dc was 

then used to calculate the molecular weight of each polymer.

3.3.2.4. Preparation of bovine serum albumin loaded N-trimethvI chitosan-polv 
fv-alutamic acid) nanoparticles
Nanoparticles were prepared by addition of 5 ml aqueous solution of poly (y-glutamic 

acid) (PG) at various concentrations (0.25, 0.5, 1.0, 1.5, 2 . 0  and 2.5 mg/ml) into a 5 ml 

TMC (9 cP 2  step) solution at different concentrations (0.5, 1.0, 1.5, 2  and 2.5 mg/ml) 

under magnetic stirring at room temperature. Bovine serum albumin (BSA) was added 

into the PG solution. Nanoparticles were concentrated with a VivaSpin® concentrator
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(MW 30.000Da, VivaScience, USA) using centrifugation at 3000 rpm for 2 h. BCA 

analysis was performed to determine the BSA amount in supernatant. The particle 

diameter and surface charge were investigated by photon correlation spectroscopy.

3.3.2.5. Preparation of FITC-BSA loaded TMC nanoparticles particles 
Nanoparticles were prepared by addition of 1 ml aqueous solution of poly (y-glutamic

acid) (0.5 mg/ml) into 1 ml TMC (9 cP HO) ( 1 . 0  mg/ml) under magnetic stirring at room

temperature. FITC-bovine serum albumin (FITC-BSA) was added into the polyanion

solution. Bradford analysis was performed to determine the BSA amount in the

supernatant.

3.3.2.6.Preparation of diphtheria toxoid (DT) loaded particles
AX3 formulation was used to prepare DT loaded nanoparticles. The theoretical loading

of DT was 1% (m/m).

3.3.2.7. Immunisation schedule for intranasal administration of D T  loaded 
nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received 25 pi of DT loaded nanoparticles, TMC-DT 

dispersion, PG-DT solution or DT solution alone, each equivalent of 2.5 pg of DT. The 

animals were boosted on day 23 with nanoparticles with the same formulations. Tail 

vein blood samples were taken after 12, 21, 30 and 36 days and antibody responses 

were assessed by ELISA.

3.3.2.8. Immunisation schedule for subcutaneouslv administration of D T  loaded  
nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received subcutaneously 100 pi volume of DT loaded 

nanoparticles, TMC-DT dispersion, PG-DT solution, DT solution alone or alum-DT, 

each equivalent of 2.5 pg of DT. The animals boosted on day 14 with the same 

formulations. Tail vein blood samples were taken after 12, 21 and 36 days and 

antibody responses were assessed by ELISA.
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3.3.2.9. In vitro re-stimulation of spleen cells with diphtheria toxoid
For the analysis of diphtheria toxoid specific cytokines, spleens were harvested upon

termination of the experiment and splenocytes isolated into media (RPMI, Gibco,

Paisley, UK) supplemented with 10% foetal bovine serum (Gibco, Paisley, UK), 20mM

L-glutamine (Sigma, Poole, Dorset, UK), 10®U / L penicillin (Sigma, Poole, Dorset, UK)

and 100 mg/L streptomycin (Sigma, Poole, Dorset, UK) (Working media). Splenocytes

were in vitro re-stimulated with DT (1.0 pg/ml) or working media alone for 48 h and

supernatants were taken for analysis of IL-2, IL-4, IL- 6  and IFN-y using DuoSet

sandwich ELISA kits (R&D Systems, Oxon, UK) in accordance with the manufacturer's

instructions.

3.4. Results and Discussion

3.4.1. Characterisation of N-trimethyi chitosan synthesized using different 
moiecuiar weight chitosan

3.4.1.1. ^H-NMR studies
The synthesis of AAtrimethyl chitosan has been previously described by several 

research groups (Muzzarelli and Tanfani, 1985; Domard et al., 1987; and Sieval et 

a/.,1998). In principle, chitosan was trimethylated by the use of methyl iodide under 

alkaline conditions (Figure 1 0 ). Sieval et a!., (1998) showed that a single reaction 

results in about 15% trimethylation, while multiple trimethylation reactions give more 

than 50% trimethylation. Dimethyl amino pyridine (DMAP) and sodium hydroxide have 

been evaluated as suitable bases for the trimethylation of chitosan (Hamman et al., 

2003 and Polnok et al., 2004). Sodium hydroxide was found to be more effective than 

DMAP since sodium hydroxide is a stronger base compared to DMAP. Even a mixture 

of sodium hydroxide and DMAP did not produce an as efficient trimethylation as 

sodium hydroxide alone. Domard et a!., (1987) suggested that the sodium hydroxide 

amount must be as small as 15% to prevent polymer degradation but must be high 

enough to maintain a pKa value higher than chitosan throughout the whole reaction. 

Additionally, Polnok et a!., (2004) investigated the effect of trimethylation with different 

molecular mass of chitosan (552 mPa and 1 2  mPa) and showed that a lower molecular 

weight chitosan results in a higher degree of trimethylation. Snyman et al., (2002) 

findings demonstrated that multiple steps of trimethylation resulted in a decrease in the 

molecular weight of the product.
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CHOH

NaOH

Figure 10 Reaction scheme of N-trimethyl chitosan. The Polymer is dissolved in NMP and
reacted under basic conditions with methyl iodide. For a high trimethylation degree the reaction 
is repeated.

In the light of these reports in the literature we followed the method from Sieval et al., 

(1998) with some modifications. During the purification process a problem was 

encountered with increased solubility of TMC in ethanol, which was used as 

precipitation medium when combined with diethyl ether which resulted in yields below 

25%. Therefore, following the synthesis, the polymer was first dissolved in sodium 

chloride and then dialysed against water for 5 days and finally lyophilised. This process 

increased the yield significantly to approximately 80%.

1 H
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>P"niiisf|shsP

N(( H3)3

N(CH3)23-OCH3
6-OCH3

4.5 4.0 3.5 3.0

Figure 11 ^H-NMR graph of 9cP TMC with high conversion degree after a second reaction 
step. Peaks indicated between 5.5 to 5.0 were used as the 1 -H proton of chitosan and di- and 
trimethylation were calculated with the equation shown in the materials and methods section 
(3.3.2.2) with the according peak at 3.32 ppm for N(CH 3 ) 3  trimethylation and dimethylation at 
3.12 ppm for N(CH 3 )2 . Peaks at 3.45 ppm and at 3.55 ppm represent 3 -OCH 3 and 6 -OCH 3 , 
respectively.

As expected, because of the low molecular weight nature of the different chitosans 

used (5 cP, 9 cP and 16 cP) this process yielded a higher degree of trimethylation as 

compared to previous trimethylation studies by Sieval et a!., (1998) (Table 3). The 

degree of trimethylation was evaluated by ^H-NMR and the equations given in the
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materials and methods sections were applied to calculate di- and trimethylation (Figure 

11). As illustrated in Figure 11, the ^H-NMR graph shows peaks for dimethylation and 

trimethylation, which are in good correlation according to peak location with Sieval et 

al., (1998)’s findings.

After a single step reaction dimethylation could mainly be observed, whereas following 

a second reaction step around 80% trimethylation could be found (Table 3). The 

different molecular weights of chitosan used in this study did not result in varying 

degrees of trimethylation, something which might be due to too little difference in 

molecular weights. As reported earlier by Polnok et a!., (2004), 3 -OCH3 and 6 -OCH3 

méthylation was observed at 3.55 ppm and 3.45, respectively which is slightly upfield 

as compared to Domard et a!., (1987) but at the same position as reported by Sieval et 

a!., (1998). Both Domard et a!., (1987) and Sieval et al., (1998) additionally reported 

that an 0-methylation resulted in a decrease in solubility which was not observed in 

our studies and which might be related to the fact that the used chitosan in this study 

was of a lower molecular mass.

Table 3 Degree of substitution of TMC samples obtained after trimethylation with 5 cP, 9
cP and 16 cP chitosan (Primex). The amount of di- and trimethylation was calculated with the 
equation and according peaks given in the materials and methods section. 1 méthylation step is 
represented by low conversion (LG), whereas 2 méthylation steps are shown as high 
conversion (HO)

Type of N-trimethyl chitosan Degree of 
dimethylation 

(%)

Degree of 
trimethylation 

(%)
TMC 5 cP Low conversion (LC) 67 25
TMC 5 cP High conversion (HC) 12 87
TMC 9 cP Low conversion (LC) 67 28
TMC 9 cP High conversion (HC) 21 78
TMC 16 cP Low conversion (LC) 68 21
TMC 16 cP High conversion (HC) 20 79

3.4.1.2. Determination of molecular weight
For the evaluation of the molecular weight of TMGs, gel permeation chromatography 

(GPC) was performed with a light scattering detector, a refractive index detector and a 

viscosity detector (Viscotek, UK). This system is called triple detection which allows for 

a more accurate characterisation of a molecular weight distribution than a single 

detection GPC with a refractive index detector. The column system used was a series 

of two GPC columns filled with a cationic stationary phase (Viscotek, UK). These 

columns made it possible to fully investigate the cationic polymers by GPC. This was 

used to circumvent the problem associated with conventional GPC columns 

(polyanionic stationary phase), that polycationic polymers adhere to the column 

material due to charge interaction. Several authors have therefore suggested using a
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mixture of acetic acid/sodium acetate (0.2M) as a mobile phase to reduce adsorption 

(Knaul et al., 1998; Snyman et al., 2002 and 2003; Jiang et al., 2006). This improved 

the recovery of the polymers to a certain extend but could not solve the problem 

completely. Therefore, the use of polycationic columns was justified. Several groups 

such as Synman et al., (2002) and Hamman et al., (2003) have evaluated the intrinsic 

viscosity as well as the molecular weight of AAtrimethyl chitosan. They found that 

NaOH degraded the polymer chain and that an increase in reaction steps (1 

trimethylation step versus 3 trimethylation steps) resulted in a lower intrinsic viscosity 

and a lower molecular weight most likely associated with chain splitting. On the other 

hand, Mao et al., (2007) reported the characterization of chitosan and TMC by field flow 

fractionation (FFF) and compared their results with GPC. No statistical difference was 

observed between the two methods utilized and moreover, it was shown that low 

molecular weight TMC was less degraded than high molecular weight TMC during the 

reaction.

Due to a lack of information about the dn/dc values of TMC from the literature these 

values were measured by the use of a refractive index detector and a Zimm plot for all 

TMC 5 cP low conversion (LC, 1 trimethylation step) and high conversion (HC, 2 

trimethylation steps), TMC 9 cP LC and HC and TMC 16 cP LC and HC. The dn/dc 

values were measured as described in the methods section (Table 4). The dn/dc 

values varied between 0.188 and 0.168 for the different TMC polymers evaluated. In 

general, low conversion degree TMC materials resulted in a higher dn/dc values. A 

second reaction step resulted in a small decrease of the dn/dc value but the difference 

did not result in significant differences in the Mn values. The molecular weight 

distribution was measured with these calculated dn/dc values and as expected the 

TMCs prepared from 5 cP chitosan resulted in polymers of lower molecular weight as 

compared to TMCs prepared using 16cP chitosan. A second reaction step resulted in 

slightly lower molecular weight polymers, with values which are in good correlation with 

previous findings by Mao et al., (2007) who also found only a slight decrease in 

molecular weight for materials with a molecular mass lower than 50 kDa. The 

polydispersity index varied between 0.12 and 0.14 depending on the polymers used. 

Recoveries of as high as 95% and even higher were obtained with the polycationic 

column system, which indicated a complete elution of all the samples from the column 

which could be due to the use of the polycationic columns. The data related to this 

operation are illustrated in Table 4.
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Table 4 Gel permeation chromatography results for TMC 5 op LC, TMC 5 cP HC, TMC 9 cP 
LC, TMC, 9 cP HC, TMC 16 cP LC and TMC 16 cP HC by the use of triple detection (Rl, IV, 
RALS). The molecular weight distribution was obtained by the use of polycationic coiumns and 
as a mobile phase a mixture of 95:5 of water and acetic acid was used. Mn, M*, M ,̂ Mp, My/Mn 
and recovery were caiculated after obtaining the dn/dc vaiues of each polymer by the use of a

Polymers dn/dc
(ml/g)

Mn
(kDa)

Mw
(kDa)

Mz
(kDa)

Mp
(kDa)

Mw/Mn Recovery
(%)

TMC 5 cP LC 0.185 17.72 23.55 26.66 13.51 1329 9934
TMCScPHC 0.174 16.33 23.68 27.09 12.20 1350 94.74
TMC 9 cP LC 0.188 35.08 44.51 67.05 39.55 1369 98.95
TM C9cPHC 0.185 31.56 42.43 66.59 20.42 1344 9834
TMC 16 cP LC 0.175 43.81 60.85 106.23 34.62 1389 9932
TMC 16 cP HC 0.168 43.55 53.94 75.05 36.09 1338 97.01

We also checked the dn/dc values of PG and compared it to the manufacturer’s 

information (Wako chemicals, 2008). We found that the dn/dc is similar to values found 

in the literature and that the molecular weight provided by the manufacturer is fairly 

accurate (Irurzun eta!., 2001 and Wako Chemicals, 2008) (Table 5).

Table 5 Gel permeation chromatography results for poly(Y-glutamic acid) (Wako 
chemicals). PBS was used as a mobile phase for triple detection GPC (Rl, IV and RALS). M„, 
Mw, Mz, Mp, Mw/Mn and recovery were calculated after obtaining the dn/dc values of each

Sources dn/dc
(ml/g)

Mn
(kDa)

Mw
(kDa)

Mz
(kDa)

Mp
(kDa)

Mw/Mn 1 Recove 
1 ry(%)

PG 0.127 239.6 399.1 704.6 355.2 1.665 1 96.17
Manufacture N.A. N.A. 200-500 N.A. NA. N.A. 1 NA.

3.4.2. Preformulation studies
The most common technique to prepare TMC nanoparticles is ionic gelation with TPP. 

With this method it is possible to form nanoparticles in the range of 200 to 400 nm (van 

der Lubben et al., 2002 and Amidi et a!., 2006). PG may be a suitable substitute for 

TPP, as PG is completely non-toxic and therefore it might reduce the toxicity of the 

particulate formulations (Sung et a!., 2005). In general, this method is based on the 

formation of a polyelectrolyte complex between the positively charged TMC and the 

polyanionic PG. The particle formation takes place in water, providing a mild medium 

(Lin et a!., 2005). Therefore, this technique should be more suitable for the preparation 

of protein carrying nanoparticles as compared to other techniques, which use organic 

solvents, such as solvent evaporation (Amidi et a!., 2006). Furthermore, neither 

homogenization nor sonication is required for the particle preparation, which often can 

lead to the inactivation of biomacromolecules (Tabata et a!., 1993; Kikuchi et a!., 1999 

and Sinha et a!., 2003). Different mass mixing ratios of these two polymers were 

tested varying from 1:1 up to 5:1 (TMC to PG, respectively) in different aqueous buffer
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solutions such as water, saline and PBS (pH 7.4). It was found that a TMC to PG ratio 

of 2:1 resulted in the smallest particle diameter (194.4 nm). As expected water was the 

most suitable buffer for the preparation of these particles as compared to 0.9 % NaCI 

and PBS, which resulted in aggregation of the nanoparticles (Table 6). This 

aggregation might have occurred due to a change ionic strength which is known to 

affect the colloidal stability of particles.

These results are in line with Lin et al., 2005 who also observed a particle diameter 

form particles prepared with chitosan and PG of approximately 200 nm. Interestingly, 

Lin at a!., (2005) used only PBS (pH 7.4) for the preparation of the nanoparticles. Why 

in this study particles prepared in a 2:1 ratio between chitosan and PG did not 

aggregate might be related to several reasons. One of these might be that the PG used 

had a molecular weight of 160 kDa, whereas the PG used in this study was almost 400 

kDa. Another reason might be the difference between chitosan and the trimethylated 

chitosan derivative, which exhibit a different charge density. Moreover, Lin at a!., (2007) 

showed that the chitosan-poly(y-gIutamic acid) nanoparticles diameter is very 

dependent on pH. Nanoparticles prepared in a 3:1 ratio between chitosan and poly(y- 

glutamic acid) at pH 7.4 were aggregated, whereas if the same formulation was 

prepared at a pH 2.5, the particle diameter was 185 nm. These results contradict their 

previous findings (Lin at a!., 2005). Our results are in line with the results from Lin at a!., 

(2007) and in the same study it was shown that particles prepared in 1.5:1 ratio 

between chitosan and poly(Y-glutamic acid) were aggregated.

Table 6  Effect of buffer solutions on the particle diameter. TMC 9 cP HC-PG nanoparticles
prepared
Different

in different ratios. The TMC 9 cP HC to PG ratio varied from 1:1 to 5:1, respectively. 
Duffer solutions were investigated: water, 0.9%  NaCI and PBS saline (pH 7.4)

Formu
lation

TMC 9cp 
HC 

(mg/ml)

PG-Na
(mg/ml)

*Z-average
diameter
(nm±SD)

♦*Z-average
diameter
(nm±SD)

♦♦♦Z-average
diameter
(nmlSD)

FI 1 1 Aggrefiation Aggregation 357.313.2
F2 1 0.5 Aggregation 291.2±2.1 194.410.2
F3 1.5 0.5 232.4±2.5 223.612.9 2 1 1 .6 1 1 . 8

F4 2 0.5 226.4±6.1 214.814.8 246.313.6
F5 2.5 0.5 227.0±0.4 206.311.7 262.016.9

* Nanoparticles were prepared in P BS pH 7.4, ** in Saline (0.9% (m/v) NaCI) and *** in water

3.4.3. Characterisation of /V^rimethyi chitosan-poiy (y-glutamic acid) 
(TMC-PG) nanoparticles
Following preliminary trials which identified water as the optimal process medium, two 

series of nanoparticles were prepared which differed in their content of protein: AX and 

BX series (Tables 7 and 8). In both of these preparations the mass ratio TMC to PG 

varied from 1:1 to 5:1, respectively. In the AX series 7.5 pg/ml BSA was encapsulated.
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whereas in the BX series 150 ng/ml BSA was used for the encapsulation. These two 

different amounts of BSA would result in 1% m/m and 20% m/m theoretical loading of 

model protein, respectively for formulation 3 (AX3 and BX3) prepared in a 2:1 ratio of 

TMC to PG. A 1% m/m theoretical loading is commonly used in particulate based 

vaccines, whereas a 20% m/m loading is more commonly used for protein based 

medicines (Pandit et al., 2007). Varying the ratios between TMC and PG is important, 

because the more TMC in the composition of a formulation the higher the toxicity would 

be expected to be (Kean eta!., 2005; Mao eta!., 2005).

The particle diameter of all formulations was concentration dependent and varied 

between 150 nm to 1000 nm (Tables 9 and 10). With decreasing the lower total solid 

amount (polymers + protein) the particle diameter also diminished: this can be seen in 

formulations AX1 (148.6 nm) and BX1 (142.4 nm), which each had a particle diameter 

below 150 nm with a narrow polydispersity index. Exceptions were the formulations 

AX2 (611.2 nm) and AX4 (1083.7 nm), which were prepared in a 1:1 ratio that resulted 

in much larger particles. The reason behind this might be the excess charge of PG, 

which might result in a phase inversion with negatively charged particles. This was also 

observed for BX2 (541.3 nm) and BX4 (696.2 nm). All other formulations had a particle 

diameter ranging from 150 to 300 nm, a suitable diameter for to be uptake by epithelial 

and mucosal cells (Desai et a!., 1996 Amidi et a!., 2006 and Fujimura et a!., 2006). 

Several formulations resulted in fibrous aggregation such as formulations 6, 7, 10, 11, 

14, 15 and 16 from the AX as well as the BX series. This could be due to too high total 

solids in the medium used, which are known to result in aggregation (Schatz et a!., 

2004 and Lin et a!., 2005). Another possibility might be charge neutralisation, due to 

excess use of PG, which neutralises the charge of TMC and therefore results in 

aggregation. Also, other groups have shown that the ratio between chitosan to 

polyanion is crucial and can affect the particle diameter significantly (Schatz et a!., 

2004; Chen et a!., 2005 and Lin et a!., 2005). Vila et a!., (2004) showed that no 

significant difference was observed between particles prepared with different low 

molecular weight chitosan’s and TPP. On the other hand, changing the TPP to chitosan 

ratio changed the particle diameter significantly (Janes and Alonso, 2003)
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Figure 12 Transmission electron microscopy image of BSA loaded TMC-PG 
nanoparticles.

With regards to the particle surface charge it was found that when the ratio of TMC:PG 

was 1:1, the surface charge was negative whereas when the ratio was 2:1 or higher the 

surface charge was positive. This was expected due to a use in excess of TMC (Tables 

7 and 8). On the other hand, the surface charge can also be changed by reversing the 

order of polymer addition, which results in negatively charged particles (Schatz et al.,

2004) The surface charge for formulations containing 1:1 ratios of TMC to PG, AX2 (- 

36.4 mV), BX2 (- 35.9 mV), AX4 (- 35.4 mV) and BX4 (- 32.74 mV) were changed to 

negative charges. This can be explained by a so called phase inversion, in which PG 

becomes surface located and results therefore in negatively charged particles, if the 

ratio was 1:1. In all other formulations the particle core consisted of PG and the TMC 

was surface located, something which was assumed due to the positive surface charge 

of these particles. The value of surface charge varied for the positively charged 

particles from + 21.4 mV for formulation AX1 to + 47.0 mV for formulation AX 12. This 

showed that increasing the TMC:PG ratio increases the surface charge. The same was 

observed by Lin at a!., (2005) by altering the ratio between chitosan to PG. Janes and 

Alonso, (2003) found that by changing the ratio between chitosan and TPP for 3:1 to 

6:1 the zeta potential was significantly higher. The same group also showed that 

different molecular weight chitosans result in differently charged particles in the 

combination with TPP (Vila at a!., 2004). Although a positive surface charge can be
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beneficial for cellular uptake, it might also lead to an increase in toxicity (Dobrovolskaia 

and McNeil, 2007). In the BX series a slightly reduced positive surface charge was 

observed as compared to the AX series; for example AX3 (+25.0 mV) and BX3 (+21.76 

mV). This may be attributed to the higher inclusion of BSA (7.5 pg/ml for AX and 150 

pg/ml for BX) used for encapsulation. Some parts of the protein can be surface located 

which may lead to an overall reduced positive surface charge. Th amount of surface 

located protein would presumably be higher if the total amount of protein was 

increased from 7.5 pg/ml to 150 pg/ml.

Table 7 Nanoparticles prepared with TMC 9cP HC and poly(Y-glutamlc acid) (PG). The
ratios of TM C 9 cP HC to PG varied from 1 : 1  to 5:1, respectively. In these series of formulations 
named AX series 7.5 pg/mi bovine serum albumin (BSA) was used. This amount of BSA would 
yield 1% (m/m) theoretical loading for formulation AX3. Mass ratios, zeta potential, yield and 
encapsulation efficiency are given (n=3).

Formulation TMC 9cP 
HC 

(mg/ml)

PG-Na
(mg/ml)

Zeta
Potential
(mVtSD)

Yield
(%±SD)

Encapsulation
efficiency
(%±SD)

AX1 0.5 0.25 21.4±2.2 96.78±5.13 95.02±4.98

AX2 0.5 0.5 -36.4±3.2 65.72±6.22 60.12±2.45

AX3 1.0 0.5 25.0±0.3 98.79±5.98 98.49±5.14

AX4 1.0 1.0 -35.4±0.7 62.31±4.17 55.21±5.02

AX5 1.5 0.5 37.1±0.6 78.01±8.65 75.45±4.92

AX6 1.5 1.0 Affj^ref^ated
AX7 1.5 1.5 A^^ref^ated
AX8 2.0 0.5 41.1±0.3 59.18±3.21 65.34±2.98

AX9 2.0 1.0 26.3±0.5 62.12±4.97 87.46±8.23

AXIO 2.0 1.5 Ai }̂ r̂ej^ated
AX11 2.0 2.0 A^^remed
AX12 2.5 0.5 47.0±0.4 52.16±3.99 68.74±4.12

AX13 2.5 1.0 34.7±0.5 62.89±5.15 82.24±2.98

AX14 2.5 1.5 Aggregated
AXIS 2.5 2.0 Aggregated
AX16 2.5 2.5 Aggregated

The overall production yield received at the end of a fabrication process of a 

pharmaceutical dosage form is important and plays an important role in deciding 

whether a process might be industrially viable or not. For these reasons the yield 

achieved by PEC was evaluated in the present study. Overall, the yields varied among 

different formulations depending on their compositions from 47.09% for formulation 

BX12 to 98.79% for formulation AX3 (Table 7). In general, the BX series resulted in 

slightly lower yields as compared to the AX series. The highest yields were obtained for 

formulations 1 and 3 of both series, respectively such as AX1, BX1, AX3 and BX3. 

Additionally, it was found that the ratio of TMC to PG affected the yield significantly; for 

example formulation AX 12 (5:1 ratio) resulted in a yield of 52.16% whereas AX 13 

(2.5:1 ratio) in 62.89% (Table 7 and 8). These yields outperform many other processes 

used for particle preparation such as spray drying and supercritical fluid which have a
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maximum yield of approximately 50% reported in the literature (Huang et al., 2003). 

However, particles prepared with chitosan and TPP resulted in comparable high 

production yields, in which the yields also varied depending on TMC:TPP ratio (Janes 

and Alonso, 2003).

Table 8  Nanoparticles prepared with TMC 9cP HC and poly(Y-giutamic acid) (PG). The
ratios of TM C 9 cP HC to PG varied from 1:1 to 5:1, respectively. In these series of formulations 
named BX series 150 pg/ml bovine serum albumin (BSA) was used. This amount of BSA would 
yield 20%  (m/m) theoretical loading for formulation BX3. Mass ratios, zeta potential, yield and 
encapsulation efficiency are given (n=3).

Formulation TMC 9cP 
HC 

(mg/ml)

PG-Na
(mg/ml)

Zeta
Potential
(mV±SD)

Yield
(%±SD)

Encapsulation
efficiency

(%±SD)
BX1 0.5 0.25 18.62±0.50 95.9618.21 84.65l7.12

BX2 0.5 0.5 -35.91 ±2.87 55.8013.44 47.35l6.44

BX3 1.0 0.5 21.76±1.02 97.98l6.12 88.5116.87

BX4 1.0 1.0 -32.74±1.B8 58.9114.43 55.21l5.31

BX5 1.5 0.5 33.80i1.02 72.09l4.87 67.57l7.44

BX6 1.5 1.0 Aggregated
BX7 1.5 1.5 Aggregated
BX8 2.0 0.5 35.67±3.52 52.8313.65 56.64l2.87

BX9 2.0 1.0 28.2511.30 57.1414.16 80.36l9.16

BX10 2.0 1.5 Aggregated

BX11 2.0 2.0 Aggregated

BX12 2.5 0.5 37.1110.47 47.09l4.86 57.78l4.56

BX13 2.5 1.0 34.8410.89 59.2615.48 78.87l3.12

BX14 2.5 1.5 Aggregated

BX15 2.5 2.0 Aggregated

BX16 2.5 2.5 Aggregated

3.4.4. Assessing the protein loading
Sufficiently high protein loading in the particulate carriers is important for the 

development of protein based medicines. The loading can vary between 0 to 90% 

dependant on the applied technique, physicochemical properties of the active and 

excipients employed (Tables 7 and 8). High protein loading often results in particles, 

where some amounts of protein are located on or near the surface of the carriers. As 

previously mentioned, two different quantities of BSA were used as a model protein, 

and it is most likely that for the 150 pg/ml loaded particles some protein would be 

located on the surface. A detailed differentiation between the amounts of surface 

located versus encapsulated protein was not conducted. The encapsulation efficiency 

and/or adsorption efficiency were evaluated by BOA analysis of the supernatants for 

protein content, which is an indirect method. It was found that the encapsulation 

efficiency and/or adsorption efficiency was the highest both for formulation AX3 (98.5 ±
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5.1 %) and BX3 (88.51 ±6.87 %). When the theoretical loading was 1% m/m, which is 

an amount commonly used in particulate vaccines, the loading efficiency reached 98%. 

However, when 20% m/m theoretical loading was used, the loading efficiency was 

about 85% for formulations AX3 and BX3. Again, these results are comparable with 

other chitosan-TPP and TMC-TPP nanoparticle formulations (Janes and Alonso, 2003 

and Amidi eta!., 2006). Lin eta!., (2007) reported an encapsulation efficiency for insulin 

of almost 60% into chitosan-poly(y-glutamic acid) nanoparticles. To summarize the 

loading results, high encapsulation and/or adsorption efficiencies were observed for 

both of the evaluated theoretical loading capacities, which suggest the high potential of 

these carriers for use as vaccine or as a therapeutic protein drug delivery system, in 

which higher loadings are desirable.

3.4.5. Physical stability of TMC-PG nanoparticles after 1 month storage at
4 2 c
Storage stability is also an important factor in the development of a pharmaceutical 

product. In the case of particulate vaccines two problems might be encountered during 

storage, which can be related either to their colloidal stability or active stability i.e. their 

antigen integrity (Jiang ef a/., 2005).

Table 9 Nanoparticles prepared with TMC 9cP HC and poly(Y-glutamic acid) (PG) (see 
table AX series). Particle diameters are given Immediately after preparation as well as during a

Formulation
After

Preparation
After 1 week 

at 4«C
After 2 weeks 

at4=C
After 4 weeks 

at4=C

Z-average
diameter
(nmiSD)

Z-average
diameter
(nmiSD)

Z-average
diameter
(nmiSD)

Z-average
diameter
(nmiSD)

AX1 148.56±1.81 
PI: 0141

Aggregated

AX2 611.19±23.34 
PI: 0686

665.02±20.24 
PI: 1.0

549.05127.54 
PI: 1.0

667.12122.28 
PI: 1.0

AX3 180.86±2.57 
PI: 0.112

182.13±2.98 
PI: 0.099

184.1212.65 
PI: 0.124

186.3716.78 
PI: 0.125

AX4 1083.68±62.2 
PI: 1.0

692.48119.98 
PI: 1.0

621.17124.22 
PI: 1.0

687.87123.45 
PI: 1.0

AX5 227.88±5.91 
PI: 0.139

228.2418.10 
PI: 0.178

231.1017.87 
PI: 0.218

238.52110.12 
PI: 0.192

AX6 Aggregated
AX7 Aggregated
AX8 262.92±10.58 

PI: 0.143
279.3718.62 

PI: 0.210
277.0118.36 

PI: 0.249
287.4119.52 

PI: 0.241
AX9 217.48+4.81 

PI: 0.134
245.8619.19 

PI: 0.115
247.6711.39 

PI: 0.144
253.2918.78 

PI: 0.157
AXIO Aggregated
AX11 Aggregated
AX12 271.61 ±4.67 

PI: 0.173
301.7419.75 

PI: 0.197
290.8216.77 

PI: 0.289
303.32110.24 

PI: 0.210
AX13 274.42±8.39 

PI: 0.140
266.6818.41 

PI: 0.146
267.2118.42 

PI: 0.248
278.9518.41 

PI: 0.248
AX14 Aggregated
AX15 Aggregated
AX16 Aggregated
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Therefore, to investigate the stability, all formulations were stored at 4*C and their 

particle diameter was measured after 1, 2 and 4 weeks of storage (Tables 9 and 10). 

The formulations AX1 and BX1 were unstable and aggregated during storage which 

might have been due to their low zeta potential as compared to all the other stable 

formulations. A slight increase in particle diameter was observed but it is not clear if 

this change in size was significant.

Table 10 Nanoparticles prepared with TMC 9cP HC and polyCy-glutamlc acid) (PG) (see 
table BX series). Particle diameters are given immediately after preparation as well as during a

After After 1 week After 2 weeks After 4 weeks
Formulation Preparation at4«C at 4% at4«C

Z-average
diameter

Z-average
diameter

Z-average
diameter

Z-average
diameter

(nmiSD) (nm±SD) (nm±SD) (nm±SD)
BX1 142.38±1.71 

PI: 0.161
147.98±2.32 

PI: 0.159 Aggregated

BX2 541.32±23.85 513.32±11.09 506.45±19.36 495.56±15.29
PI: 0.663 PI: 0.751 PI: 1.0 PI: 0.744

BX3 173.36±1.55 171.41±5.46 170.88±4.41 177.51±2.33
PI: 0.166 PI: 0.139 PI: 0.133 PI: 0.105

BX4 696.20±43.43 641.41±11.88 635.97±22.64 549.88±29.88
PI: 1.0 PI: 1.0 PI: 1.0 PI: 0.964

BX5 226.31 ±4.11 242.49±6.26 234.45±5.06 236.64±6.24
PI: 0.180 PI: 0.197 PI: 0.204 PI: 0.212

BX6 Aggregated
BX7 Aggregated
BX8 252.29±4.56 293.50±9.04 287.66±6.57 287.24±6.88

PI: 0.194 PI: 0.186 PI: 0.268 PI: 0.290
BX9 220.39±3.61 219.7±6.17 213.02±6.01 224.37±8.96

PI: 0.166 PI: 0.122 PI: 0.125 PI: 0.208
BX10 Aggregated
BX11 Aggregated
BX12 273.73±5.42 312.7±8.67 304.40±7.74 301.29±5.82

PI: 0.240 PI: 0.214 PI: 0.202 PI: 0.220
BX13 262.79±6.03 273.76±12.62 263.47±7.23 280.68±9.47

PI: 0.159 PI: 0.173 PI: 0.176 PI: 0.224
BX14 Aggregated
BX15 Aggregated
BX16

3.4.6. Evaluation of protein integrity
As mentioned above, antigen integrity is another important parameter for the 

development of protein based medicines as well as of vaccines (Jiang et al., 2005). 

Many other techniques such as spray drying and solvent evaporation can lead to a 

partial degradation of the protein due to either the exposure of heat, organic solvents or 

high shearing (Freitas et a!., 2005). Therefore, a process which can be utilized at room 

temperature without the necessity of organic solvent use and which does not involve 

high shear forces will be highly desirable for the formulation of proteins. Since PEC 

does not use organic solvents, the encapsulation of proteins within PEG nanocarriers in 

water might be the ideal technique for the manufacture of protein containing 

nanoparticles (Lin et a!., 2007). In this study the antigen integrity was analysed after 

preparation as well as after one month of storage. This was performed by SDS PAGE, 

which will only give an idea of its intactness (e.g. fragmentation, aggregation), but not
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the loss of e.g. single amino acids and functionality. For a full study of protein integrity 

more studies such as FTIR, CD, SEC and ELISA might be necessary. It can be seen in 

Figure 13 that the mild polyelectrolyte complexation process did not have any effect on 

protein aggregation or fragmentation as determined by SDS PAGE, since no change in 

the position of antigen bands were observed between the protein loaded into the 

particles and the protein solution alone (Figure 13 A). This result was expected since 

the particles were prepared in water and it was presumed that this mild preparation 

technique would not result in aggregation (see above). This has also been shown by 

other groups for chitosan and TMC nanoparticles by SDS PAGE or western plot 

analysis (Amidi eta!., 2007). Figure 13 B shows an SDS PAGE gel of the formulations 

(3 through 11) after 1 month of storage. Here again it is not possible to see any visual 

difference in protein bands compared to BSA standards (Figure 13 B). On the other 

hand, it has to be pointed out that SDS page will be only possible to show protein 

aggregation or fragmentations in the liquid state. Other ways of analysis such as size 

exclusion chromatography (SEC) or field flow fractionation might be more suitable to 

detect liquid protein aggregation but SDS page was employed due to its availability. 

Solid protein aggregation can also be a problem in protein based medicines and can be 

commonly assessed by light scattering but often appears problematic in particulate 

based medicines. Again, to perform a full analysis of the integrity of protein seemed 

unnecessary due to the multidisciplinary nature of this project.

62 kDa

28kl)a  
18 kDa 
14 kDa 
6 kDa

Figure 13 SDS-PAGE of BSA loaded TMC 9 cP HC-PG nanoparticles. A: Immediately after 
preparation, lane 1: BSA standard non-encapsulated (50 pg/ml), lane 2: BSA standard non
encapsulated (25 pg/ml), lane 3: formulation AXIS , lane 4: formulation AX12, lane 5: 
formulation AX9, lane 6 : formulation AX8 , lane 7: formulation AX5, lane 8 : formulation AX4, lane 
9: formulation AX3, lane 10: formulation AX2, lane 11: formulation AX1, lane 12: SeeBlue® 
protein marker (Invitrogen); B: After 1 month, lane 1: BSA standard non encapsulated (50 
pg/ml), lane 2: BSA standard non-encapsulated (25 pg/ml), lane 3: formulation AXIS, lane 4: 
formulation AX12, lane 5: formulation AX9, lane 6 : formulation AX8 , lane 7: formulation AX5, 
lane 8 : formulation AX4, lane 9: formulation AX3, lane 10: formulation AX2, lane 11 : formulation 
AX1, lane 12: SeeBlue® protein marker (Invitrogen)
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3.4.7. Effect of centrifugation and freeze-drying to the physicai stabiiity of 
nanoparticies
After the PEC, the nanoparticles needed to be separated from the bulk of the medium. 

The main reason for this lies in the use of excess TMC, which otherwise will remain in 

the aqueous colloidal dispersion. If free TMC is not separated from the particles it may 

increase the toxicity of the formulation (Kean et al., 2005 and Mao et a!., 2005). The 

most commonly used separation technique of nanoparticles form the bulk medium is 

centrifugation (Vila et a!., 2004; Amidi et a!., 2006 and Gaumet el al., 2007). The 

optimization of this process is critical because the wrong choice of parameter might 

lead to complete aggregation and loss of colloidal stability. Therefore, an optimization 

study on the effect of centrifugation was only carried out for formulation AX3 which was 

intended to be used in an in-vivo study because of its abilities in eliciting an immune 

response (Table 11). After preparation, the particles had a z-average diameter of 180 

nm with a small polydispersity index (0.178). These particles were prepared with the 

help of a peristaltic pump in order to fabricate a larger amount (100 ml) of particulates 

as compared to the routine preparations during the optimisation study (see above), 

which were prepared manually. No significant difference in particle diameter as 

determined by PCS between the manually and the machine prepared particles was 

observed. The possibility to prepare these particles on a larger scale might imply a 

potential industrial use of this process. After preparation, the colloidal suspension was 

subjected to a centrifugation study. The particle suspensions were centrifuged for 30, 

90 and 120 min. and the pellet was re-suspended in water. Only after 30 min of 

centrifugation it was possible to completely re-suspend the particles which resulted in a 

particle diameter of 219.7 nm with a slight increase in the polydispersity index (0.187). 

On the other hand, it was not possible to separate all particles during this short 

centrifugation period. If the centrifugation was performed for 60 or 120 min the particles 

were well separated, due to a visible clarity of the supernatant, but it was not possible 

to re-suspend the pellet. Amidi et al. (2006) used a glycerol bed for the centrifugation to 

separate TMC nanoparticles. Therefore, 0.2 ml of glycerol was added slowly into the 

centrifuge tubes to form a bed and the dispersion was then centrifuged for 2 h. The 

addition of glycerol allowed complete re-suspension of a pellet, even after a 

centrifugation period of 120 min. A slight increase in particle diameter (252.5 nm) as 

well as in the polydispersity index (0.287) was observed because of a loss of colloidal 

stability, but it was possible to completely separate the particles from its bulk media 

(Table 11).

In a different study the separated particles were re-dispersed in water, 5% trehalose 

(m/v) and 20% m/v trehalose to investigate the possibility of freeze drying these 

nanocarriers, since a product in the solid state is preferable from the pharmaceutical
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point of view. In the literature trehalose is reported to be a powerful cryoprotectant 

which was shown to be able to stabilise nanoparticles (Fernandez-Urrusuno et al., 

1999 and Layre et a!., 2006). In our study, even the addition of a 20% m/v trehalose did 

not allow complete re-suspension of the particles and, therefore, fibrous aggregation 

occurred.

Table 11 Effect of centrifugation (5000 rpm) of formulation AX3 prepared in a 2:1 ratio of
TMC 9 cP HC to PG, respectively. Investigation of the centrifugation times as well as the 
addition of glycerol (0 . 2  ml). Particle diameters were obtained by PCS measurements (n=3)

Formulations Glycerol amount 
(ml)

Time
(min)

Z-average diameter 
(nm±SD)

Polydispersity
Index

1* - - 175.9±2.2 0.178

2 - 30 219.7±2.0 0.187

3 - 60 Aggregated
4 - 1 2 0 Aggregated

5 0 . 2 1 2 0 252.5±2.3 0.287

* Particle diameter was measured immediately after preparation without centrifugation

3.4.8. Toxicity evaiuation
Safety is one of the many key aspects in the development of a pharmaceutical product 

(Dobrovolskaia and McNeil, 2007). Therefore, before analyzing the encapsulation of 

protein antigens such as DT an MTT assay was performed to evaluate the safety 

profile of the formulations used in the preliminary development studies. For this, human 

embryonic kidney cells (HEK 293), an epithelia cell line, and human Caucasian lung 

adenocarcinoma cells (Calu-3), a good model for the upper airway, were grown in a 

submerge culture system (Borchard, 2002). Calu-3 cells are a suitable candidate to 

evaluate the safety profile of nasal products and, additionally, Calu-3 cells could be 

grown at the air interface but this was not evaluated in this study (Borchard, 2002).

TMCs toxicity is known to be dependent on molecular weight and on the conversion 

degree, with a raising degree of trimethylation elevating the toxicity (Kean eta!., 2005). 

Additionally, chitosan and its derivatives are known to be able to open tight junctions 

between cells through the opening of tight junctions in a reversible fashion, which 

increases the transport of macromolecules/carriers across cells (Artursson et a!., 1994; 

Smith et a!., 2004 and Lin et a!., 2005). TMC has also been widely tested as an 

absorption enhancer for hydrophilic molecules (Thanou eta!., 2001a).

Once confluence was reached the cells were split, counted and transferred into 96 well 

plates. The cells were incubated with different polymer solutions as well as with
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nanoparticles at different concentrations. Polyethylene imine (PEI), known to be highly 

efficient but a toxic polycationic transfection agent, was used as a positive control (Neu 

et al., 2005). Only media was used as a negative control which was utilised for the 

calculation of the relative cell viability as a percentage. It can be seen in Figures 14 and 

15 that PEI resulted in a much lower cell viability as compared to TMC 9 cP HC 

(trimethylation 78%). TMC 9 cP HC, applied as a solution in water, resulted in a cell 

viability higher than 50% at concentrations lower than 0.05 mg/ml when applied to HEK 

293 cells (Figure 14). When the same polymer solution was applied to Calu-3 cells a 

cell viability of 50% and a higher viability was achieved at a concentration of 0.5 mg/ml 

or lower (Figure 15). The solution of PG resulted in a cell viability of more than 90% 

even when a concentration as high as 5 mg/ml was used. TMC-PG nanoparticles 

resulted in similar cell viability as compared to the PG solution and at 5 mg/ml the cell 

viability was almost 90%. No significant differences were observed between the two 

different cell lines for the PG solution and the TMC-PG nanoparticles whereas both 

cationic polymers showed higher cell viability at Calu 3 cells. This might be simply 

related due to the use of two different cell lines. In conclusion, the formation of a 

polyelectrolyte complex between TMC 9 cp HC and PG reduces TMCs toxicity.

Mao et a!., (2005) also found that TMC polymers complexed with insulin were less toxic 

when incubated with L929 cells as compared to the polymer alone. Also, Kean et a!., 

(2005) made a similar observation with the complexation between TMC and DMA on 

MCF-7 and COS-7 cell line and in this study it was also observed that an increase in 

the degree of trimethylation increased the cell toxicity. Moreover, the MCF-7 cell line 

gave slightly different results than the COS-7 cell line. Amidi et at., (2006) found a 

significantly lower toxicity for TMC-TPP nanoparticles as compared to TMC alone, but 

the trimethylation degree of TMC used in this study was only 25% whereas in our study 

the degree of trimethylation is almost 80%.

MTT assay on various formulations on submerged cell culture is only sufficient to give 

an indication of the toxicity of excipients used in formulations and more studies such as 

TEER measurement for tight junctions opening would be needed for a more 

comprehensive understanding of the formulation effects. Furthermore, MTT assay at 

the liquid air interface with Calu 3 cells would be a more relevant model for the nasal 

application for Calu 3 cells and overall toxicity affects in animal models.
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Figure 14 Effect of TMC 9cP HC solution and TMC-PG nanoparticles prepared in the ratio 
of 2:1, and PG solution to relative viability of human embryonic kidney (HEK) 293 ceils.
Polyethylene imine (PEI) was the positive control, whereas media was used as a negative 
control. The relative cell viability was expressed as a percentage according to only media 
treated cells (n=3).
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Figure 15 Effect of TMC 9cP HC solution and TMC-PG nanoparticies prepared in the ratio 
of 2:1, and PG solution to relative viability of human Caucasian adenocarcinoma (Caiu-3) 
293 ceils. Polyethylene imine (PEI) was the positive control, whereas media was used as a 
negative control. The relative cell viability was expressed as a percentage according to only 
media treated cells (n=3).
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3.4.9. Cellular uptake studies
Investigation of cellular uptake is important for the design of efficient delivery systems 

for both small conventional drugs and macromolecules that have an intracellular 

function (Basarkar and Singh, 2007 and Hartig et al., 2007). Targeting of various cell 

compartments such as cytoplasm, nucleus or mitochondria is difficult to achieve 

without the use of an appropriate delivery system (Weissig et a!., 2006 and Har-el and 

Kato, 2007 and Vasir and Labhasetwar, 2007). Although particulate systems such as 

liposomes and polymeric particles of certain characteristics, have shown to be 

efficiently taken up by certain cells, sufficient targeting to many cell types can be 

difficult. Several strategies have been applied to achieve uptake within specific cells 

lines with the aid of multifunctionality (Torchilin, 2006). These carriers have several 

attributes, which allow them to reach their target. For example, a PEGylated liposome 

contains an attached antibody for targeting to a specific cell type with the 

corresponding receptor (Torchilin, 2006). On the other hand, once a carrier is taken up 

within a cell, it may remain within the endosome and be later degraded by lysosomal 

enzymes, an ineffective and therefore not desirable characteristic (Hoffman et a!., 

2007). The addition of fusogenic materials such as PEI, liposomes and chitosan might 

help to escape endosomal compartments and allows the delivery of the active, such as 

siRNA into the cytoplasm which is the site of action in the case of this nucleic acid 

(Hoffman eta!., 2002; Cho eta!., 2003; Fernandes eta!., 2006 Kawakami and Hashida, 

2007).

Macrophages and dendritic cells, the main cells of the immune system, are experts in 

taking up particulate matters such as pathogens (Abbas and Lichtman, 2006). These 

cells are the main target for vaccines and cellular uptake is crucial for the induction of 

the cellular and humoral immune response (Abbas and Lichtman, 2006). Therefore, a 

cellular uptake study was performed using the mouse macrophage cell line (J774A.1) 

in order to investigate the uptake of the potential vaccine delivery system TMC-PG 

nanoparticles into macrophages. The uptake of chitosan coated or chitosan 

nanoparticles into APO’s has been shown previously (Wischke et a!., 2006 and Zahr et 

a!., 2006). The macrophage cell line was coated onto microscope cover slides and then 

FITC-BSA loaded nanoparticles were added. Samples were taken at 30 min, 2 h, 4 h 

and 24 h to evaluate degree of uptake. Following this, the cover slides were mounted 

onto microscope slides and analysed by confocal microscopy. The macrophage cells 

which were incubated without any particles did not show any fluorescence (Figure 16 

A). Figure 16 B illustrates that after 2 h a small amount of the particles are still 

remaining outside the cells but a higher number of particles have been taken up. One 

of the main problems encountered in this experiment is the aggregation of our carrier 

systems due to serum instability, which leads to inefficient uptake. This problem has
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also been observed for other cationic delivery systems when added to the culture 

medium (Jaaskelainen etal., 1998). On the other hand, during intranasal administration 

of these particles, this instability problem (aggregation) may not be a big issue at the 

site of delivery. After 2 h most of the particles appear to be taken up within the 

macrophages (J774A.1) as expected since their main function is to phagocytose and 

therefore should be a valid system for the delivery of vaccines. On the other hand, it 

has also been shown that chitosan and chitin are able to bind to the mannose receptor 

on dendritic cells and macrophages and therefore be internalized, something which 

results in macrophage activation (Shibata et al., 1997 and Mori et a!., 2005). 

Macrophage activation might be crucial for eliciting a sufficient immune response 

(Abbas and Lichtman, 2006). The mannose receptor has especially been explored for 

the DNA delivery with mannosylated chitosan derivatives (Kim et a!., 2006).

Figure 16 Confocal microscope images of J 7741 .A cells. A) blank cells without the addition 
of particles B) cells incubated with TMC 9 cP HC-PG-BSA-FITC prepared in a 2 : 1  ratio of TMC 
to PG, respectively. 7.5 ng/ml of BSA was used, which was expected to result in 1% (m/m) 
loading. The images were taken after 2  h incubation.

3.4.10. Characteristics of diphtheria toxoid (DT) loaded TMC-PG 
nanoparticles
Following the optimization study with the model protein (BSA), nanoparticles carrying 

diphtheria toxoid were prepared to be used in in-vivo studies. Amongst all the 

formulations, formulation AX 3 was chosen for preparing DT nanocarriers since it 

showed the optimal physicochemical characteristics. Use of DT did not alter the zeta 

potential, yield, particle size of the nanoparticles as compared to BSA (Table 12). The 

particle diameter of DT loaded particles was 175.9 nm with a narrow polydispersity 

index (0.178) (Table 13). One month storage of DT particles at 4 ^  did not result in a 

significant change in particle diameter (after 4 weeks 206.15 nm). A high loading 

efficiency of 97.55% (m/m), a positive surface charge of + 21.4 mV with a high yield of 

98.12% was also maintained similar to BSA loaded nanoparticles. Taken together
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these findings TMC-PG nanoparticles appear to be a viable drug delivery system for 

the encapsulation of DT and BSA was shown to be a good model protein. Vila et al., 

(2004) showed the encapsulation of tetanus toxoid into chitosan-TPP nanoparticles 

and Amidi et a!., (2007) also reported the encapsulation of the influenza subunit 

antigen. Both particle formulations were in the nano size range with a positive zeta 

potential and a high encapsulation efficiency was observed.

Table 12 Physicochemical characterisation of TMC 9cP HC-PG nanoparticles loaded with 
diphtheria toxoid (DT). The particles were prepared in a ratio of 2:1 for TMC 9 cP HC to PG, 
respectively and were theoretically loaded with 1% (m/m) DT. Zeta potential measurements 
were obtained as well as yield. The encapsulation efficiency was determined by BCA assay 
(n=3).

Zeta Potential I Yield 1 Encapsulation efficiency
mV±SD 1 %lSD 1 %±SD

21.4±0.5 1 98.12±2.76 1 97.55±3.12

Table 13 Particle diameter of the diphtheria toxoid (DT) loaded TMC 9 cP HC-PG 
nanoparticles (see table legend above): after preparation, during 4 weeks of storage and 
after concentrating with VivaSpin columns for the in-vlvo experiments. The particle diameter 
was obtained by photon correlation spectroscopy and expressed as z average (nm±SD) and

After
preparation

After concentration 
with VivaSpin 

colunm*

After 1 week 
storage at 4<C

After 2 weeks 
storage at 4"C

After 4 weeks 
storage at 4%

175.9±2.20 
Pi: 0.178

234.42±12.11 
Pi: 0.207

186.43±6.54 
PI: 0.109

199.76±5.98 
Pi: 0.119

206.15±10.65 
PI: 0.129

For in-vlvo studies the particle suspensions had to be more concentrated to achieve 

the desired antigen concentrations of 2.5 pg / 25 pi for intranasal administration and 

2.5 p g / 1 00  pi for subcutaneous administrations. Therefore, concentrators such as the 

viva spin columns were applied and the samples were slowly concentrated with 2500 

rpm by centrifugation to the desired concentration. During this operation the particle 

diameter increased to 234.4 nm which was accompanied with an increase in 

polydispersity index (0.207) which might be either due to the centrifugation or because 

of the addition of 0.9% NaCI. It is likely that this small increase in particle diameter will 

not affect the outcome of the in-vivo experiments significantly.

TMC nanoparticles can be prepared either by ionic gelation with tripolyphosphate or by 

polyelectrolyte complexation with a polyanion such as PG. Proteins are 

polyamphyolytic and carry a certain charge, generally negative, and often display in so 

called charged patches (Cooper et ai., 2005). Therefore, a protein can be considered 

as a polyelectrolyte. With this in mind, simple mixing of TMC and DT should in theory 

also result in the formation of nano-structures but possibly with a less controlled 

structure and size as compared to TMC-PG nanoparticles and might therefore lead to a

77



different release profile (this aspect was not evaluated in this study). But in reality 

mixing TMC and DT resulted in particles with a diameter of 293.3 nm with a 

polydispersity index of 0.212 which is quite similar to the particles prepared with TMC 

and PG (Table 14). The same was explored by Mao et al., (2005) who complexed 

chitosan, TMC and PEG grafted TMC with insulin and observed the fabrication of 

nanocarriers.

Table 14 Physicochemical characteristics of particles prepared by simple mixes of TMC 9 
cP HC and diphtheria toxoid (DT). Particle diameter (z average diameter) was measured by

fn=3).

1 Formulation Z-average diameter Polydispersity
1 (nm±SD) index
1 TMC-DT 293.3 ± 9.8 0 . 2 1 2

3.4.11. Particle morphology of DT loaded TMC-PG nanoparticles
Colloidal drug delivery systems can appear in several shapes and forms such as

spherical, rod like, irregular and others. There are different microscopy techniques to 

analyse particle morphology such as scanning electron microscopy (SEM), atomic 

force microscopy (ARM) and transmission electron microscopy (TEM). TEM was 

chosen due to availability and formulation AX3 loaded carrying diphtheria toxoid was 

coated onto the grids and was stained by negative staining with 1 % (m/v) uranyl 

acetate.
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Figure 17 TEM photographs: A) diphtheria toxoid loaded TMC 9 cP HC-PG nanoparticles. 
Particles were prepared in a 2:1 ratio of TMC 9 cP HC to PG, respectively. B) TMC-DT  
dispersions. The particle suspension was added onto copper grids and negatively stained with 
1 % (m/v) uranyl acetate.

The particles on the image appear spherical and show different sizes. The diameter of 

particles in the images ranged form less than 50 nm to 200 nm (Figure 17 A). In Figure
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17 B particles prepared by simple mixing are shown, which appeared spherical with 

different diameters varying for lOOnm to 20 nm. A comparison between diameters 

measured by TEM and PCS is very difficult. TEM measures a number average 

diameter, whereas PCS measures a mean volume diameter. Overall, TMC-PG 

particles show very similar structures as compared to chitosan-PG (Lin et al., 2007).

3.4.12. Evaluation of diphtheria toxoid integrity
As shown in the optimisation studies, no visible change of the BSA protein bands 

(number and position) could be observed for BSA encapsulated within TMC-PG 

nanoparticles. Therefore, nanoparticles loaded with DT were also evaluated for visible 

gel migration differences to indicate possible fragmentation or aggregation in protein 

structure. As can be seen on the gel image below (Figure 18) there is no difference 

between the DT standards as compared to the DT extracted form the nanoparticles. 

This highlights the mild conditions under which these particles are prepared, which 

seem not to influence protein structure regarding degradation or aggregation. 

Comparable results were also found for chitosan and TMC formulations in which the 

antigen integrity was confirmed additionally by Western blotting (Amidi et a!., 2007 and 

Borges et a!., 2007).
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Figure 18 SDS-PAGE Image of different formulations loaded with DT and utilised in the 
following in-vivo experiment: 1. SeeBlue® Pre-stained protein marker; 2. TMC Solution 
(lOmg/ml); 3. PG Solution (5mg/ml); 4. TMC-DT dispersion (lOmg/ml TMC + 0 . 1  mg/ml DT); 5. 
PG-DT sol. (5mg/ml PGNa + 0 . 1  mg/ml DT); 6 . TMC-PG nanoparticles (0.1 mg/ml DT); 7. DT 
solution (0.05 mg/ml); 8. DT solution (0.1 mg/ml); 9. DT solution (0.2 mg/ml)

3.4.13. DT specific antibody responses following intranasal (i.n.) and 
subcutaneous (s.c.) administration
So far it was shown that it was possible to prepare TMC-PG nanoparticles of about 200 

nm with a positive surface charge and a high encapsulation efficiency nearing 100%. 

Additionally, this carrier system showed much less toxicity as compared to TMC alone
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and the nanoparticles were also effectively taken up by macrophages (J774A.1). 

Although these results are important, there is always the need of in vivo experiments to 

see formulations perform in animal models. Therefore, in vivo experiments were 

designed to investigate the immunological responses following a prime and boost 

dosing nasally and subcutaneously and measured the antibody levels and the amount 

of secreted cytokines. The subcutaneous application of the nanoparticles was 

performed as control experiment to the intranasal administration. The amount of 

antigen used for both routes was the same, the volume for intranasal administration 

was 25 pi and for subcutaneous it was 100 pi. For the intranasal administration these 

25 pi were carefully applied in both nostril with an automatic pipette after anesthetising 

with fluorethane.

Different chitosan and TMC nanoparticle formulations have shown to be effectively 

taken up via the NALT and to result in a humoral and cellular immune response (Vila et 

a!., 2004 and Amidi et a!., 2006, 2007). As can be seen in Figures 19 and 20, free DT is 

much more effective in stimulating DT specific IgG antibody titres subcutaneously as 

compared to intranasal. The combination with PG improved the titre levels but not as 

much as compared to the formulations with TMC. Intranasal applied TMC-DT 

dispersion performed better as compared to the TMC-PG-DT nanoparticles (p < 0.05). 

On the other hand, TMC alone is more toxic compared to the TMC-PG nanoparticles. 

The main reason why TMC-DT dispersion performs so well may be due to the fact that 

they also form nanosized particles through a charge interaction with the negatively 

charged DT and cationic TMC as shown above. The particles’ diameter was similar to 

TMC-PG-DT nanoparticles except with a higher polydispersity index. Another reason 

might be the increased toxicity which could have resulted in higher DT specific IgG 

antibody titres. Our results are comparable to Amidi et al., (2007) who showed that 

TMC-TPP nanoparticles encapsulating an influenza antigen were able to elicit 

significant IgG antibody titres. However, in the same study it was shown that TMC- 

TPP-influenza resulted in superior antibody titres as compared to TMC-influenza 

mixtures. A reason why these two studies show different results might be that the 

chitosan used was of a higher molecular mass with a lower conversion degree. This 

argument could be supported by a study by Boonyo et a!., (2007) where it was shown 

that TMC with a trimethylation degree of 40% mixed with OVA led to an increase in IgG 

antibody titres as compared to TMC 60% and 20%.

Interestingly, TMC-PG-DT on day 21 does not show increased antibody titres as 

compared to the other formulations on day 21. One could speculate in a rather fast 

antibody built up in the case of TMC-PG-DT as opposed to gradually increasing levels
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of antibodies which are normally seen. The same applies to the titres after the booster 

for TMC-PG-DT nanoparticles.

1 0 0 0 0 0 0 -]

1 0 0 0 0 0 '

s

Î

1 OOOOl

1 000-1

100-1

FItrl D a y  12  
D a y  21 
D a y  30  
D a y  36

Figure 19 DT specific serum IgG antibody titres. Determined on days 12, 21,30 and 36 
following i.n. delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC 9 cP 
HC-DT dispersion, PG-DT solution or free DT {n= 4). Mice were boosted with the same dose of 
DT in the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.

After subcutaneous administration the total antibody levels looked slightly different 

compared to after i.n. administration (Figure 20). Alum adsorbed DT was used as 

control for subcutaneous administration. Therefore, it would be good to know if our 

formulations led to similar or better results as compared to the alum formulation. The 

formulations alum adsorbed DT, TMC-DT and PG-DT were prepared by simple mixing 

the excipients. As expected, DT specific antibody titres of alum adsorbed DT performed 

much better as compared to the free DT (as indicated in Figure 20). The TMC-PG-DT 

nanoparticles performed as well as alum adsorbed DT (p > 0.05), whereas the simple 

TMC-DT dispersion resulted in lower IgG antibody titres (p < 0.05).

PG-DT elicited higher antibody titres than the free DT but significantly lower (p < 0.05) 

as compared to TMC-PG nanoparticle formulations. In conclusion, the DT carrying 

TMC-PG nanoparticles performed as well as after intranasal than after subcutaneous 

delivery. For the intranasal immunisation TMC-DT dispersions resulted in statistically 

significant higher IgG antibody titres as compared to TMC-PG-DT (p < 0.05), whereas 

subcutaneously TMC-PG-DT resulted in significantly different IgG antibody titres as 

compared to TMC-DT dispersions (p < 0.05). It can be argued that TMC-PG 

nanoparticles perform as well as alum (p > 0.05). Alum is a non biodegradable 

adjuvant whereas our nanoparticle formulation is composed of two potentially 

biodegradable polymers. (Sung et al., 2005 and Zahar off et a!., 2007a). For TMC
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biodegradability has not been proven yet but it has been shown that chitosan is 

(Zaharoff et al., 2007a). In addition to nonbiodegradability, alum has shown to lead to a 

significant stimulation of IgE antibodies which are associated with allergic reactions 

(Baylor at a!., 2002).
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Figure 20 DT specific serum IgG antibody titres. Determined on days 12, 21 and 36 following 
s.c. delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC 9 cP HC-DT 
dispersion, PG-DT solution, free DT or alum adsorbed DT {n= 4). Mice were boosted with the 
same dose of DT in various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.

3.4.14. Serum DT specific IgG subtype profiling
Immune responses stimulated by antigens can be humoral or cellular (Abbas and 

Lichtman, 2006). Depending on the disease and/or pathogen involved a dominant 

humoral or a dominant cellular immune response (mainly CTL) may be required for 

protection (Abbas and Lichtman, 2006). The acquired immune response can be 

influenced either by antigen or by delivery system. To achieve a sufficient CTL 

response the antigen or delivery system should be presented via the MHO I molecule 

which can then bind to CD4+ T-cells, resulting in the production of cytotoxic T-cells 

(Abbas and Lichtman, 2006). On the other hand, for a Thi or Tha the antigen has to be 

presented via the MHO II molecule which then binds to CD4+ T-cells, which can then 

differentiate either into Thi or Th2 type cells (Abbas and Lichtman, 2006). This process 

is highly regulated by regulatory T-cells (Tr@g) and cytokine expression (Guy, 2007). In 

general, a humoral immune response manifests itself as a Tha directed immune 

response, whereas a cellular immune response as a CTL response (Janeway at ai.,

2005). In cancer vaccination a balanced (Thi/Tha and CTL) immune response is very 

important (Mocellin at ai., 2005 and Rappuoli, 2007). For other clinical conditions such 

as diphtheria and tetanus humoral immune responses alone are sufficient for protection 

(Alpar at ai., 2001). To evaluate whether a Thi or a Th2 response is elicited either IgG
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subclasses or the corresponding cytokines can be determined. The two main IgG 

subclasses which were evaluated in this work are IgGi for the indication of Th2 

response and IgGza for the Thi response, respectively (Abbas and Lichtman, 2006 and 

Janeway et al., 2005). In Figures 21 and 22 it can be found that independent of the 

route of administration a strong Th2 directed response was observed. This can be seen 

in the much higher induction levels of IgGi as opposed to the elicited lgG2a titres which 

are much lower. This was also observed by Amidi at a!., (2007) following intranasal 

application of TMC-TPP-influenza nanoparticles. It is not possible to simply compare 

these two antibody classes since they both are both secreted by B-cells but under 

different conditions. lgG2a is stimulated by IFN-y whereas IgGi is stimulated by IL-4, 

therefore, we should evaluate these values independently. In other studies for the 

evaluation of immune responses elicited by chitosan either only a Th2 or a mixed 

Thi/Th2 response has been reported (McNeela at a!., 2000; Zaharoff at a!., 2007a). In 

the latest study by Zaharoff at a!., (2007a) a balance Thi/Th2 response was reported 

even though the titres for lgG2a were significantly higher than the IgGi titres.
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Figure 21 DT specific serum IgGi antibody titres. Determined on day 36 following i.n. 
delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC 9 cP HC-DT 
dispersion, PG-DT solution or free DT {n= 4). Mice were boosted with the same dose of DT in 
various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.

As can be seen in the specific DT IgGi antibody titres following intranasal 

administration TMC-DT dispersions performed as well as TMC-PG-DT nanoparticles (p 

> 0.05) However, after subcutaneous administration TMC-PG nanoparticles enhanced 

superior antibody titres as compared to TMC-DT dispersion (p < 0.05). Interestingly, 

PG-DT solution also gave antibody responses similar to TMC-DT dispersion following 

subcutaneous administration (p > 0.05). This highlights the fact that PG is an effective
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vaccine adjuvant as demonstrated earlier (Sung et al., 2005). Standard alum adsorbed 

DT control formulation did not show any significant difference (p > 0.05) in IgGi titre 

values as compared to the TMC-PG-DT nanoparticles.
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Figure 22 DT specific serum IgGi antibody titres. Determined on day 36 following s.c. 
delivery of 2.5 |ig DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC-DT dispersion, 
PG-DT solution, free DT or alum adsorbed DT {n= 4). Mice were boosted with the same dose of 
DT in various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.
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Figure 23 DT specific serum IgOaA antibody titres. Determined on day 36 following i.n. 
delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC 9 cP HC-DT 
dispersion, PG-DT solution or free DT {n= 4). Mice were boosted with the same dose of DT in 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.
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For the DT specific IgGaa antibody titres it can be seen that TMC-DT dispersion 

induced slightly but not significantly higher titres (p > 0.05) than the TMC-PG-DT 

nanoparticles for both routes of administration (Figures 23 and 24). TMC-PG-DT 

nanoparticles and TMC-DT dispersion resulted in significantly higher IgGaa antibody 

titres as compared to alum adsorbed DT (p < 0.05). PG-DT and alum adsorbed DT 

resulted in comparable IgGaa antibody titres (p > 0.05). This highlights again the 

adjuvant activity of PG (Sung et al., 2005).
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Figure 24 DT specific serum IgGi antibody titres. Determined on day 36 following s.c 
delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC 9 cP HC-DT 
dispersion, PG-DT solution, free DT or alum adsorbed DT {n= 4). Mice were boosted with the 
same dose of DT in the various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.

3.4.15. Local anti DT IgA and anti DT IgG responses following intranasal 
administration
In order to investigate the local mucosal humoral responses (sIgA), samples were 

collected from two different mucosal sites of the immunised animals. Since the 

subcutaneous route is known to stimulate poor levels of IgA, no samples were taken 

from those animals (Holmgren and Czerkinsky, 2005). The existence of antigen 

specific IgA at the mucosal surfaces can be important, since most pathogens enter the 

body via the mucosal surfaces (Holmgren and Czerkinsky, 2005). The IgA antibodies 

present at mucosa would neutralise these pathogen before entering the systemic 

organs (Holmgren and Czerkinsky, 2005). In this study nasal and vaginal washes with 

PBS were collected. In the case of the vaginal washes, significant DT specific IgA was 

detected in the groups immunised both with TMC-PG nanoparticles and with simple 

TMC-DT dispersions as compared to the free antigen DT (p < 0.05) (Figure 25). The 

free antigen itself was not able to elicit any significant amount of IgA while the PG-DT 

showed some IgA response. In comparison to the formulations containing TMC (TMC-
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PG-DT and TMC-DT) the PG-DT solution elicited much lower IgA titres (p < 0.05). 

These results are in line with previous findings for chitosan and TMC nanoparticles 

(Vila et al., 2004 and Amidi et a!., 2007).
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Figure 25 DT specific vaginal wash IgA antibody titres. Determined on day 36 following i n. 
delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC 9 cP HC-DT 
dispersion, PG-DT solution or free DT {n= 4). Mice were boosted with the same dose of DT in 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.

In the literature it has been observed that mucosal secretion of IgA at mucosal sites is 

usually accompanied by mucosal IgG (Holmgren and Czerkinsky, 2005). Therefore, 

antigen specific IgG was also measured in vaginal washes (Figure 26). The levels of 

secreted IgG were similar to DT specific IgA except for formulation PG-DT which 

showed higher IgG antibody titres than IgA titres. Apart from the vaginal washes, nasal 

lavages were carried out. To do this, the trachea was exposed and washed with PBS 

(pH 7.4, RT) and the lavage collected into an eppendorf, resting at the nose of the 

animal. In most cases it would be expected to achieve higher IgA titres in the local 

nasal washing compared to the distant mucosa i.e. vaginal washings. Interestingly, in 

this study higher IgA titres were also obtained from the vaginal washes than in the 

nasal washes. This may be due to insufficient washing and dilution effects at the nasal 

site. In the vaginal washes the vagina washed three times with 33 pi of PBS and the 

liquid was taken in and out of the pipette several times. For the nasal washes this was 

not possible due to the fact that when much pressure applied to the site traces of blood 

will be present in the washings which may lead to errors. Therefore, the nasal 

washings were done as a single washing step so possibly insufficient amounts of IgA 

were washed from the mucosal surface.
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Figure 26 DT specific vaginal wash IgG antibody titres. Determined on day 36 following i n. 
delivery of 2.5 |jg DT encapsulated in TMC 9 cP HC-PG nanoparticles, TMC 9 cP HC-DT 
dispersion, PG-DT solution or free DT (n= 4). Mice were boosted with the same dose of DT in 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.

3.4.16. Cytokine production by spleen cells
As discussed earlier, cytokines are important for the regulation of immune responses 

and stimulated by two different cell types. IL-2 and IFN-y are stimulated by Thi type 

cells, whereas IL-4, IL-5 and IL-6 are secreted by the Th2 type’s cells (Abbas and 

Lichtman, 2006). Both belong to the CD4+ cells and are associated with MHC II 

molecules. Whether a Thi or Th2 type immune response is induced, depends on factors 

such as the antigen itself, formulation and type of APC (macrophages, dendritic cells) 

involved (Abbas and Lichtman, 2006 and Janeway et al., 2005). A humoral response 

involves in the production of antibodies such as IgG, IgA, IgE by B-cells, which in turn 

is influenced by cytokines. A cellular immune response or a T-cell response dictates 

the differentiation between Thi and Th2 cells (Guy, 2007). Whether or not a Thi or a 

Th2 response is produced also depends on the production of specific cytokines (Guy, 

2007). Additionally, the production of IL-6 has also been linked with a mucosal immune 

response (Matsuda and Hirano, 2001). Whether a balanced Thi/Th2 or a biased (Thi or 

Th2) immune response is required depends on the type of disease (Alpar et a!., 2001 ; 

Mocellin et a!., 2005 and Rappuoli, 2007). For example, in immune therapy against 

cancer and viral infection, a strong Thi response is highly desirable, whereas against 

diseases such as diphtheria and tetanus, a humoral immune response is sufficient for 

protection (Alpar et a!., 2001 ; Mocellin et a!., 2005 and Rappuoli, 2007). Therefore, to 

investigate whether or not TMC-PG-DT nanoparticles are capable of stimulating a Thi 

or a Th2 response, splenocytes were isolated following termination of the animal
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experiments re-stimulated with 1 pg/ml antigen over a time period of 48 h. Then the 

supernatants were analysed for the production of IL-2, IL-4, IL-6 and IFN-y cytokines 

(Figures 27 and 28).
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Figure 27 Splenocytes restimulation with 1.0 pg/ml diphtheria toxoid following i.n. 
administration. Cytokine levels were measured after 48 h incubation with DT in the 
supernatants. IL-2, IL- 6  and IFN-y levels were determined on day 36 following i.n. delivery of 2.5 
|iQ DT encapsulated in TMC 9cP HC-PG nanoparticles, TMC 9 cP HC-DT dispersion, PG-DT 
solution or free DT (n= 4). Mice were boosted with the same dose of DT in various formulations 
or free DT (equivalent to 2.5 pg of DT) on day 23.

From nasally immunized mice the spleens were removed on day 36 and the levels of 

cytokines were measured by ELISA. IL-4 was not detected in any of the samples, 

which can be attributed to the temperature and light sensitivity of IL-4. Both simple 

TMC-DT dispersion and TMC-PG-DT nanoparticles led to the stimulation of 

significantly higher IL-2, IL- 6  and IFN-y as compared to the free antigen (p < 0.05). PG- 

DT gave slightly higher reading than free DT solution (p < 0.05) but less than TMC 

containing formulations (p < 0.05). Levels of IL-2 and IFN-y were very similar in TMC- 

DT and TMC-PG-DT (p > 0.05), but not the level of IL-6 , which was higher in TMC-PG- 

DT as compared to TMC-DT (p < 0.05). A reason why IL- 6  is lower for TMC-DT 

dispersion is still unknown. In conclusion, it can be said that the newly developed 

nanoparticulate formulations were able to stimulate IL-2, IL- 6  and IFN-y cytokines, 

which suggest the stimulation of a Thi as well as Tha response. These results are in 

good agreement with McNeela et al., (2000) who showed that following intranasal 

administration of CRM197 with chitosan prepared by simple mixing significant levels of 

IL-5, with low levels of IFN-y could be obtained.
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Figure 28 Splenocytes restimulation with 1.0 pg/ml diphtheria toxoid following s.c. 
administration. Cytokine levels were measured after 48 h incubation with DT in the 
supernatants. IL-2, IL- 6  and IFN-y levels were determined on day 36 following s.c. delivery of 
2.5 pg DT encapsulated in TMC 9cP HC-PG nanoparticles, TMC 9 cP HC-DT dispersion, PG- 
DT solution, free DT or alum adsorbed DT (n= 4). Mice were boosted with the same dose of DT 
in various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.

For subcutaneous administration, in addition to the four formulations analysed as 

described above following intranasal immunisation (TMC-PG-DT, TMC-DT, PG-DT, 

DT) a fifth formulation containing alum adsorbed DT was tested. In this case, the two 

particulate formulations TMC-PG-DT and TMC-DT again out performed the free 

antigen solution DT (p < 0.05) for IL-2, IL-6 and IFN-y. Moreover, TMC-PG-DT and 

TMC-DT performed better than alum adsorbed DT (p < 0.05), concerning the cytokines 

IL-2 and IL-6, whereas for the cytokine IFN-y no significant difference was observed (p 

> 0.05). Not much difference was observed in the overall trend between the two 

different routes (nasal versus subcutaneous) of administration.

3.5. Conclusions
This chapter describes to formulation of novel non-toxic nanocarriers employing TMC 

and PG. Particles below 200 nm were fabricated under mild conditions in water which 

allowed complete encapsulation of the antigen while preserving its integrity. It was 

possible to modulate the surface charge, by manipulating the composition and high 

production yields could also be achieved. These novel vaccine carriers were effectively 

taken up by mouse macrophages (J774A.1). The encapsulation of a model antigen 

such as DT did not alter the physicochemical characteristics significantly and showed 

good comparison with the model protein BSA. The nanoparticle formulation was able to
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stimulate significant levels of antibody titres as well as cytokine responses which 

suggested a Thi as well as a Thz response following intranasal and subcutaneous 

administration. Additionally, the DT loaded TMC-PG- nanocarriers applied via the nasal 

route could stimulate significant amounts of IgA at the vaginal mucosa, which suggests 

the stimulation of a common mucosal immune response.

Taken all these results together and comparing them to other chitosan nanoparticulate 

systems it was shown that PG might be capable of replacing TPP for the preparation of 

these carriers (Vila et a!., 2004 and Amidi et al., 2007). PEG has shown to be viable for 

the preparation of antigen loaded nanocarriers and comparable results to ionic gelation 

with TPP were obtained in-vitro and in-vivo. Whether or not the elicited cytokines and 

antibodies are sufficient for a protection would need further elucidation. This could be 

achieved by performing an antigen neutralisation assay, which was not possible to 

perform in this study but overall TMC-PG nanoparticles have proven to be a viable drug 

delivery system for the intranasal delivery of vaccines.
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4. Fucoidan, a sulphated immunopotentiator for the 
preparation of vaccine nanocarriers: An in-vitro and in- 
vivo assessment

4.1. Abstract
In chapter three TMC-PG nanoparticles were prepared for the delivery of diphtheria 

toxoid. In this chapter PG was replaced by fucoidan, a strongly sulphated 

polysaccharide and a known immunostimulant. TMC-FUC-BSA combinations resulted 

in smaller nanocarriers in 0.9% (m/v) NaCI than in water and therefore all formulations 

were prepared in this medium. In an optimisation study with BSA as a model antigen, 

particle diameters of about 200 nm were obtained for TMC-FUC-BSA nanoparticles 

with a positive surface charge. Encapsulation efficiencies of about 90% were achieved 

for all the formulations evaluated while the yield changed when the composition was 

altered. The highest yields were obtained for formulations prepared in a 2:1 ratio. 

These particles could be separated by the use of a glycerol bed and freeze dried with 

the aid of 5% (m/m) of trehalose, which resulted in comparable particle diameters 

before and after centrifugation. TMC-FUC nanoparticles were less toxic at a 

concentration of 5 mg/ml when compared to TMC alone. DT loaded nanoparticles 

yielded a slightly increased particle diameter, which was attributed to a change in 

protein structure. Following nasal application TMC-FUC-DT nanoparticles in female 

BALB/c mice resulted in statistically significant levels of IgG antibody titres compared to 

the free antigen DT (p < 0.01). On the other hand, TMC-DT led to significantly higher 

IgG antibody titres than TMC-FUC-DT (p < 0.05). Considering the increased toxicity of 

TMC, TMC-FUC-DT nanoparticles appear to be more acceptable for clinical 

applications. TMC-FUC-DT also resulted in significantly improved local IgA antibody 

titres, which suggested the stimulation of a common mucosal immune response 

compared to the free antigen DT alone in solution. The cytokine (IL-2, IL-6 and IFN-y) 

data for TMC-FUC-DT analysed following re-stimulation with the antigen DT also was 

in line with the observed antibody titres of IgGi and IgGaa which suggested the 

stimulation of a Thi/Tha immune response that was biased towards Th2 .

4.2. Introduction
During the last century, a vast number of new protein antigens have been identified 

(Serruto and Rappuoli, 2006). Most of these antigens, for example the hepatitis B 

surface antigen (HBsAg), are poorly immunogenic and therefore require the use of 

adjuvants as immunopotentiators (Kundi, 2007 and Vangala et al., 2007). Until today 

only a few adjuvants such as alum, MF59 and virosomes have been approved for 

clinical use in humans. Alum remains the only licensed adjuvant worldwide and it has
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been proven very difficult to replace it even though it has shown significant side effects 

(Baylor et al., 2002; Lindblad, 2004 and Brewer, 2006). The problem associated with 

new adjuvants is most of the time related to their toxicity (Schmidt et a!., 2007). Uptake 

of an antigen into APCs and sufficient intracellular processing is crucial in eliciting a 

humoral and cellular immune response (Schmidt et a!., 2007). Therefore, the use of 

delivery systems has been applied as vaccine adjuvants as they should facilitate the 

active uptake of protein antigens into APCs, the main cell targets for vaccines (Gupta 

and Siber, 1995; O’Hagan, 2007). Chitosan and its derivatives are polymeric 

immunopotentiators which can be also used to formulate particulates (Vila et a!., 2004 

and Amidi et a!., 2007). Chitin and chitosan solutions have shown to activate APCs 

which are also important in eliciting an immune response (Mori et a!., 2005). Water 

insoluble chitosan particulates can only be formulated by the use of a second excipient 

such as tripolyphosphate (TPP) or glutaraldehyd in order to crosslink them and 

therefore reduce their solubility (Banerjee et a/., 2002; Vila et al., 2004 and Amidi et al., 

2007). Potentially, a new approach might be the combination of chitosan with a 

negatively charged polyanion which might be an adjuvant by itself as it has been 

shown in the previous chapter with PG. In this chapter, instead of using an anionic 

polymer (PG) an anionic polysaccharide was utilized named fucoidan. PG anionic 

charge is in the form of carboxyl groups whereas fucoidans negative charge is in the 

form of sulphate groups (Patankar etal., 1993 and Leung etal., 2006).

Fucoidan specifically refers to a family of homo- and hetero-polysaccharides mainly 

constituted of sulphated L-fucose extracted using hot water or acid solution from 

Phaeophycophyta (or brown algae), such as Fucus vesiculosus or Ascophyllum 

nodosum (Black et al., 1952 and Berteau and Mulloy, 2003) (Figure 29). The first 

isolation of “fucoidin” from marine brown algae was reported at the beginning of the last 

century (Kylin, 1912). More recently published results showed that similar fucans also 

occur in marine invertebrates (Leung et al., 2006). The cell wall of brown algae is 

mainly composed of alginic acid, cellulose and sulphated fucans, with a ratio of the 

components at approximately 3:1:1, but fucoidan accounts for up to 40% of cell wall 

dry mass (Leung et al., 2006). In general, fucoidan is a polymer of L-fucose subunits 

linked together by a-1,2-linkage and sulphates mainly at an 0-4  position (Percival, 

1967 and Patankar et al., 1993).

Structural variations include a-1,3-linkage, repeating structure of alternating a -1,3- and 

a-1,4-glycosidic bonds, hexasaccharide repeating units with some 2-0-sulfation and 2- 

O-acetylation (Figure 29). Besides L-fucose, sulphated fucans also contain xylose.
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galactose, mannose, glucose, rhamnose and D-glucuronic acid (Leung etal., 2006 and 

Rioux et al., 2007).

The most comprehensively studied fucoidan is that extracted from Fucus vesiculosus. 

Its crude preparation is actually the only commercially available and has been used for 

almost all biological studies, including the project described in this thesis (Percival, 

1967; Patankar et al., 1993 and Berteau and Mulloy, 2003). A precise chemical 

structure has not been established yet, but several models have been proposed over 

the years. Initial studies presented fucoidan from Fucus vesiculosus as a polymer 

consisting primarily of a-1,2-linked 4-sulfated fucose, with the possibility of a-1,3-linked 

4-sulfated fucose branches (about every five units) (Percival, 1967). Over 40 years 

later, a study re-investigated the structure describing the polymer with a-1,3-linkages 

between fucose units, a-1,2- or a-1,4-linkages at the ending fucose branches, and 

sulphate groups at C-4 (Patankar etal., 1993).
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Figure 29 Two different structures of Fucoidan proposed either by (Percival, 1967) or 
(Patankar etal., 1993) adapted for Patankar etal., 1993.

Subsequently, Fucus vesiculosus fucoidan has been shown to contain 

heteropolysaccharides of various kinds besides those consisting predominantly of 

sulphate and fucose, such as galactose, glucose, mannose, xylose, uronic acid and 

glucosamine (Chevolot etal., 1999). Fucoidan has been classified as a polysaccharide 

- biological response modifier (BRM), a term used to indicate substances able to
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stimulate an immune response (Leung et al., 2006). BRMs comprise of cytokines 

produced in our body by immune cells and derivatives of bacteria, fungi, brown algae. 

Aloe vera and photosynthetic plants (endogenous BRMs). Exogenous derivatives 

(exogenous BRMs) consist of for example nucleic acids (CpG), lipids (lipotechoic acid), 

proteins or polysaccharides. The biological response, in this case an immune 

response, is triggered by binding of the exogenous BRMs to specific pattern 

recognition receptors (PRRs) on immune cells (Leung et al., 2006).

PRRs are non-clonal immune proteins which recognize conserved pathogens 

associated molecular patterns (PAMPs) which are shared by a huge number of 

microorganisms. PRRs, which bind polysaccharide BRMs, are for example toll-like 

receptors (TLR), mannose receptors, and scavenger receptors (SR) (Guy, 2007). 

Fucoidan has been reported as the polysaccharide ligand of several classes of SR, 

mainly Class A l-ll and Class 3 (Gouph and Gordon, 2000). SRs, which recognize 

endogenous ligands to govern tissue homeostasis and exogenous ligands for immune 

defense purposes, are expressed by macrophages, dendritic cells, endothelial cells 

and smooth muscle cells, and are multidomain, multiligand receptors (Guy, 2007 and 

Pluddemann et al., 2007). One of these SRs, class A scavenger receptor (SR-A), is a 

trimeric transmembrane glycoprotein which has been extensively studied in the context 

of atherosclerosis due to its ability to mediate the binding and uptake of LDL into 

macrophages. In addition, SR-A plays an emerging role as a modulator of immune 

responses by functioning as an endocytic receptor for binding inflammatory microbial 

products and as a phagocytic receptor for the cellular internalization, clearance and 

neutralization of particles and microbes (Berteau and Mulloy, 2003; Mytar et al., 2004 

and Nakamura et al., 2006). SR-A has been traditionally regarded as a macrophage 

receptor; however, it also plays an important role in dendritic cells, enhancing their 

phagocytosis of gram-negative bacteria (Amiel et al., 2007). Kim and Joo, (2008) have 

shown the adjuvant effect of fucoidan on dendritic cells and the secretion of IL-12.

The immunostimulatory effects of polysaccharide BRMs such as fucoidan on 

macrophages are enhanced phagocytosis, which direct pathogen removal, the uptake 

of apoptotic cells, the production of reactive oxygen species and the expression of 

activation markers as well as cytokines secretion, such as TNF-a and IL-ip (Kim etal., 

2003). Moreover, polysaccharide BRMs increase the macrophage effector function, the 

antigen processing capacity and capability to modulate, the acquired immunity through 

cytokine secretion, the antigen presentation and the expression of cell adhesion 

molecules (Gouph and Gordon, 2000; Kim et al., 2003 and Leung et al., 2006). Thus,
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the activation of other immune cells like NK cells and lymphocytes by BRMs can be 

regarded as a subsequent event (Leung et al., 2006).

Furthermore, macromolecules containing fucans have been shown to bind the 

mannose-binding lectin (MBL), a multimeric collectin (C-type lectin with a collagen-like 

region) (Downing et a!., 2003). MBL is synthesized by the liver and secreted into the 

bloodstream, and it was recently also found on the surface of human monocytes and 

monocyte-derived dendritic cells (Downing et a!., 2003). MBL is thought to be an 

important component of the innate immune response as it recognises apoptotic cells 

and a wide range of pathogens.

Fucoidans have been extensively studied in different mammalian systems for its 

biological activities, as anticoagulant with venous antithrombotic activity, and as 

antiviral agents since fucoidans are inhibitors of both native and recombinant human 

reverse transcriptase in vitro, thus preventing the spread of infection by retroviruses 

such as the human immunodeficiency virus, herpes and cytomegalo virus (Berteau and 

Mulloy, 2003). Due to its similarity in sulphation, fucoidan has been studied as a 

replacement product for heparin (Berteau and Mulloy, 2003). In addition fucoidan, not 

only has anti-proliferative properties and they can also protect the gastric mucosa 

against the proteolytic activity of gastric juice. It can also block the sperm egg binding 

in different species (Bertau and Mulloy, 2003). Nevertheless, the relationship between 

the structure of fucoidan and its biological activities is not clearly established, since the 

determination of its polysaccharide structure is associated with many difficulties.

Fucoidan’s high negative charge coming from its sulphate groups, its high solubility in 

water, and its properties as immune response stimulator, makes it an interesting 

polyanion suitable for the preparation of polyelectrolyte nanoparticles in association 

with chitosan and its derivatives (Sezer and Akbuga, 2005). The broad aim of this study 

is to improve the adjuvant capabilities of vaccine delivery systems. Therefore, we 

investigated whether the formulation of nanocarriers comprising of AAtrimethyl chitosan 

(TMC 9 cP HC, used in the previous chapter) and fucoidan, two known adjuvants, 

might further increase the immune response as compared to on their own. Moreover, in 

the previous chapter it was shown that TMC-DT dispersions resulted in higher immune 

titres than TMC-PG-DT nanoparticles. It was hypothesised that fucoidan could be able 

to further boost the immune response due to its BRM nature and result in an equal 

immune titre as TMC-DT dispersions. In addition, it might also be able to reduce the 

toxicity of TMC as PG did. In order to reach this aim, the study included several 

optimisation steps: (/) a characterisation of possible physicochemical changes caused
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by combining the two adjuvants within a nanocarrier, (//) an investigation of the most 

suitable conditions to prepare these particulates, {Hi) an evaluation of the effect of 

particle loading with a model protein such as BSA and of its integrity, and (/v̂  a 

determination of the stability of these particulates during storage for up to one month at 

4*C. Based on the results of these steps, the best formulation was selected and 

analysed in-vitro for toxicity and cellular macrophage uptake as well as in-vivo to study 

diphtheria toxoid (DT) loaded nanocarriers in female BALB/c mice compared to the 

simple mixes of a single polymer (TMC or fucoidan) with the antigen DT. Alum was 

also used as a control since it is clinically used to administer DT intramuscularly (Baylor 

etal., 2002).

4.3. Materials and Methods

4.3.1. Materials
The materials used in this study were the following: TMC 9 cP HC, diphtheria toxoid 

(NIBSC, UK), BSA (Sigma Aldrich, UK), FITC-BSA (Sigma Aldrich, UK), MTT (Sigma 

Aldrich, UK), fucoidan (Sigma Aldrich, UK), ELISA plates (Fisher Scientific, UK), IgG 

peroxidase (Sigma Aldrich, UK), lgG1, lgG2a and IgA (Serotec, UK), ABTS substrate 

tablets (Sigma Aldrich, UK), cytokine kits (R&D systems, UK), NuPage gels (Invitrogen, 

UK), SeeBlue® protein marker (Invitrogen, UK), MOPS (Invitrogen, UK), Colloidal blue 

stain (Invitrogen, UK), GPC standard (Polymer laboratories, USA and Sigma Aldrich, 

UK). Female BALB/c mice (Harlan, UK) were used and all other materials were of 

general grade.

4.3.2. Methods

4.3.2.1. Determination of the molecular weight of fucoidan
The molecular weight of fucoidan was measured with a GPC triple detection system

(VE 5200 GPC autosampler, VE 1121 GPC solvent pump, trial dual dectector model

270, VE 3580 refractive index (Rl) detector and VE 7510 GPC degasser, all Viscotek,

UK). The columns systems used were from Viscotek (GMPWxi x 2, Viscotek, UK) and

PBS (pH 7.4) was used as mobile phase. The GPC system was calibrated by single

injection of a narrow molecular weight polyethylene glycol standard PEG 21450,

Polymer laboratories, UK) and a broad dextran standard (Dextran 50 kDa, Sigma

Aldrich, UK). Subsequently, five different concentrations of each polymer (1 to 5 mg/ml)

were injected in triplicate and the dn/dc was calculated with the help of the refractive

index (Rl) detector by the use of Omnisec 4.1 software. The calculated dn/dc was then

used to calculate the molecular weight of each polymer.
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4.3.2.2. Preparation of bovine serum albumin loaded N-trimethvI chitosan (TMC  
9 cP HC) -  fucoidan (FUC) nanoparticles
Nanoparticles were prepared by addition of 5 ml aqueous solution of fucoidan (FUC) at 

various concentrations (0.25, 0.5, 1.0, 1.5, 2.0, and 2.5 mg/ml) into 5 ml TMC (9 cP 

HC) solution at different concentrations (0 .5 ,1 .0 ,1 .5 , 2 and 2.5 mg/ml) under magnetic 

stirring at room temperature. Bovine serum albumin (BSA) was added into the FUC 

solution. Nanoparticles were concentrated with a VivaSpin® concentrator (MW 

SO.OOODa, VivaScience, USA) using centrifugation at 3000 rpm for 2 h. Bradford 

analysis was performed to determine the BSA amount present in supernatant. The 

particle diameter and surface charge were obtained with a zetasizer (Malvern, UK)

4.3.2.3. Preparation of FITC-BSA loaded TMC 9  cP HC -FU C  nanoparticles 
Nanoparticles were prepared by the addition of 1 ml aqueous solution of fucoidan (0.5

mg/ml) into 1 ml TMC (9 cP HC) (1.0 mg/ml) under magnetic stirring at room

temperature. Bovine serum albumin (BSA) was added into the polyanion solution.

These nanoparticles were used for the uptake studies (see Materials and Methods).

4.3.2.4. Preparation of diphtheria toxoid fPT) loaded particles
ATF3 formulation was used to prepare DT loaded nanoparticles. The theoretical

loading of DT was %1 (m/m).

4.3.2.5. Immunisation schedule for intranasal administration of D T  loaded 
nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received 25 pi of DT (2.5 pg) loaded nanoparticles, TMC- 

DT dispersion, FUC-DT solution or toxoid solution alone intranasally. The animals were 

boosted on day 23 with the same formulations. Tail vein blood samples were taken 

after 12, 21, 30 and 36 days and antibody responses were assessed by ELISA.

4.3.2.6. Immunisation schedule for subcutaneously administration of D T  loaded 
nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received 100 pi containing DT loaded nanoparticles TMC- 

FUC-DT, dispersions TMC-DT and alum adsorbed DT, solutions FUC-DT and DT
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alone subcutaneously. The animals were boosted on day 14 with the same 

formulations. Tail vein blood samples were taken after 12, 21 and 36 days and 

antibody responses were assessed by ELISA.

4.3.2.7. In-vitro re-stimulation of spleen cells with diphtheria toxoid
For the analysis of diphtheria toxoid specific cytokines, spleens were harvested upon

termination of the experiment and splenocytes isolated were, into media (RPMI, Gibco,

Paisley, UK) supplemented with 10% foetal bovine serum (Gibco, Paisley, UK), 20mM

L-glutamine (Sigma, Poole, Dorset, UK), 10®U / L penicillin (Sigma, Poole, Dorset, UK)

and 100 mg/L streptomycin (Sigma, Poole, Dorset, UK) (Working media). Splenocytes

were stimulated with DT (1.0 pg/ml) or working media alone for 48 h and supernatants

were taken for analysis of IL-2, IL-4, IL-6 and IFN-y using DuoSet sandwich ELISA kits

(R&D Systems, Oxon, UK) in accordance with the manufacturer’s instructions.

4.4, Results and Discussion

4.4.1. Physicochemical characterization of fucoidan
As in the previous chapter (Chapter 3), TMC 9 cP HC was selected for the preparation 

of nanoparticles. Before formulating TMC 9 cP HC-FUC nanoparticles the molecular 

weight of fucoidan was investigated. According to the literature, fucoidan molecular 

weight is controversial Patankar et al., (1993) found a M^at approximately 100 kDa, 

while others have measured fractions of 1600 kDa and of 43 kDa in the same fucoidan 

sample (Ruperez at a!., 2002 and Rioux at a!., 2007). These molecular weights have 

been determined under different conditions such as using different buffers with different 

samples. Fucoidan was obtained from different species such as Ascophyllum 

nodosum, Fucus vesiculosus and Saccharina longicruis. Triple detection gel 

permeation chromatography was performed on the fucoidan isolated from Fucus 

vasicolosus, which was obtained from Sigma Aldrich in PBS (pH 7.4) buffer. The 

obtained results can be found in Table 15. For a more accurate determination the dn/dc 

was measured via a zimm plot by the use of a refractive index (Rl) detector and it was 

found to be 0.0865. The measured Mw was 62 kDa with a broad polydispersity of 1.9 

which can be related to its biological nature, and which can result in more 

polydispersed materials. A comparison with other results is very difficult because Rioux 

etal., (2007) extracted the polysaccharide himself, whereas the polysaccharide used in 

this study was purchased from Sigma Aldrich. Our data fits the closest with Patankar at 

a/., (1993) in which the same material was used, but we are unaware of the harvesting 

period and the subspecies used, which might result in significant variations.
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Table 15 Gel permeation chromatography results for fucoidan (Aldrich Sigma). PBS was
used as a mobile phase for triple detection GPC (Rl, IV and PALS). Mn, Mw, M%, Mp, Mw/Mn and 
recovery were calculated after obtaining the dn/dc values of each polymer by the use of a Zimm

dn/dc 
(ml/g) 1

Mn
(kDa)

Mw
(kDa)

I Mz 
1 (kDa)

Mp
(kDa)

Mw/Mn Recovery
(%)

0.0865 1 32.1 62.2 1 227.5 37.5 1.940 89.1

4.4.2. Preformulation studies
In order to evaluate the most suitable medium for the preparation of the vaccine 

nanocarriers, increasing concentrations of IM G  9 cp HO were added to equal or lower 

concentrations of fucoidan solutions using three different aqueous media: purified 

water, 0.9% (m/v) NaCI (saline) solution, and phosphate buffered saline (PBS) (pH 

7.4). Thus, the ratio between TMC and fucoidan (FUC) varied from 1:1 to 5:1. In theory, 

increasing ratios of TMC should lead to an increased positive surface charge of the 

particles, leading to higher colloidal stability but also to an increased toxicity due to 

surface located TMC (Schatz et al., 2004; Kean et al., 2005; Lin et al., 2005 and Mao et 

al., 2005). The particle diameter of the blank PEC-particles obtained in this study has 

been measured and is summarized in Table 16 Formulation F I, based on equal weight 

concentrations of the two reacting polymers, led to aggregation using all three buffers, 

thereby giving a first indication about the optimal weight-ratio between the two 

polymers.

Table 16 Effect of buffer solution on the particle diameter of TMC 9 cP HC-FUC 
nanoparticles prepared In different ratios of TMC 9 cP HC to fucoidan. The ratios varied 
from 1:1 to 5:1, respectively. Different media were investigated: water, 0.9%  NaCI and PBS
saline (p hi 7.4)

Form. TMC 9cp Fucoidan *Z-Average **Z-Average ***Z-Average
(mg/ml) (mg/ml) Size (nm±SD) Size (nm±SD) Size (nm±SD)

FI 1 1 Appregation Agprepation Aggregation
F2 1 0.5 204.8±0.5 179.4±1.8 240.9±2.9
F3 1.5 0.5 167.7±1.3 163.4±1.7 248.2±0.7
F4 2 0.5 157.2±2.9 155.7±2.6 284.4±2.8
F5 2.5 0.5 153.0±0.6 140.3±1.5 326.016.4

Nanoparticles were prepared in PBS 7.3, ** in Saline (0.9%  NaCI), *** in water

The most plausible explanation for this result is the loss of colloidal stability due to the 

formation of uncharged particles which led to aggregation (Schatz et al., 2004). The 

smallest particles were prepared in a weight ratio of 2:1 TMC 9 cP HC to fucoidan in 

0.9% (m/v) NaCI solution, which is the most desirable ratio due to toxicity issues 

associated with TMC compared to higher ratios of TMC for example in formulation F5 

(Kean etal., 2005; and Mao etal., 2005). Therefore, saline media 0.9% (m/v) NaCI was 

selected to be used for the preparation of all the following formulations.
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4.4.3. Characterisation of /V^rimethyi chitosan-fucoidan (TMC-FUG) 
nanoparticies
Two series of formulations were prepared in 0.9% (m/v) NaCI in order to select the 

optimum TMC-fucoidan weight-ratios to be further investigated. According to previous 

reports, fucoidans are polymers heterogeneous in structure, molecular mass, 

monosaccharide content, and degree of sulphation. These characteristics are 

influenced by several factors, such as the species and age of algae, harvest period, 

year of collection, geographic location and extraction protocol (Black et a i, 1952 and 

Berteau and Mulloy, 2003). Structural differences might lead to different interactions 

with TMC polymeric chains. Furthermore, this variability makes the determination of the 

best weight-ratios to use more complicated, since they cannot be estimated 

theoretically from the molecular structures and charge density of the two polymers. A 

selective experimental investigation was thus required.

In the first experiment different TMC 9 cP HO and fucoidan concentrations were 

reacted with each other and 7.5 pg/ml of BSA was previously mixed with fucoidan to be 

encapsulated (Batch ATF). The same combinations were then used for 150 pg/ml BSA 

(Batch BTF). The particle diameter of the nanoparticies obtained was measured where 

possible, namely when precipitation did not occur. Both BSA-concentration batches 

(7.5 and 150 pg/ml) exhibited the same trend, as shown in Tables 17 and 18. The only 

exception was represented by sample 6, which resulted in aggregation only in the BTF 

batch (150 pg/ml BSA), possibly because it contained the highest amount of negatively 

charged BSA. However, the ATF 6 sample also later became unstable, leading to 

precipitation within few hours after its preparation. According to what was anticipated 

above, the minimum stable TMC-FUC weight-ratio was revealed to be 5:3; any lower 

ratio led to aggregation and thus precipitation of particles. Based on these results, only 

formulations with non-aggregating polymers weight-ratio were further investigated, i.e. 

formulations ATF/BTF 1 ,3 ,5 ,  8, 9 ,12 ,13 ,14 .  When analyzing the ATF batches, 5 out 

of 8 formulations showed an average diameter equal to or lower than 200 nm (ATF1, 

ATF3, ATF9, ATF 12 and ATF 13), which is generally accepted to be the size limit for 

the uptake of formulations by epithelial cells and the optimum size for transcytosis from 

intestinal M cells (Desai et a i, 1996, 1997; Hans and Lowman, 2002). Concerning the 

remaining three formulations, two of them were smaller than 200 nm ATF5 and ATF). 

Only one sample presented a size close to 300 nm, namely ATF 14: this was not 

surprising, considering that this formulation presents the highest total polymer 

concentration of all batches, namely 4 mg/ml (Table 19). The polydispersity index was 

equal to or lower than 0.200 for all the ATF formulations which is an expected 

polydispersity for particles prepared via this method (Schatz et a i, 2004; Lin et a i,

2005). These results were also in line with results obtained in the previous chapter, in
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which TMC-PG nanoparticies resulted in about 200 nm size particles with a narrow 

polydispersity index.

The surface charge of all samples varied from + 27.4 mV to + 39.1 mV, suggesting that 

all the formulations were potentially stable. This is because a physically stable 

nanosuspension is stabilized by electrostatic repulsion and should have a minimum 

zeta potential of ± 30 mV to prevent aggregation due to attracting forces between the 

particles (Desai eta!., 1997). The zeta potential measurements also demonstrated that 

the particles were overall cationic. Foged et a!., (2005) showed that cationic particles 

present a higher uptake by macrophages, dendritic cells and mucosal membranes as 

compared to anionic particles. This might indicate that our nanoparticle systems were 

potentially suitable for mucosal immunisation. The manufacturing yield was higher than 

50% for all the formulations, ranging from 52.2 % of ATF 12 to 90.1% of ATF 3 

depending on composition. Again, these results are in line with the findings for TMC- 

PG nanoparticies

Most formulations of the BTF batch, (6 out of 8) presented an average diameter of 200 

nm to 300 nm, a size, which allows transcytosis through M cells and delivery to the 

basal medium (BTF3, BTF5, BTF8, BTF9, BTF12 and BTF13) (Desai et a!., 1996; 

Hans and Lowman, 2002; Jani et al., 1989). The two samples with particle diameters 

larger than 300 nm, namely BTF 14, characterized by the highest total polymers 

concentration (4 mg/ml), and BTF 1, with a diameter of nearing 500 nm, revealed later 

to be unstable and to aggregate, as shown in the size-stability study (Table 20). The 

polydispersity index of the BTF batch was lower than 0.200, with the exception of 

formulation BTF 14. The surface charge of these particles ranged from + 27.4 mV to + 

35.0 mV, without much difference to the ATF samples. The manufacturing yields were 

between 42% and 88% of formulations BTF 12 and BTF 1, respectively.

Comparing the results between the ATF and BTF batches, a slight general increase in 

particle diameter was observed for the 150 pg/ml BSA formulations (BTF) as compared 

to the 7.5 pg/ml BSA containing samples (ATF); this could have been attributed to a 

stronger ionic interaction and ionic cross-linking between negatively charged BSA and 

positively charged TMC in the formulations with higher BSA concentration. 

Furthermore, the effect of the TMC and FUC polymer weight-ratio on particle diameter 

was investigated. The z-average of the two series of formulations ordered by 

decreasing polymers weight-ratio revealed that they presented the same overall trend. 

The only significant exception was represented by the BTF 1 sample, which, as already 

mentioned above, was revealed later to be unstable and became aggregated. In the
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case of the samples characterized by the same ratio, i.e. ATF/BTF 1, 3 and 9 (TMC 

and FUG was 2:1), the particle diameter reasonably increased as the polymer 

concentration was raised (TMC and FUC).

Table 17 Nanoparticies prepared with TMC 9cP HO and fucoidan (FUC). The ratios of TMC  
9 cP HC to FUC varied from 1:1 to 5:1, respectively. In these series of formulations named ATF 
series 7.5 pg/ml bovine serum albumin (BSA) was used. This amount of BSA would yield 1% 
(m/m) theoretical loading for formulation ATF3. Mass ratios, zeta potential, yield and

Formulation TMC9CP
HC

(mg/mi)

FUC
(mg/ml)

Zeta Potential 
(mV±SD)

Yield
(%±SD)

Encapsulation 
efficiency (%iSD)

ATF1 0.5 0.25 27.4±1.5 89.411.5 87.311.1

ATF2 0.5 0.5 Aggregation

ATF3 1.0 0.5 29.4±3.4 90.113.7 74.311.3

ATF4 1.0 1.0 Aggregation

ATF5 1.5 0.5 34.8±1.1 84.412.9 75.511.5

ATF6 1.5 1.0 Aggregation

ATF7 1.5 1.5 Aggregation

ATF8 2.0 0.5 32.5±3.9 64.015.7 81.514.9

ATF9 2.0 1.0 39.1 ±0.1 85.619.8 79.813.4

ATF10 2.0 1.5 Aggregation

ATF11 2.0 2.0 Aggregation

ATF12 2.5 0.5 35.0±3.0 52.213.1 80.816.7

ATF13 2.5 1.0 38.710.7 71.817.9 89.317.0

ATF14 2.5 1.5 35.610.5 89.212.4 79.314.6

ATF15 2.5 2.0 Aggregation

ATF16 2.5 2.5 Aggregation

High positive surface charges have many advantages: They are favourable for 

nanosuspension stability, but also affect the in-vivo behaviour of microspheres, 

influencing interactions with the cell surface and their uptake by phagocytic cells 

(Foged et al., 2005). This can be seen in the superiority of cationic particles versus 

anionic or neutral particles for the uptake by macrophages and dendritic cells, which 

are the most potent antigen presenting cells (des Rieux et al., 2005). Cationic charges 

also enable the binding and internalization of particles to mucosal membranes 

displaying negative charges (Kravtzoff et a!., 2002; Mollenkopf et al., 2004 and 

Jaganathan and Vyas, 2006). Because all formulations were cationic, this means that 

they are potentially suitable for antigen delivery and absorption. A generally slight 

reduction of the surface charge was observed for the BTF samples, whose zeta 

potential was equal or lower than that of the corresponding ATF samples (Figures 17 

and 18). The same effect was seen for the BX (BSA 150 pg/ml) series for the TMC-PG 

particles, which also showed a slightly reduced surface charge as compared to the AX 

(BSA 7.5 pg/ml) series. This might suggest that the negatively charged BSA had 

adsorbed on the nanoparticies surface causing charge neutralization: this effect is
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obviously stronger in higher BSA-concentrated BTF formulations (BSA 150 pg/ml), as 

compared to the corresponding ATF samples.

Table 18 Nanoparticies prepared with TMC 9cP HC and fucoidan (FUC). The ratios of TMC  
9 cP HC to FUC varied from 1:1 to 5:1, respectively. In these series of formulations named BTF 
series 150 pg/mi bovine serum albumin (BSA) was used. This amount of BSA would yield 20%  
(m/m) theoretical loading for formulation BTF3. Mass ratios, zeta potential, yield and

ation efficienc:y are give n (n=3).
Formulation TMC 9cP 

HC 
(mg/ml)

FUC
(mg/ml)

Zeta
Potential
(mV±SD)

Yield
(%±SD)

Encapsulation 
efficiency (%iSD)

BTF1 0.5 0.25 25.2±1.8 88.0±3.6 78.416.6

BTF2 0.5 0.5 Aggregated
BTF3 1.0 0.5 27.7±2.1 81,0±7.8 81.112.3

BTF4 1.0 1.0 Aggregated

BTF5 1.5 0.5 29.8±3.0 51 9±2.1 88.011.3

BTF6 1.5 1.0 Aggregated

BTF7 1.5 1.5 Aggregated

BTF8 2.0 0.5 32.0+2.2 46.2+7.8 88.213.6

BTF9 2.0 1.0 35.9±0.9 76.4±4.6 82.512.4

BTF10 2.0 1.5 Aggregated

BTF11 2.0 2.0 Aggregated

BTF12 2.5 0.5 35.0±3.0 42.017.2 87.612.1

BTF13 2.5 1.0 34.1 ±1.4 60.313.6 86.811.4

BTF14 2.5 1.5 33.5±1.4 74.913.4 81.212.8

BTF15 2.5 2.0 Aggregated
BTF16 2.5 2.5 Aggregated

4.4.4. Assessing the protein ioading
The encapsulation efficiency was assayed for all formulations measuring the BSA 

quantities in the supernatant of centrifuged nanoparticle suspensions. Since the very 

low concentration of BSA (7.5 pg/ml) in the ATF formulations prevented a correct 

detection of the protein amount, all supernatants of the ATF formulations were 

concentrated 10 times to 75 pg/ml using a freeze dryer and were subsequently 

dissolved in water. The protein quantities obtained by Bradford assay showed generally 

a high degree of loading for almost all the formulations (Tables 17 and 18). In 

comparison, BTF samples showed generally higher encapsulation efficiencies than the 

corresponding ATF samples, something that may not be significant. In general it can be 

summarized that formulation 3 (ATF3 and BTF3) seemed to be the most suitable 

formulation from the physicochemical point of view due to its small particle diameter, 

positive surface charge, high encapsulation efficiency and high production yields and 

also because the total amount of TMC was low which might reduce the particles 

toxicity. These loading capacities are in line with previous studies using chitosan or 

TMC for the encapsulation of proteins (Janes and Alonso, 2003 and Amidi et al., 2006).
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Additionally, these results are in accordance with the results obtained for the TMC-PG 

particles, in which also an encapsulation efficiency of almost 100% was obtained.

4.4.5. Physical stability of TMC-FUC nanoparticies after a 1 month storage 
at 4 2 c
After preparation, all nanoparticle suspensions were stored at 4°C. The particle 

diameter was measured by means of photon correlation spectroscopy (PCS) after 1, 2 

and 4 weeks. The results reported in Table 19 (ATF samples) and Table 20 (BTF 

samples) are expressed as z-average diameter, standard deviation (SD) and 

polydispersity index (PI) and show that all formulations’ diameter increased over time, 

without precipitation. A reason for those phenomena is still unknown and we can only 

speculate. A possibility might be that the NaCI solution used as preparation medium 

might have led to aggregation due to a charge interaction with the positively charged 

particles.

Table 19 Nanoparticies prepared with TMC 9cP HC and fucoidan (FUC) (see table ATF 
series). Particle diameters are given immediately after preparation as well as during a storage

Formulation
After

Preparation
Z-Average
diameter
(nmiSD)

After 1 week 
at 4=C

After 2 weeks 
at4«C

After 4 weeks at 
4%

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

ATF1 196.6±2.6 
PI: 0.113

289.219.0 
PI: 0.096

307.0112.7 
PI: 0.086

312.916.4 
PI: 0.108

ATF2 Aqqreqated

ATF3 200.8±2.1 
PI: 0.120

285.2113.6 
PI: 0.123

265.019.8 
PI: 0.070

264.217.4 
PI: 0.100

ATF4 Aqqreqated

ATF5
169.8±1.5 
PI: 0.142

217.913.4 
PI: 0.068

233.415.5
Pl:0.100

234.415.2 
PI: 0.087

ATF6 290.8±6.2 
PI: 0195 Aggregated

ATF7 Aqqreqated

ATF8 171.5±1.2 
PI: 0.202

213.013.2 
PI: 0.103

223.914.3
Pl:0.113

225.414.2 
PI: 0.133

ATF9 229.1 ±6.5 
PI: 0.169

284.5110.8 
PI: 0.145

250.116.8
Pl:0.104

321.719.4 
PI: 0.199

ATF10 Aqqreqated
ATF11 Aqqreqated

ATF12 187.012.3 
PI: 0.127

198.3110.8 1 208.414.3 
PI: 0.109 PI: 0151

211.712.9 
PI: 0.168

ATF13 215.114.2 
PI: 0.199

277.3110.5 228.914.4 
PI: 0.086 PI: 0.091

301.119.3 
PI: 0.245

ATF14 291.516.9 
PI: 0.191

339.1110.8 317.916.5 
PI: 0.132 1 PI: 0.209

427.2117.4 
PI: 0.406

ATF15 Aqqreqated
ATF16 Aqqreqated

The only exception was formulation BTF 1, whose particles showed a high average 

diameter even after preparation (almost 600 nm) and aggregated after 2 weeks. A 

similar trend can be deducted form the observation of the corresponding ATF 

formulation: even if it did not aggregate in the 4 weeks period, it showed a large
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increase in diameter during the last 2 weeks, hence a tendency to instability. This might 

have suggested that the total concentration of polymers in formulation 1 (TMC and 

FUC = 0.75 mg/ml) was too low to admit a proper encapsulation and adsorption of the 

negatively charged BSA, especially in case of high concentration (150 pg/ml, BTF), 

leading probably to a progressive neutralization of particles and thus to their 

aggregation. This slight increase in particle size was also observed for the TMC-PG 

nanoparticies but whether this change is significant or not is uncertain because most 

formulations only increased by about 20 nm. Whether the increase in particle size is a 

general phenomenon is unknown because to our knowledge no one else has 

performed such a storage study for chitosan nanoparticies.

Table 20 Nanoparticies prepared with TMC 9cP HC and fucoidan (FUC) (see table BTF 
series). Particle diameters are given after immediately preparation as well as during a storage

Formulation
After

Preparation
Z-Average
diameter
(nmiSD)

After 1 week 
at 4>C

After 2 weeks 
at4*C

After 4 weeks 
at4*C

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

BTF1 462.3±14.5 
PI: 0.190

588.7116.1 
PI: 0.519 Aggre»gated

BTF2 Aggregated

BTF3 247.9±15.9 
PI: 0.121

247.1111.4 
PI: 0.126

252.615.0 
PI: 0.133

268.916.5 
PI: 0.176

BTF4 Aggregated

BTF5 221.6±13.3 
PI: 0.113

229.112.8 
PI: 0.188

241.7115.9 
PI: 0.225

245.617.5 
PI: 0.265

BTF6 Aggregated
BTF7 Aggregated

BTF8 207.8±11.3 
PI: 0.137

209.813.5 
PI: 0.137

216.112.1 
PI: 0.134

217.613.4 
PI: 0.129

BTF9 262.8±11.3 
PI: 0.172

319.117.5
Pl:0.188

319.3122.1 
PI: 0.157

347.016.0 
PI: 0.320

BTF10 Aggregated
BTF11 Aggregated

BTF12 202.0±10.5 
PI: 0.124

203.812.7
Pl:0.156

210.217.6 
PI: 0.157

216.116.0 
PI: 0.186

BTF13 240.2±12.1 
PI: 0.187

299.818.5 
PI: 0.218

302.316.8 
PI: 0.209

367.514.5 
PI: 0.183

BTF14 379.3122.3 
PI: 0.236

479.1114.5 
PI: 0.410

511.517.4 
PI: 0.530

521.7113.6 
PI: 0.462

BTF15 Aggregated
BTF16 Aggregated

4.4.6. Evaluation of protein Integrity
Protein integrity is a very important issue for the delivery of protein based medicines. A 

protein standard of BSA was compared to the protein encapsulated within the particles 

which was also BSA. As seen on the SDS PAGE, only one band visible is at 63 kDa as 

compared to the marker and standards, suggesting protein integrity (Figure 30). This 

result is not unexpected due to the mild preparation method employed and because it 

is in agreement with previous studies encapsulating vaccines (Amidi et al., 2007). 

Sezer and Akbunga, (2006) prepared fucospheres which contained of chitosan and
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fucoidan which w ere also able to preserve the integrity of BSA over a  period of 90  

days.

188 kDa 188 kDa

62 kDa ^  62 kDa

49 kDa 49 kDa

38 kDa 38 kDa *

28 kDa •»  28 kDa ^

18 kDa •  18 kDa _
14 kDa •  A 14 kDa □
6 kDa •  6 kDa •  °

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

Figure 30 SDS-PAGE of BSA loaded TMC 9 cP HC-PG nanoparticies. A) ATF series which 
contain 7.5 pg/ml BSA, lane 1: SeeBlue® protein marker (Invitrogen), lane 2: BSA formulation 
ATF1, lane 3: formulation ATF3, lane 4: formulation ATF5, lane 5: formulation ATF8, lane 6: 
formulation ATF9, lane 7: formulation ATF12, lane 8: formulation ATF13, lane 9; formulation 
ATF14, lane 10: BSA non encapsulated standard (150 pg/ml), lane 11: BSA non encapsulated 
standard (75 pg/ml), lane 12: BSA non encapsulated standard (7.5 pg/ml); B) BTF series which 
contain 150 pg/ml BSA, lane 1: SeeBlue® protein marker (Invitrogen), lane 2: BSA formulation 
BTF1, lane 3: formulation BTF3, lane 4: formulation BTF5, lane 5: formulation BTF8, lane 6: 
formulation BTF9, lane 7: formulation BTF12, lane 8: formulation BTF13, lane 9: formulation 
BTF14, lane 10: BSA non encapsulated standard (150 pg/ml), lane 11: BSA non encapsulated 
standard (75 pg/ml), lane 12: BSA non encapsulated standard (75 pg/ml).

4.4.7. Effect of centrifugation and freeze-drying to the physicai stabiiity of 
nanoparticies
Nanoparticle suspensions are commonly separated by centrifugation, which often leads  

to particle aggregation. Effects of excipients to prevent aggregation have been utilized. 

As in the previous chapter (Chapter 3), glycerol and trehalose w ere investigated for 

their effect on nanoparticle d iam eter after centrifugation and freeze drying (Amidi et ai, 

200 6 ). A TF 3 sam ple was used as model. Im m ediately after preparation the particle 

diam eter was m easured resulting in a  z-average 224 .3  ± 3 .9  (nm) and a polydispersity 

index of 0 .0825 . Tab le  21 sum m arizes the data  obtained before and after 

centrifugation. Sam ples 2 and 3 w ere centrifuged without the addition of any excipient. 

Th e  results confirmed that centrifugation causes an increase in particle d iam eter which 

ranged from 224 .3  (nm ) after preparation, to alm ost 1 pm for sam ple 3. Moreover, the 

centrifugation time affected the particle diam eter. This can be seen in sam ple 3, which 

was centrifuged for 1 h and which resulted in a  much higher d iam eter as com pared to 

sam ple 2 (537 .3  nm) after 30 minutes, w hereas 2 h centrifugation led to fibrous 

aggregation (sam ple 4 ). In regards to sam ples 5 to 10, it is clear that glycerol reduced  

the particle d iam eter significantly during centrifugation. The best results (sam ple 7 and
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sample 10, 5000 rpm for 1 or 2 h alternatively) were obtained with 1 ml of glycerol for 

both duration cycles of centrifugation (1 and 2 h).

Table 21 Effect of centrifugation (5000 rpm) of formulation ATF3 prepared In a 2:1 ratio of
TMC 9 cP HC to FUC, respectively. Investigation of the centrifugation times as well as the 
addition of glycerol (0.2, 0.5 or 1.0 ml). Particle diameters were obtained by PCS measurements 
(n=3).

Formulation Glycerol
volume

(ml)

Time
(mln)

Z-Average
diameter
(nm±SD)

Polydispersity
Index

1* - - 224.3±3.9 0.0825

2 - 30 537.3 ± 35.6 0.188

3 - 60 881.0 ± 4 7 .0 1.000

4 - 120 Aggregated

5 0.2 60 339.8 ±13.1 0.409

6 0.5 60 337.7 ± 20.0 0.165

7 1.0 60 315.3 ±1 7 .2 0.102

8 0.2 120 333.5 ±15.1 0.0794

9 0.5 120 366.5 ± 1 9 .0 0.135

10 1.0 120 333.8 ±1 3 .8 0.124

* Formulation ATF3 after particle diameter measured immediately after preparation without 

centrifugation

No difference was observed among the different volumes of glycerol whether 1 or 2 h 

were used for the centrifugation. The use of particle size reduction may probably be 

due to the formation of a glycerol layer on the particle surface which prevents 

aggregation. This has also been observed by Amidi et al., (2006), who prepared TMC- 

TPP nanoparticies loaded with ovalbumin. Interestingly, the authors observed a higher 

increase in particle diameter after centrifugation with glycerol which might have been 

due to the use of PBS (pH 7.4) or HEPES buffer (pH 7.4) to redisperse the particles. In 

this study the particles were re-dispersed in 0.9% (w/v) NaCI. As was shown in the 

preliminary optimization study for the use of the appropriate preparation medium, the 

saline medium resulted in the smallest particle diameter (see above 4.4.2). Compared 

to the TMC-PG study in Chapter 3 TMC-FUC nanoparticies structure could also be 

preserved by the use of glycerol.

In another experiment, 5 ml of the sample was freeze dried and subsequently re

suspended in water, without the use of any excipient. As expected, particles 

aggregated and precipitation occurred. Therefore, trehalose (5% (m/v) and 20% (m/v)) 

was added into the samples and the particle diameter increased from 224.3 nm 

(sample 1) to 336.6 nm (sample 11) and 324.6 nm (sample 12) for 5 and 20% (m/v)
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trehalose, respectively. This showed that trehalose significantly increased the particle 

diameter even without centrifuging the samples. The role of glycerol and trehalose as 

cryo- or lyo-protectants was further investigated. Table 22 summarizes the obtained 

data. The samples (samples 13-16) have been centrifuged at 5000 rpm using different 

times and different amounts of glycerol and trehalose for centrifugation and freeze 

drying (Table 22).

Table 22 Effect of centrifugation (5000 rpm) and freeze drying of formulation ATF3 
prepared in a 2:1 ratio of TMC 9 cP HC to FUC, respectively. Investigation of the 
centrifugation times as weii as the addition of glyceroi (0.2 mi) and trehalose (5%  m/v and 20%

Formulation Glycerol
Volume

(ml)

Trehalose
(m/v)
(%)

Time
(mln)

Z-Average Particle 
diameter (nmtSD) 
After freeze drying

Polydispersity
Index

11* - 5 - 336.6 ± 7.5 0.591

12* - 20 - 324. 6 ± 8.8 0.234

13 - 5 30 409.8 ±13.1 0.409

14 - 20 30 337.7 ±  20.0 0.165

15 0.2 5 120 315.3 ± 17.2 0.102

16 0.2 20 120 333.5 ± 15.1 0.0794

* Formulation ATF3 after particle diameter measured immediately in different trehalose solutions

The smallest particle diameter (315 nm) was achieved centrifuging for 2 h with 0.2 ml 

of glycerol and then freeze drying with 5% (m/v) trehalose solution (sample 15). After 

30 minutes centrifugation, no satisfactory separation could be achieved and some 

particles were still visible in the supernatant. For complete separation, a centrifugation 

period of at least 1 hour was necessary and therefore, the addition of glycerol was 

crucial in preserving the individual particle structure. The mechanisms of action of 

glycerol and trehalose as cryo- and lyo-protectants are not entirely clear and various 

hypotheses have been formulated: (/) The immobilization of nanoparticies within a 

matrix of cryoprotectant can prevent their aggregation and protect them against the 

mechanical stress of ice crystals formed during freezing, (//) another possible 

explanation for the nanoparticle stabilization is the “particle isolation hypothesis": it has 

been proposed that cryoprotectant isolates individual particles in the unfrozen fraction, 

thereby preventing aggregation (Fernandez-Urrusuno et al., 1999 and Layre et a!.,

2006).

Taken together all these results and comparing them with previous results from the 

literature, to our knowledge, TMC nanoparticies have not been investigated for their 

possibility of freeze drying. Chitosan nanoparticies have been freeze dried together 

with polysaccharides and it was shown, for instance, that for example lactose could
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preserve the nanoparticle structure during freeze drying (Lee et al., 2006). In another 

study it was shown that trehalose and sucrose could preserve the particle diameter of 

chitosan nanoparticies (Fernandez-Urrusuno et a!., 1999). Interestingly, in Chapter 3 

TMC-PG particles could not be freeze dried with the aid of trehalose, whereas with 

fucoidan this was possible. A possible explanation for this might be the structural 

difference between PG and fucoidan. PG is much higher in molecular weight than 

fucoidan and results in a sticky material.

4.4.8. Toxicity evaiuation
As described in the previous chapter for TMC-PG nanoparticies, the toxicity of 

formulation ATF3 (ratio TMC and fucoidan 2:1, respectively) was investigated for its 

toxicity and compared to TMC 9 cP HC, fucoidan and PEI alone as cationic standard. 

The MTT assay was performed under submerged conditions and negative control were 

only the cells incubated in media. These experiments were performed with the NEK 

293 cell line and with the Calu-3 cell line. As stated in the previous chapter (Chapter 3) 

the Calu-3 cell line is a good model of the upper airways and therefore a suitable one 

(Borchard, 2002). FUC alone resulted in a cell viability of more than 95 % even at 

concentrations as high as 5 mg/ml (Calu-3 and HEK 293) (Figures 31 and 32). The 

cationic polymers PEI and TMC 9 cP HC showed low cell viability whereas PEI 

appeared more toxic as compared to TMC 9 cP HC as already seen in the TMC-PG 

chapter (3.4.8). The cell viability of TMC-FUC nanoparticies was more than 50 % at 

concentrations as high as 5 mg/ml for the Calu-3 cell line whereas for the HEK 293 cell 

line a lower cell viability of 39% was observed (Figure 31 and 32). At 2 mg/ml the cell 

viability was more than 70 % for Calu-3 cells which suggested a vast improvement 

compared to TMC 9 cP HC alone (Figure 32). Overall, there is slightly lower toxicity 

observed with the Calu-3 cell line as compared to the HEK 293 cell line. A simple 

reason for this might be that they are two different cell lines yielding different results. In 

conclusion, the preparation of TMC-FUC nanoparticies resulted in a significant 

reduction of toxicity as compared to TMC 9 cP HC alone but these particles showed a 

decrease in cell viability as compared to TMC-PG nanoparticies at a concentration of 5 

mg/ml.

This is interesting because both FUC and PG appear non-toxic up to a concentration of 

5mg/ml. It might be argued that the increased molecular weight of PG is able to reduce 

the toxicity of these particles more significantly. For further discussion see Chapter 3.
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Figure 31 Effect of TMC 9cP HC solution and TMC 9 cP HC-FUC nanoparticies prepared 
in the ratio of 2:1, respectively, and fucoidan solution to relative viability of human 
embryonic kidney (HEK) 293 ceils. Polyethylene imine (PEI) was the positive control, whereas 
media was used as a negative control. The relative cell viability was expressed as a percentage 
according to only media treated cells (n=3).
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Figure 32 Effect of TMC 9cP HC solution and TMC 9 cP HC-FUC nanoparticies prepared 
in the ratio of 2:1, respectively and fucoidan solution to relative viability of human 
Caucasian lung adenocarcinoma (Calu-3) cells. Polyethylene mine (PEI) was the positive 
control, whereas media was used as a negative control. The relative cell viability was expressed 
as a percentage according to only media treated cells (n=3).
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4.4.9. Cellular uptake studies
Macrophages and dendritic cells are the main target cells for vaccines to function 

(Abbas and Lichtman, 2006). A cellular uptake study was therefore performed using a 

mouse macrophage cell line (J 7741.A) to investigate the potential uptake of TMC-FUC 

nanoparticies using the same experimental setup as reported in the TMC-PG chapter. 

The macrophage cells which were incubated without any particles did not show any 

fluorescence (Figure 33 A). As it can be seen in Figure 33 after 2 h some of the TMC- 

FUC nanoparticies loaded with FITC-BSA appeared to be taken up whereas some 

particles were still seen extracellular possible due to aggregation. This is a good 

indication that TMC-FUC nanoparticies are a viable delivery system for vaccines, 

because uptake into AFC’s is one of the main prerequisition in eliciting a sufficient 

immune response (Abbas and Lichtman, 2006). Most likely, the main reason for this 

might be that phagocytosis is the main function of this macrophage cell line. Another 

reason might be the presence of fucoidan which can selectively bind to the scavenger 

A receptor on the cell surface of macrophages, which might then further increase the 

uptake of these particles (Mytar et al., 2004, Nakamura et al., 2006). The effect of 

different particle diameters was not investigated but in general macrophages are able 

to phagocytose particles smaller than 10 pm (Jiang et al., 2005). TMC-FUC appeared 

to show a higher uptake than TMC-PG nanoparticies, which might have been related to 

the uptake of these carriers via the scavenger receptor.

Figure 33 Confocal microscope images of J 774.1 A cells: A) blank cells without the addition 
of particles B) cells incubated with TMC 9 cP HC-FUC-BSA-FITC nanoparticies prepared in a 
2:1 ratio of TMC to FUC, respectively. 7.5 pg/ml of BSA was used which was expected to result 
in 1% (m/m) loading. The images were taken after 2 h incubation.

4.4.10. Characteristics of diphtheria toxoid (DT) loaded TMC-FUC 
nanoparticies
The main aim of this study was to prepare a novel vaccine carrier, which is suitable for 

the intranasal delivery. So far, we were able to show that it is possible to prepare
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nanoparticies in the size range of 200 nm, which showed low toxicity and which are 

able to be effectively taken up by macrophages. BSA was employed as a model protein 

for all the optimization studies. During the following stage, an attempt was made to 

encapsulate a clinically relevant antigen. Therefore, particles were prepared with 

diphtheria toxoid (DT). Formulation ATF3 with the TMC and FUG ratio of 2:1 was 

selected due to their favourable physicochemical as well as low toxicity characteristics. 

In comparison to BSA the particle diameter increased in the preparation with DT 

containing nanoparticies, resulting in a particle diameter of 287 ± 8 nm as compared to 

202 ± 2 nm for BSA (Tables 23 and 24). This might have been related to the 

differences in hydrophobicity and amino sequence of DT as compared to BSA. 

Interestingly, for the TMC-PG-DT loaded particles no significant difference in particle 

diameter was seen as compared to particles prepared with BSA, in the previous 

chapter (Chapter 3). Even though the particle diameter increased with DT, the particles 

were still below 300 nm and therefore suitable for the delivery of vaccines via the nasal 

route (Fujimura et a/., 2006). All other parameters such as surface charge, yield, and 

encapsulation efficiency did not change. After preparation, the particles were stored at 

4*0  and the particle diameter was measured at 1 ,2  and 4 weeks. There was no 

significant increase in the particle diameters observed (Table 24). To achieve the 

appropriate concentration of antigen for intranasal and subcutaneous administration 

the particles had to be concentrated by the use of vivaspin columns, (2000 rpm for 2 h). 

Following centrifugation, a slight increase in particle diameter to 320 ± 10 nm was 

observed but this should not have significantly affected the outcome of the biological 

activity.

Table 23 Physicochemical characterisation of TMC 9cP HC-FUC nanoparticies loaded 
with diphtheria toxoid (DT). The particles were prepared in a ratio of 2:1 for TMC 9 cP HC to 
FUC respectively and were theoretically loaded with 1% (m/m) of DT. Zeta potential 
measurements were obtained as well as yield. The encapsulation efficiency was determined by

Zeta Potential I Yield 1 Encapsulation efficiency
(mViSD) 1 (%±SD) 1 (%±SD)

32.4±0.7 1 87.0±3.2 1 87.0±0.54

Table 24 Particle diameter of the diphtheria toxoid (DT) loaded TMC 9 cP HC-FUC 
nanoparticies (see table legend above): after preparation, during 4 weeks of storage and 
after concentrating with VivaSpin columns for the in-vivo experiments. The particle diameter 
was measured by photon correlation spectroscopy as z-average (nm ± SD) and polydispersity

After
preparation

After 
concentration 
with VivaSpin 

column*

After week 1 
storage at 4“C

After 2 weeks 
storage at 4“C

After 4 weeks 
storage at 4%

287.3±8.70 
PI: 0.107

320.72±10.25 
PI: 0.207

295.4±11.25 
PI: 0.109

301±12.35 
PI: 0.119

299.7±10.65 
PI: 0.129
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4.4.11. Particle morphology of TMC-FUC DT particles
The morphology of TMC-FUC nanoparticies was investigated using Transmission

Electron Microscopy (TEM). Specifically, formulation ATF 3 was analyzed because of 

the lowest used TMC and FUC ratio of 2:1, respectively. As shown in Figure 35, TMC- 

FUC nanoparticies presented a shape approximate to sphere with a homogeneous 

structure. The largest particles were below 250 nm. Also very small particles were 

visible by TEM which indicated a very polydisperse particle population. On the other 

hand, these results cannot be compared with PCS since TEM measures a number 

mean diameter, whereas PCS measures a volume mean diameter. For further 

discussion see Chapter 3.

^ 0 . 0  n .  0 ^

Figure 34 TEM photograph of diphtheria toxoid (DT) loaded TMC 9 cP HC-FUC 
nanoparticies. Particles were prepared in a 2:1 ratio of TMC 9 cP HC to FUC, respectively. The 
particle suspension was added onto copper grids and negatively stained with 1% (m/v) uranyl 
acetate

4.4.12. Evaluation of DT Integrity
The structural integrity of the antigen is a prerequisite to generate a suitable immune 

response. As already mentioned above, the protein has to be presented to the immune 

system cells in its native conformation in order to induce the maturation of antibodies 

with the highest affinity against the delivered antigen (Jiang et al., 2005 and Tamber et 

a!., 2005). Dénaturation or inactivation of the protein during processing causes 

alteration of the native structure of the protein. This can be detected by gel 

electrophoresis where altered structures cause shift in band formation higher or lower 

than the standard. As shown in Figure 35, the structural integrity of the antigen DT did 

not seem to be affected by processing parameters. Upon visualization of the gel, it can
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be observed that even the TMC-FUC-DT nanoparticies suspension band revealed the 

same molecular weight compared to the standards. These results are line with other 

groups. Amidi et al., (2007) found for example that TMC-TPP particles can preserve 

the integrity of the influenza subunit antigen. Their SDS PAGE was also confirmed by 

western blot analysis.

188 kDa

62 kDa
49 kDa mm Î gpngi

38 kDa

28 kDa
18 kDa
14 kDa ~
6 kDa

3 4 5 6 7 8
Figure 35 SDS-PAGE image of different formulations loaded with DT and utilised in the 
following in-vivo experiment: 1. SeeBlue® Pre-stained protein marker; 2. TMC Solution 
(10mg/ml); 3. FUC Solution (5mg/ml); 4. TMC-DT dispersion (10mg/ml TMC + 0.1 mg/ml DT); 5. 
FUC-DT sol. (5mg/ml FUC + 0.1 mg/ml DT); 6. TMC-FUC nanoparticies (0.1 mg/ml DT); 7. DT 
solution (0.05 mg/ml); 8. DT solution (0.1 mg/ml); 9. DT solution (0.2 mg/ml)

4.4.13. DT specific antibody responses following Intranasal (l.n.) and 
subcutaneous (s.c.) administration
Following the physicochemical and in-vitro characterisation the final in-vivo studies to 

investigate the suitability of our novel nanocarrier systems as nasal vaccine adjuvants 

was carried out. Therefore, female BALB/c mice were divided in groups of 4 animals 

and prime and boost immunisations were done. The vaccine was given intranasally as 

well as subcutaneously. The subcutaneous administration of all formulations (TMC- 

FUC-DT, TMC-DT, FUC-DT, DT and alum adsorbed DT) were given. Alum adsorbed 

DT was given as a control experiment since DT is clinically applied parenterally. Blood 

samples were taken from the tail vein and the serum was analysed for DT specific IgG 

antibody titres by ELISA. For the intranasal administration, four formulations were given 

as following: TMC-FUC-DT nanoparticies, TMC-DT dispersion, FUC-DT solution and 

DT solution only. The amount of DT given was 2.5 Mg/25 pi for all formulations. This 

volume was administered in both nostrils with a pipette (see Materials and Methods 

section).
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Figure 36 DT specific serum IgG antibody titres. Determined on days 12, 21, 30 and day 36
following i.n. delivery of 2.5 gg DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC 9 cP 
HC-DT dispersion, FUC-DT solution or free DT (/?= 4). Mice were boosted with the same dose 
of DT in the various formulations or free DT (equivalent to 2.5 gg of DT) on day 23.

After 12 and 21 days a significant amount of IgG titres could be measured in the serum 

(Figure 36). As early as day 12 and then day 21 slightly higher IgG titres could be 

found for TMC-DT as compared to TMC-FUC-DT (p < 0.05), which might have been 

related to a possible enhanced uptake of TMC-DT with ARCs. On the other hand, for 

the TMC-PG-DT nanoparticies no significant difference was observed after 12 days (p 

> 0.05), whereas after 21 days TMC-DT also led to increased IgG antibody titres as 

compared to TMC-PG-DT (p < 0.05). After boosting on day 23 there was an increase of 

DT specific IgG for all formulations. No significant difference was observed between 

TMC-FUC-DT and TMC-DT on day 30 (p > 0.05), whereas on day 36 again TMC-DT 

dispersions resulted in significantly elevated IgG antibody titres as compared to TMC- 

FUC-DT (Figure 36). Both particulate formulations gave nearly 1000 times increased 

antibody titre as compared to the free antigen (DT). As expected, an increased uptake 

within the APCs of the particulates compared to the solutions easily explains this 

outcome. The application of the FUC-DT solution elicited increased IgG levels as 

compared to the free antigen DT (p < 0.05). The free antigen DT was only able to elicit 

similar levels of IgG after boosting as compared to FUC-DT after the first dose, but the 

particulate formulations (TMC-FUC-DT and TMC-DT) gave much higher results for DT 

specific IgG antibody titres than FUC-DT (p < 0.05).
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A reason why TMC-DT nanoparticies performed better than TMC-FUC-DT might be 

their increased toxicity, which might be able to elevate the immune response. TMC- 

FUC-DT led to high IgG antibody titres with a significantly reduced toxicity as compared 

to TMC-DT. Amidi et al., (2007) used TMC-TPP nanoparticies for the delivery of 

influenza subunit antigen. In this study we found that TMC-TPP-influenza nanoparticies 

led to increased antibody titres as compared to TMC-influenza dispersions. Two 

reasons for this might be the different antigen utilized or that a different TMC 

conversion degree was used.

Following subcutaneous application a similar trend was observed. Additionally, a fifth 

formulation was given which consisted of alum adsorbed DT (Figure 37). This 

formulation was used as a standard compared to the other particulate formulation since 

DT is clinically applied as alum adsorbed. In this experiment the mice were boosted at 

day 14, which led to an elevation in the immune responses of all formulations. Alum 

adsorbed DT resulted in significantly increased DT specific IgG antibody titres on day 

12 and 36 as compared to TMC-FUC-DT (p < 0.05), whereas on day 21 TMC-FUC-DT 

resulted in significantly increased antibody titres as compared to TMC-DT. Even though 

these values are statistically significantly different it is unsure if this difference would 

effect the neutralisation of the antigen. It would be expected that the nanoparticulate 

formulations would lead to a controlled release profile (Amidi eta!., 2007). Even though 

alum is approved by the regulatory authorities, it is not biodegradable as compared to 

our particulate formulation and also leads to the production of IgE antibodies (Baylor et 

a!., 2002). Free DT administered subcutaneously was able to elicit significant antibody 

titres but not as high as the particulate formulations on days 12, 21 and 36 (p < 0.05) 

(Figure 37). Interestingly enough, fucoidan did not improve the IgG levels after 

subcutaneous administration as compared to the free antigen DT, which might have 

indicated that fucoidan rather enhances the uptake of an antigen only via the nasal 

mucosa as seen above (p > 0.05). In conclusion, we found that TMC-DT and TMC- 

FUC-DT nanoparticies were able to raise significant titres of IgG following intranasal 

and subcutaneous administration. But as shown earlier, TMC showed a significant 

amount of toxicity whereas the TMC-FUC nanoparticies can be considered safe, 

according to our MTT results (see section 4.4.8).
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Figure 37 DT specific serum IgG antibody titres. Determined on days 12, 21 and 36 following 
s.c. delivery of 2.5 ng DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC 9 cP HC-DT 
dispersion, FUC-DT solution, free DT or alum adsorbed DT {n= 4). Mice were boosted with the 
same dose of DT in the various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.

4.4.14. Serum DT specific IgG subtype profiling
For the evaluation of IgG subtypes IgGi and lgG2a were analysed in the serum by 

ELISA. The subtype analysis was only performed on the final bleeding samples 

obtained before termination of the experiments. The main aim for evaluating subtypes 

is the determination of whether an immune response either towards Thi or Th2 was 

elicited, which was also followed by cytokine analysis. IgGi indicates a Th2 response 

whereas lgG2a might suggest the stimulation of a Thi (Janeway et al., 2005). In general, 

particulate systems show a bias to a strong Th2 response with significantly lower lgG2a 

titres as compared to IgGi (Amidi et a!., 2007). Figure 38 illustrates the IgGi antibody 

titre following intranasal administration. Both formulations of TMC (TMC-FUC-DT and 

TMC-DT) were able to elicit high IgGi titres as compared to the free antigen (DT) (p < 

0.01). DT in the fucoidan solution performed better in inducing an IgGi response than 

the free DT (p < 0.05) solution, but fucoidan was by far not as effective as the TMC 

formulations (p < 0.05). The reason why particulates are more capable of eliciting a 

strong IgGi antibody titre might have been related to a different uptake via the NALT, 

which resulted in a stronger DT specific titre or also the increased mucoadhesiveness 

of these formulations due to TMC (Synman et a!., 2003).
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Figure 38 DT specific serum IgGi antibody titres. Determined on day 36 following i.n. 
delivery of 2.5 ng DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC 9 cP HC-DT 
dispersion, FUC-DT solution or free DT {n= 4). Mice were boosted with the same dose of DT in 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.

Following subcutaneous application a similar trend was observed (Figure 39). The 

highest IgGi antibody titre was found with the formulation consisting of alum adsorbed 

DT, something that was expected since alum is known mainly to stimulate a Th2 

response. The TMC-FUC-DT nanoparticies gave a slightly lower antibody titre as 

compared to alum adsorbed DT (p < 0.05). The TMC-DT dispersion did not give as 

high antibody titres as the TMC-FUC-DT nanoparticies, a surprising result when 

compared to the intranasal results where comparable results were observed (p < 0.05). 

A possibility might have been that TMC-FUC-DT nanoparticies may have conformed a 

long lasting depot effect after administration, which may have further boosted the 

immune response. Another interesting observation was that the preparation of FUC-DT 

performed almost as well as the TMC-DT formulation. This showed the adjuvant effect 

of fucoidan applied via the intranasal route and might additional explain the good 

results for the TMC-FUC-DT nanoparticies. The data obtained could also suggest that 

TMC and FUC in one formulation may have an additive effect. Why FUC-DT is so 

effective is still not known but its adjuvant effect on dendritic cells has been previously 

shown. DT as a free antigen solution gave the lowest antibody titres as compared to 

all the other formulations including the controls.
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Figure 39 DT specific serum IgGi antibody titres. Determined on day 36 following s.c. 
delivery of 2.5 [ig DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC-DT dispersion, 
FUC-DT solution, free DT or alum adsorbed DT {n= 4). Mice were boosted with the same dose 
of DT in the various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.

The lgG2a antibody titres were generally significantly lower as compared to the IgGi 

titres, which have been shown by other groups (Amidi et al., 2007) (Figures 40 and 41). 

Following intranasal application the TMC-DT colloidal dispersion resulted in the highest 

DT specific antibody titre followed by the TMC-FUC-DT nanoparticies (p < 0.05). Once 

more, FUC-DT again performed better than the free DT solution (p < 0.05) but defiantly 

not as good as the TMC formulations (p < 0.05). Following subcutaneous 

administration there was no significant difference among the formulations TMC-FUC- 

DT, TMC-DT and alum adsorbed DT for the IgGza levels (p > 0.05). This can be 

considered to be a favourable outcome since compared to alum the TMC formulations 

are biodegradable. DT alone was not able to elicit any lgG2a antibody titres following 

subcutaneous administration, whereas FUC-DT was able to elicit some response, but 

not as high as the particulate formulations (p < 0.05). In conclusion, a strong Th2 

directed immune response with some Thi response was observed measured on the 

basis of lgG2a antibodies titres.

Overall, the antibody titres elicited for TMC-FUC-DT nanoparticies and TMC-PG-DT 

nanoparticies can be considered comparable. Intranasally TMC-DT dispersions appear 

to perform better than any of the nanoparticle formulations (TMC-FUC-DT and TMC- 

PG-DT), but on the other hand TMC exhibited a significantly increased toxicity as 

compared to TMC-FUC-DT and TMC-PG-DT.
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Figure 40 DT specific serum IgGaa antibody titres. Determined on day 36 following i.n. 
delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC 9 cP HC-DT 
dispersion, FUC-DT solution or free DT {n= 4). Mice were boosted with the same dose of DT in 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.
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Figure 41 DT specific serum IgGaa antibody titres. Determined day 36 following s.c delivery 
of 2.5 pg DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC 9 cP HC-DT dispersion, 
FUC-DT solution, free DT or alum adsorbed DT (n= 4). Mice were boosted with the same dose 
of DT in the various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.
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4.4.15. Local anti DT IgA and anti DT IgG responses following Intranasal 
administration
Local IgA as well as IgG antibody levels were measured in the nasal as well as vaginal 

wash samples of mice. These samples were taken following the termination of the 

animal experiments. IgG levels were only measured in the vaginal wash samples. 

There appears to be no significant difference between the levels of IgG and IgA 

antibody titres in the vaginal washes (Figures 42 and 43). The highest antibody titres 

were again found with the TMC formulations. Fucoidan gave lower levels of IgG and 

IgA as compared to the TMC formulations (p < 0.05) and there were no antibody levels 

measurable with the free antigen DT for both IgG and IgA. In the nasal washing 

samples hardly any levels of antibody titres could be measured. This was mainly due to 

the fact that the washing procedure was insufficient. In summary, the TMC formulations 

were able to elicit significant IgG as well as IgA antibody titres, which is an indicative of 

a common mucosal immune system. Amidi et al., 2007 also found significantly higher 

IgA antibody titres for TMC-influenza dispersion and TMC-TPP-influenza nanoparticies 

as compared to the free antigen in the nasal lavages. Interestingly, in this study the 

nanoparticies also performed better than the TMC-influenza mixture. A reason why 

Amidi et a!., 2007’s results are not line with our finding may be that a different mouse 

model was chosen (female C57BL/6) and a different antigen was used. In addition, the 

conversion degree and molecular weight of TMC was significantly different.
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Figure 42 DT specific vaginal wash IgA antibody titres. Determined on day 36 following i.n. 
delivery of 2.5 pg DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC 9 cP HC-DT 
dispersion, FUC-DT solution or free DT (/?= 4). Mice were boosted with the same dose of DT in 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.
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Figure 43 DT specific vaginal wash IgG antibody titres. Determined on day 36 following i n. 
delivery of 2.5 |ig DT encapsulated in TMC 9 cP HC-FUC nanoparticies, TMC 9 cP HC-DT 
dispersion, FUC-DT solution or free DT {n= 4). Mice were boosted with the same dose of DT in 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.

4.4.16. Cytokine production by spleen cells
To get further insight on whether TMC-FUC-DT nanoparticies are able to elicit either a 

Thi or a Th2 response, the splenocytes were stimulated as reported in the previous 

chapter three. Following intranasal application, significant levels of IL-2 as well as IFN-y 

cytokine levels were detected in which the particulate formulations (TMC-FUC-DT and 

TMC-DT) outperformed the free antigen (DT) (p < 0.05). FUC-DT resulted in slightly 

increased levels of IL-2 and IFN-y as compared to the free antigen DT, but the 

difference is only significant for the cytokine IL-2 and IL-6 (p < 0.05). No significant 

levels of IL-4 could be observed for any of the evaluated formulations, whereas 

significant IL-6 levels were observed as in the results presented in the Chapter 3. 

Between the two particulate formulations (TMC-FUC-DT and TMC-DT) slight 

differences in cytokine secretion were observed and the formulation TMC-FUC-DT 

gave similar or even better results than TMC-DT. Interestingly, even though the IgGi 

antibody titres for TMC-FUC-DT and TMC-DT were similar (p > 0.05) a difference was 

observed in the IL-6 cytokine levels (p < 0.05), which may suggest that TMC-FUC-DT 

results in a stronger Tha response as compared to TMC-DT. For the Thi response not 

very much difference was observed between TMC-FUC-DT and TMC-DT for IL-2 and 

IFN-y levels (p > 0.05).
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Figure 44 Splenocytes restimulation with 1.0 pg/ml diphtheria toxoid following I.n. 
administration. Cytokine levels were measured after 48 h Incubation with DT In the 
supernatants A) IL-2, B) IFN-y and 0 ) IL-6 levels were determined on day 36 following I.n. 
delivery of 2.5 pg DT encapsulated In TMC 9cP HC-FUC nanoparticies, TM C 9 cP HC-DT  
dispersion, FUC-DT solution or free DT (n= 4). Mice were boosted with the same dose of DT In 
the various formulations or free DT (equivalent to 2.5 pg of DT) on day 23.

Following subcutaneous administration similar trends were observed. Significant levels 

of Thi associated cytokines as well as Th2 associated cytokines were obtained. The 

formulation TMC-FUC-DT always performed slightly better than TMC-DT but not 

significantly different (p > 0.05) but always gave improved levels of cytokines as 

compared to alum adsorbed DT (p < 0.05). The free antigen resulted in the lowest 

cytokine levels. To compare our findings with others is very difficult. To our knowledge, 

we were the first to investigate the stimulation of cytokines after vaccination with TMC 

nanoparticies. Chitosan has shown to be able to elevate IL-2 and IFN-y if incubated 

with porcine spleen cells. Borges et al., (2007) investigated the use of chitosan coated 

nanoparticies for the delivery of HBsAg, but the mice were dosed via the oral route.
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One of their main findings was that the co-encapsulation of CpG ODN was able to 

significantly enhance IFN-y.
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Figure 45 Splenocytes restimulation with 1.0 pg/mi diphtheria toxoid following s.c. 
administration. Cytokine levels were measured after 48 h incubation with DT in the 
supernatants. A) IL-2, B) IFN-y and 0 ) IL-6 levels were determined day 36 following s.c. delivery 
of 2.5 pg DT encapsulated in TMC 9cP HC-FUC nanoparticies, TMC 9 cP HC-DT dispersion, 
FUC-DT solution, free DT or alum adsorbed DT (n= 4). Mice were boosted with the same dose 
of DT in the various formulations or free DT (equivalent to 2.5 pg of DT) on day 14.

The only intranasal vaccination study that we are aware of was conducted by McNeela 

et a i, (2000), but in this study a diphtheria toxin mutant (CRM197) was used. The 

mixture of alum and CRM 197 following parenteral administration resulted in significant 

levels of IL-5 and IFN-y as well as in IgG antibody titres comparable to conventionally 

used diphtheria toxoid. Following intranasal delivery of chitosan and CRM 197, only 

significant levels of IL-5 with a small amount of IFN-y levels were observed as well as 

IgG and IgA antibody titres. The cytokine data obtained in our study suggest the 

stimulation of a Thi as well as a Th2 directed immune response, something which has 

also been shown by other groups for chitosan and PLGA vaccine formulations (Amidi 

et ai, 2007, Pandit et a i, 2007, and Zaharoff et a i, 2007a).
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4.5. Conclusions
This study showed that the preparation of TMC-FUC nanoparticles compared to TMC- 

PG nanoparticles resulted in the production of more stable carriers assessed by their 

size in 0.9% (m/v) NaCI. The diameter of particles varied by the changes in 

composition when the ratio between TMC and FUC was altered and when the total 

amount of solids used was increased. The surface charge could also be altered by the 

ratios chosen where a higher TMC amount resulted in a charge augmentation. The 

loading efficiency was as high as 80% (m/m) independent of whether 7.5 pg/ml BSA, 

150 pg/ml BSA or 7.5 pg/ml DT were encapsulated. The particle diameter slightly 

increased during the storage period over 1 month. A high production yield could be 

obtained and the particles showed a spherical appearance by TEM. In a centrifugation 

analysis it was shown that these carriers could be effectively separated by the help of 

glycerol and trehalose 5% (m/v) which allowed the particles to be freeze dried, with 

only an insignificant increase in particle diameter. This represents an improvement 

when compared to the TMG-PG particles which completely aggregated following freeze 

drying. The combination of TMC with FUC resulted in a significant reduction of its 

toxicity and by the encapsulation of FITC-BSA it was shown that these carriers were 

effectively taken up by macrophages (J 7741 .A). In the in-vivo study significant levels 

of IgG as well as IgGi and lgG2a could be stimulated by TMC-FUC nanoparticles as 

well as by TMC-DT. Additionally, IgA was found in the vaginal washes which suggests 

a common mucosal immune response. Therefore, even though a reduced toxicity was 

observed, it was possible to maintain a high immune response. Finally, the cytokine 

analysis confirmed that a Thi (IL-2 and IFN-y) as well as a Tha (IL-6) response was 

achieved.
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5. Diphtheria toxoid ioaded N-trimethyi chitosan -  
carboxymethyiated puiluian nanoparticles for the nasal 
delivery of vaccines

5.1. Abstract
This chapter describes the use of TMC nanoparticles prepared by polyelectrolyte 

complexation (PEG) with carboxymethyiated pullulan (CMP). CMP has been prepared 

using a method previously described. In the previous two chapters (Chapters 3 and 4) 

TMC 9 cP HC was used whereas in this chapter TMC 16 cP HC was employed for the 

fabrication of nanoparticles. Additionally, particles were prepared with chitosan chloride 

(CCI) 16 cP as well as chitosan glutamate (CG) 16 cP chitosan derivatives to evaluate 

the differences in immune responses. Initially an optimisation study was performed for 

loading particles with bovine serum albumin (BSA) as a model antigen. Interestingly, 

while TMC-CMP-BSA particles could be prepared in a ratio of 2:1 for TMC to CMP, 

CCI-CMP-BSA particles and CG-CMP-BSA particles had to be prepared in a ratio of 

3:1. The reason for this finding was attributed to differences in charge density between 

TMC and chitosan salts, in which TMC exhibits a higher charge density. The particle 

surface charge could be altered through changing the formulations’ composition where 

an increase in the chitosan derivative amount resulted in an increase in surface charge, 

whereas the loading efficiency remained at almost 100% for all formulations. TMC- 

CMP, CCI-CMP and CG-CMP particles resulted in higher cell viability (Calu-3 cells) as 

compared to the cationic polymers alone (TMC, CCI and CG) at a concentration of 5 

mg/ml. All three nanoparticle formulations (TMC-CMP, CCI-CMP and CG-CMP) were 

effectively taken up by a macrophage cell line (J 7741 .A) as expected. Female BALB/c 

mice were dosed with DT loaded nanoparticles as well as with controls via the nasal 

and intramuscular route. TMC-CMP-DT nanoparticles resulted in increased IgG 

antibody titres via the nasal route than CCI-CMP-DT and CG-CMP-DT nanoparticles (p 

< 0.05), whereas CCI-CMP-DT resulted in higher IgG antibody titres via the 

intramuscular route compared to TMC-CMP-DT and CG-CMP-DT. The co

encapsulation of CpG ODN into TMC-CMP-DT enhanced the IgGaa antibody titres 

compared to TMC-CMP-DT (p < 0.05) while maintaining the comparable IgG titres, 

whereas the CpG-DT solution alone only led to enhanced IgGaa antibody titres 

compared to TMC-CMP-DT. The cytokine data obtained after stimulation was in line 

with the antibody profile obtained and highlighted the suitability of these novel 

particulate systems to be used as vaccine adjuvants.

126



5.2. Introduction
In the previous two chapters PG and fucoidan were used as anionic polyelectrolytes for 

the preparation of nanocarriers aimed at the delivery of vaccines. A/-trimethyl chitosan 

was utilised as the polycationic counterpart to prepare these nanocarriers. In this 

chapter, instead of analysing AZ-trimethyl chitosan only as in the previous chapter, 

chitosan salts (chloride and glutamate) were also used to prepare nanocomplexes for 

the nasal and intramuscular delivery of diphtheria toxoid.

For this study, carboxymethyiated pullulan (CMP) was selected as a polyanion. 

Pullulan is often described as a a-(1->6) linked maltotriose (Figure 46), which is 

expressed by a fungus strain named Aureobasidium pullulan (Leathers, 2003 and 

Shingel, 2004). This discovery led to the commercial production of pullulan by 

fermentation in 1976 by the Hayashibara Company in Okayama, Japan which is 

currently the main producer of pullulan and which uses this polysaccharide for a range 

of applications in the food and pharmaceutical industries (Leathers, 2003).

Capsugel has used pullulan as a replacement product for gelatine to apply it for the 

formulation of drug capsules with comparative results to gelatine (Capsugel, 2008). 

Hayashibara Company has also utilised pullulan as a tablet excipient, as a tablet 

coating material, and as an anti-agglomerant (Leathers, 2003). Pullulan has also been 

used as a coating material in the food industry (Leathers, 2003). One of the major 

drawbacks of pullulan, however, is its relatively high production cost compared to 

dextran and xanthan which are other microbial gums produced by fermentation. 

Pullulan sells for almost three times the price of dextran and xanthan (Leathers, 2003).

Pullulan has also been used as a vaccine adjuvant, in which it was conjugated to 

various toxoids, such as diphtheria toxoid and tetanus toxoid, showing very promising 

immunogenic results superior to alum (Mitani et al., 1982, Yamaya et al., 1990). Alum, 

the only FDA approved vaccine adjuvant, is known to significantly stimulate IgG and 

IgE antibodies (Baylor et al., 2002). Pullulan leads to similar IgG titres whereas the IgE 

titres are much lower indicating a better safety profile (Mitani et al., 1982, Yamaya et 

al., 1990). Gupta and Gupta, (2004) used pullulan for the preparation of 50 nm size 

nanoparticles which were safe up to a concentration of 20 mg/ml by MTT assay (HEK- 

293 and COS-7). The same research group also showed that the safety profile of these 

carriers could be increased by coating spion magnetic nanoparticles with pullulan 

(Gupta and Gupta, 2005).
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Several derivatives of pullulan have been prepared to modify the solubility of this safe 

biopolymer (Leathers, 2003). Especially, hydrophobised derivatives such as pullulan 

acetate and cholesteryl bearing pullulans (CHP) have been prepared for the 

preparation of nanoparticles (Akiyoshi et al., 1998 and Na and Bae, 2002) Pullulan 

acetate, which is water insoluble and self-assembles into nanoparticles, has mainly 

been used for the preparation of nanocarriers for the entrapment of cancer therapeutics 

(Na and Bae, 2002 and Na at a!., 2003).

CHP has been used for the preparation of nanoparticles for vaccine delivery (Gu at a!., 

1998 and Ikuta at a!., 2002). CHP nanocarriers have been evaluated as vaccine 

delivery systems in clinical trials using either Her/2 neu or NY-EOS-1 as encapsulated 

antigens (Kawabata at a!., 2007 and Kitano at a!., 2006). Both vaccines elicited CD4'" 

and CD8+ responses indicating a balanced Thi/Th2 response but a large patient 

variability was observed (Kawabata at a!., 2007 and Kitano at a!., 2006). CHP has also 

been used for the preparation of pullulan anchored liposomes showing good IgA and 

IgG responses after oral vaccination (Venkatesan and Vyas at a!., 2000) Other co

polymers such as PLGA-Pullulan and PEG-Pullulan have been reported, and so have 

cationized pullulan and ampholytic pullulan derivatives (Jiao at a!., 2004; Jeong at a/., 

2006; San Juan at a!., 2007 and Souguir at a!., 2007a)

Carboxymethylation of pullulan has shown to increase its solubility in cold water (Tsuji 

at a!., 1978). Hone at a!., 1999 have also shown that carboxymethyiated products of 

pullulan are eliminated much slower from the blood circulation than the non-derivatised 

polymer of pullulan. The latter has also been shown to be mainly taken up by 

hepatocytes, whereas the carboxymethyiated derivatives of pullulan are mainly taken 

up by the spleen (Hone at a!., 1999; Sakagami at a!., 2000 and Masuda at a!., 2001 ). A 

direct targeting to the spleen and its associated immune organs might be very useful 

for the production of more effective vaccines.

The aim of our study was to prepare a carboxymethyiated derivative of pullulan which 

could be used together with TMC 16 cP HC for the fabrication of polysaccharide-based 

nanocarriers, so that these nanoparticles could be used for the encapsulation of 

proteins and vaccine antigens. With this aim, bovine serum albumin (BSA) and 

diphtheria toxoid (DT) were encapsulated for the delivery of vaccines. The latter were 

characterised for their physicochemical characteristics which included particle 

diameter, surface charge and loading efficiency. Thereafter, the nanoparticles were 

analysed in in-vitro and in-vivo studies for their suitability as vaccine delivery systems.
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5.3. Materia!s and Methods 

5.3.1 Materials
The materials used in this study were the following : TMC 16 cP HO, diphtheria toxoid 

(NIBSC, UK), bovine serum albumin (Sigma Aldrich, UK), albumin - fluorescein 

isothiocyanate conjugate (FITC-BSA) (Sigma Aldrich, UK), (3-(4,5-Dimethylthiazol-2- 

yl)-2,5-diphenyltetrazolium bromide) MTT (Sigma Aldrich, UK), pullulan (Megazymes, 

Ireland), ELISA plates (Fisher Scientific, UK), IgG peroxidase (Sigma Aldrich, UK), 

lgG1, lgG2a and IgA (Serotec, UK), 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt tablets (ABTS substrate tablets) (Sigma Aldrich, UK), cytokine 

kits (R&D systems, UK), NuPAGE® Novex® Bis-Tris gels (Invitrogen, UK), SeeBlue® 

prestained protein marker (Invitrogen, UK), NuPAGE MOPS SDS Running Buffer 

(Invitrogen, UK), colloidal blue staining kit (Invitrogen, UK), sodium chloroacetate 

(Sigma Aldrich, UK), GPC standards (PEG, dextran and pullulan) (Polymer 

laboratories, UK and Sigma Aldrich, UK) and CpG oligonucleotides (CpG ODN) (Coley 

Pharma, USA). The animals used in this study were female BALB/c mice (Harlan, UK). 

All other materials were of general grade.

5.3.2. Methods

5.3.2.1. Preparation of carboxymethyiated pullulan (CMP)
In a 150 ml round bottom flask pullulan (0.5 g) and 15 ml of propanol were added. The

solution was stirred at room temperature for 30 minutes and after dissolution 1.5 ml 

NaOH (30% m/v) were added and stirring was continued for another 90 minutes. 

Afterwards, sodium chloroacetate (1.0 g) was added and stirring was continued for 

another 5 minutes. Thereafter, the temperature was increased to 60"C and the reaction 

was kept stirring for 3 h on a paraffin oil bath. After the reaction was finished the 

supernatant of the reaction was poured off and the precipitate was washed with a 

mixture of acetone: isopropanol (1:1) to purify. Then the product was dissolved in 

purified water and dialysed (cut off 12-14 kDa, visking) for 72 h against water to 

remove all impurities. After the dialyses, the polymer solution was filtrated through a 

0.2 pm filter to remove all particulate matter and it was freeze dried (Virtis Advantage, 

UK). The final product was stored under vacuum at room temperature.

5.3.2.2. Determination of the molecular mass of CM P
The molecular weight of carboxymethyiated pullulan was measured with a GPC triple 

detection system (VE 5200 GPC autosampler, VE 1121 GPC solvent pump, trial dual 

dectector model 270, VE 3580 refractive index (Rl) detector and VE 7510 GPC
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degasser, all Viscotek, UK). The used columns system was from viscotek (GMPWxi x 2, 

Viscotek, UK) and as a mobile phase, PBS (pH 7.4) was used. The GPC system was 

calibrated by single injection of a narrow molecular mass polyethylene glycol standard 

(PEG 21450, Polymer laboratories, UK) and a broad Dextran standard (Dextran 50 

kDa, Sigma Aldrich, UK). Thereafter, 5 different concentrations of each polymer (1 to 5 

mg/ml) were injected in triplicates and the dn/dc was calculated with the help of the 

refractive index detector by the use of Omnisec 4.1 software. The calculated dn/dc was 

then used to calculate the molecular mass of each polymer.

5 .3 2 .3 . ^^C-NMR analysis of CM P samples
^®C-NMR spectra of CMP were obtained with a 400 MHz Bruker DMX-400 

Spectrometer (Karlsruhe, Germany) by dissolving samples of polymers in D2O.

5.4.2.4. Preparation of chitosan salts (chitosan glutamate, chitosan 
hydrochloride)
Chitosan of different molecular weights (5 cP, 9 cP and 16 cP) were dissolved in a 1:1 

molar ratio with glutamic acid, hydrochloric acid and aspartic acid, respectively. The 

solution was kept stirring for at least 24 h. Thereafter, the solution was transferred into 

a dialysis tube (cut off 12- 14 000, visking) and was dialysed for 72 h to remove all free 

acid. The solution was then filtrated to remove all insoluble material and freeze dried 

for 48 h. The freeze dried (Virtis Advantage, UK) polymers were stored under vacuum 

at 4^C until further use.

5.4.2.5. Preparation of bovine serum albumin loaded N-trimethvI chitosan- 
carboxvmethvlated pullulan (CMP) nanooarticles
Nanoparticles were prepared by the addition of 5 ml aqueous solution of 

carboxymethyiated pullulan (CMP) at various concentrations (0.25, 0.5, 1.0, 1.5, 2.0, 

2.5 mg/ml) into 5 ml TMC (16 cP HC) solution, CCI 16 cP or CG 16 cP at different 

concentrations (0.5, 1.0, 1.5, 2 and 2.5 mg/ml) under magnetic stirring at room 

temperature. Bovine serum albumin (BSA) was added into the CMP solution. 

Nanoparticles were concentrated with a VivaSpin® concentrator (MW SO.OOODa, 

VivaScience, USA) using centrifugation at 3000 rpm for 2 h. Bradford analysis was 

performed to determine the BSA amount in supernatant.

5.4.2.6. Preparation of FITC-BSA loaded TMC nanooarticles
Nanoparticles were prepared by the addition of 1 ml aqueous solution of CMP (0.5

mg/ml) into 1 ml TMC (16 cP HC) or chitosan salt (CCI 16 cP or CG 16 cP) solution 

(1.0 mg/ml) under magnetic stirring at room temperature. FITC-BSA (7.5 pg/ml) were 

added into the polyanion solution.
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5.4.2.7. Preparation of diphtheria toxoid (DT) loaded particles
DT loaded nanoparticles were prepared as stated above (6.3.2.4). BSA was replaced

by DT. For the in-vivo experiment the particles were concentrated to yield 2.5 pg/25 pi 

for intranasal application and 2.5 pg/50 pi for intramuscular administration.

5.3.2.8. Immunisation schedule for the intranasal administration o f D T  loaded 
nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received 25 pi of DT loaded nanoparticles (TMC-CMP-DT, 

CCI-CMP-DT, CG-CMP-DT and TMC-CMP-DT-CpG), dispersions (TMC-DT, CCI-DT 

and CG-DT), toxoid and CMP solution (CMP-DT), toxoid solution alone (DT) or CpG 

and toxoid solution (CpG-DT) as appropriate, intranasally. The animals boosted on day 

14 with nanoparticles which were equivalent to 1.25 pg/25pl of DT. Tail vein blood 

samples were taken after 12, 21, 36 and 85 days and antibody responses were 

assessed by ELISA.

5.3.2.9. Immunisation schedule for the intramuscularly administration of D T  
loaded nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received 50 pi volume of DT-loaded nanoparticles (TMC- 

CMP-DT, CCI-CMP-DT and CG-CMP-DT), dispersions (TMC-DT, CCI-DT, CG-DT and 

alum adsorbed DT), toxoid and CMP solution (CMP-DT) or toxoid solution alone (DT) 

as appropriate, intramuscularly. Tail vein blood samples were taken after 12, 21, 36 

and 85 days and antibody responses were assessed by ELISA.

5.3.2.10. In vitro re-stimulation of spleen cells with diphtheria toxoid
For the analysis of diphtheria toxoid specific cytokines, spleens were harvested upon

termination of the experiment and splenocytes were isolated into media (RPMI, Gibco, 

Paisley, UK) supplemented with 10% foetal bovine serum (Gibco, Paisley, UK), 20mM 

L-glutamine (Sigma, Poole, Dorset, UK), 10®U / L penicillin (Sigma, Poole, Dorset, UK) 

and 100 mg/L streptomycin (Sigma, Poole, Dorset, UK) (Working media). The spleens 

were washed with PBS and working media. Thereafter, the spleens from each group 

(totalling 4) were placed in a cell strainer. Spleens were mashed with the plunger of a 2 

or 5ml syringe and cells were forced through the nylon mesh of the strainer. The
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strainer and the plunger were washed with abundant wash media and the cells were 

washed in 20-30ml wash media. The cell suspensions were centrifuged at 300 g for 10 

min and the supernatants were decanted and the pellets quickly re-suspended. After 

the pellet was re-suspended in lysis buffer (20x volume of pellet) the cell suspension 

was incubated for 5 minutes. Wash media was added to a volume of 30- 40 ml and 

was centrifuged again at 300 g for 10 min. Then the pellet was re-suspended in 30-40 

ml of wash media. In a 0.5 ml tube 10 pi of cell solution were added tolO pi Trypan 

blue. 10 pi were removed and viable cells were counted with a Neubar chamber. The 

number of live cells were counted in 2 large squares ( 4 x 4  smaller squares), were 

averaged and the following equation was used to calculate the number of cells / ml:

Cells/ml = Average x 2 x 10^

Spleen cells were used at a concentration of 1 x 10^ cells /ml. The appropriate volume 

was removed and placed in a 15ml tube and centrifuged. The desired volume was re

suspended in media. The cell suspension was plated out at 200 pl/well in a 96 wells flat

bottom plate and cultured at 37°C at 5% CO2  for 72 hours. This gave a concentration

of 2 X lO^cells/well. Stimulations were done in duplicate or triplicate with 10 pg/ml of 

DT or with PBS pH 7.4. After 72 h the supernatants were withdrawn from the 96 well 

plates using an automatic pipette. The supernatants were centrifuged at 15 000 rpm for 

10 minutes to remove all particulate matter. Afterwards, the supernatants were stored 

at -70°C until further analysis. IL-4, IL-6, IFN-y and TNF-a were analysed using 

DuoSet sandwich ELISA kits (R&D Systems, Oxon, UK) in accordance with the 

manufacturer's instructions.

5.4. Results and Discussions

5 .4 .1 . Synthesis and characterisation carboxymethyiated puiiuian (CMP)
The carboxymethylation of polysaccharides such as dextran, cellulose, curdlan and

chitosan has been widely described in the literature (Ohno et al., 1988; Thanou et al., 

2001b and Sugahara et al., 2007). The carboxymethylation of pullulan has been 

attempted by several research groups for different drug delivery applications (Horie et 

al., 1999; Sakagami et al., 2000; Masuda et al., 2001 and Ouchi et al., 2004). In most 

cases, the carboxymethylation was performed in 2-propanol under basic pH conditions 

with excess sodium chloroacetate (Figure 46). Competitive hydrolysis of chloroacetate 

is frequently observed. Bataille et al., (1997) found a degradation of pullulan during the 

carboxymethylation step when a high amount of NaOH (30% (m/v) was used.

132



OH

Propanol, NaOH

C1CH3C00HHO HO'

OH

HO

HO
OH

HO OHOCOOH

HOOCO
HOOCO

OCOOH

HOOCO

HOOCO
OCOOH

HOOCO
OCOOH

Figure 46 Carboxymethylation of Puiiuian. Pullulan is carboxymethyiated with sodium 
chloroacetate and under basic conditions (Giinei et ai, 2000).

For our experiments, a lower molecular mass of CMP might have reduced the particle 

diameter of polyelectrolyte complexes (PEC’s) and therefore polymer degradation was 

not expected to be a significant problem (Schatz et a!., 2004). This allowed the use of 

30% NaOH (m/v), for sufficient carboxymethylation of pullulan as shown by Ohno et a i, 

(1988) for the carboxymethylation of curdlan. Glinel et a i, (2000) characterised CMP 

by NMR spectroscopy to better understand the degree of carboxymethylation of 

pullulan. They showed that carboxymethylation of pullulan takes place initially at C-2 

and C-4 followed by C-6 and C-3. Similar results have been obtained by other research 

groups for cellulose and dextran in which position C-2 always seemed to react first 

(Glinel et a i, 2000).

After the carboxymethylation, the supernatant was poured off and the polymer 

precipitate washed with acetone and 2-propanol to remove impurities (Figure 46). The 

precipitate was later dissolved in water and dialysed for 4 days against purified water
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according to a method reported by Bataille et al., 1997 to purify after 

carboxymethylation, especially to remove the excess amount of NaOH as well as 

sodium chloroacetate. After dialysis, the product was filtered to remove dust, and then 

lyophilised. For the characterisation, a ^®C-NMR was performed in a concentrated 

solution of D2O to evaluate successful carboxymethylation

I ........................ I ............... I .................... I .................... I ............I ............................I ............ ‘ i ‘ .......................I .....................I

190 180 170 160 150 140 130 120 110 100

Figure 47 ^^C-NMR graph of carboxymethyiated pullulan. The peaks associated to the 
polysaccharide structure are labelled with B. The peak A at 180 ppm represents a carbonyl 
group and Is therefore an Indication of successful carboxymethylation

As illustrated in Figure 47, a peak at 180 ppm was observed, which indicated the 

carboxymethylation of pullulan due to carbonyl formation (Peak A). All the other peaks 

are related to pullulan and were not further characterised (Peak B). This result was in 

line with other carboxymethylation studies in which a peak was observed at 180 ppm 

after carboxymethylation (Ohno et a!., 1988). For the evaluation of the degree of 

carboxymethylation much more work would have been necessary, something which 

would have exceeded the scope of this project. Therefore, we relied on previous 

studies such as the one form Glinel et a!., (2000) who conducted a full structural 

analysis

Furthermore, the synthesised CMP’s molecular mass was characterised by the use of 

triple detection GPC (Viscothek, Europe). The dn/dc of CMP was calculated via a Zimm 

plot and 0.140 was calculated by the GPC system (Table 25). To our knowledge, the 

dn/dc for CMP is unknown and in most studies the dn/dc of pullulan was used which 

was reported to be 0.140 (Souguir et a!., 2007b). Therefore, the dn/dc value measured 

in this study seems to be in line with the data from the literature (Souguir et a!., 2007b).
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With this obtained value, the molecular mass distribution was measured and the Mn 

was found to be 171.9 kDa with a polydispersity of 1.64 (Table 25). A recovery of 

80.0% was obtained which, although not a very high value, was sufficient for the aim of 

this study (Table 25). All samples were exactly weighted (3 mg/ml) and filtered before 

injection to avoid damage to the columns. The relatively low recovery (~ 80%) of 

polymer may have been due to partial removal during filtration or alternatively, the 

polymer's adhesiveness onto the column filling material. The measured molecular 

mass by FFF for CMP by Souguir et al., (2007b) was 240 kDa (Mw) with a M^/Mn of 2.4. 

The difference in molecular weight and polydispersity can be related to many reasons 

such as the pullulan starting material or the fermentation conditions. Another reason 

might be that Souguir et al., (2007b) used a MALLS detector whereas in this study a 

RALS detector was applied.

Table 25 Gel permeation chromatography results for carboxymethyiated pullulan (CMP).
PBS was used as a mobile phase for triple detection GPC (Rl, IV and RALS). Mn, Mw, M ,̂ Mp, 
My/Mn and recovery were calculated after obtaining the dn/dc values of each polymer by the 
use of a Zimm plot with the refractive index detector.

dn/dc 1 
(ml/g)

Mn
(kDa)

Mw
(kDa)

Mz 1 
(kDa)

Mp
(kDa)

Mw/Mn 1 Recovery 
1 (%)

0.140 1 171.9 282.7 980.2 1 175.5 1.64 1 80.1

5.4.2. Synthesis of chitosan chloride and glutamate
Often chitosan salts are purchased from companies like NovaMatrix (NovaMatrix, 

2008). It is difficult to compare chitosan salts with other chitosan derivatives, if they are 

not prepared from the same starting material. Therefore, chitosan salts were prepared 

by a method similar to the one used by Cerchiara et a!., (2003). Chitosan was 

dispersed in an excess glutamic or hydrochloric acid solution in excess and left stirring 

over night. After 24 h the chitosan completely reacted with the acid. The solution was 

then dialysed for 3 days against water to remove the free acid, and was then 

lyophilised. Dialysis of chitosan solutions was not previously reported in the literature. 

Orienti et a!., (2002) prepared chloride and glutamate chitosan salts in a similar way, 

but spray dried the dissolved chitosan solution to receive the chitosan salts. This might 

not have resulted in the same purity as a dialysed product. The spray drying step leads 

to a loss in the yield of produced chitosan salts and therefore dialysis and lyophilisation 

seems to be more effective. Additionally, we are convinced that spray drying these 

solutions will not completely remove all the excess of acid used.
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5.4.3. Characterisation of N-trimethyi chitosan-carboxymethyiated puiiuian 
(TMC-CMP), chitosan chioride (CCi)-CMP (CCi-CMP) and chitosan 
giutamate (CG)-CMP (CG-CMP) nanoparticies
In the previous two chapters (Chapters 3 and 4), IM G  9 cP HC was used with a Mp of 

31.6 kDa and a polydispersity of 1.34. In this study, the nanoparticles were prepared 

with three different chitosan derivatives: TMC 16 cP HC (Mp: 43.55, Mp/M^: 1.24 see 

Chapter 3), chitosan chloride (CCI 16 cP) and chitosan glutamate (CG 16 cP). All 

derivatives were prepared from the same starting material, which was chitosan 16 cP 

(Primex) to allow a better structure-function relationship comparison.

Table 26 Nanoparticles prepared with TMC 16 cP HC and caitoxymethylated pullulan 
(CMP). The ratios of TMC 16 cP HC to CMP varied from 1:1 to 5:1, respectively. In these series 
of formulations named APF series 7.5 pg/ml bovine serum albumin (BSA) was used. This 
amount of BSA would yield 1% (m/m) theoretical loading for formulation APF3 Mass ratios, zeta

Formulation TMC 16 
cP HC 

(mg/ml)

CMP
(mg/ml)

Zeta potential j Yield 
(mViSD) (%iSD)

Encapsulation
efficiency
(%±SD)

APF1 0.5 0.25 14.010.8 1 99.4113.2 92.7614.03

APF2 0.5 0.5 Aggregation

APF3 1.0 0.5 24.411.2 98.3615.1 98.9713.83

APF4 1.0 1.0 Aggregation

APF5 1.5 0.5 27.111.5 70.4712.3 94.1611.81

APF6 1.5 1.0 Aggregation

APF7 1.5 1.5 Aggregation

APF8 2.0 0.5 27.410.9 58.0516.7 96.7513.53

APF9 2.0 1.0 29.611.3 96.9813.5 95.2014.51

APF10 2.0 1.5 Aggregation

APF11 2.0 2.0 Aggregation

APF12 2.5 0.5 25.710.5 36.4217.2 98.0212.64

APF13 2.5 1.0 32.912.1 54.0514.1 96.0910.28

APF14 2.5 1.5 26.010.7 63.2613.0 98.0713.58

APF15 2.5 2.0 Aggregation

APF16 2.5 2.5 Aggregation

As in the previous chapters (Chapters 3 and 4), TMC-PG and TMC-FUC nanocarriers 

were prepared by polyelectrolyte complexation for the delivery of vaccines 

(Thünemann et al., 2004). CMP was utilized as the polyanion due to its unique 

properties such as high safety profile and specific targeting to the spleen (Masuda et 

a!., 2001 and Gupta and Gupta, 2004). The TMC nanocarriers were loaded with 7.5 

pg/ml and 150 pg/ml of bovine serum albumin (BSA) yielding 1% and 20% (m/m) 

theoretical loading, respectively, for formulations APF3 and BPF 3 which were intended 

to be further investigated in later stages. With CCI and CG, only 7.5 pg/ml of BSA were 

encapsulated, which again yielded 1% (m/m) theoretical loading for CPF3 and DPF3, 

respectively (Tables 26, 27, 28 and 29).
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Table 27 Nanoparticles prepared with TMC 16 cP HC and cart>oxymethyiated puiiuian 
(CMP). The ratios of TMC 16 cP HC to CMP varied from 1:1 to 5:1, respectiveiy. In these series 
of formuiations named BPF series 150 pg/mi bovine serum aibumin (BSA) was used. This 
amount of BSA would yield 20% (m/m) theoretical loading for formulation BPF3. Mass ratios,

Formulation TMC 16 
cP HC 

(mg/ml)

CMP
(mg/ml)

Zeta potential 
(mVfSD)

Yield
(%±SD)

Encapsulation 
efficiency (%iSD)

BPF1 0.5 0.25 14.0±0.7 99.7612.6 95.9410.58

BPF2 0.5 0.5 Aggregation

BPF3 1.0 0.5 18.0±0.9 98.7213.1 98.1810.60

BPF4 1.0 1.0 Aggregation

BPF5 1.5 0.5 27.4±1.3 76.5414.2 96.3211.81
BPF6 1.5 1.0 Aggregation

BPF7 1.5 1.5 Aggregation

BPF8 2.0 0.5 29.9±2.1 54.2416.5 92.4111.35

BPF9 2.0 1.0 25.310.7 96.6812.1 98.0911.61

BPF10 2.0 1.5 Aggregation

BPF11 2.0 2.0 Aggregation

BPF12 2.5 0.5 19.010.9 45.7818.5 87.9812.82

BPF13 2.5 1.0 31.012.3 79.8714.0 92.5010.61

BPF14 2.5 1.5 14.910.5 83.2113.1 92.1514.34

BPF15 2.5 2.0 Aggregation

BPF16 2.5 2.5 Aggregation

interestingly, formulation DPF3 (ratio 2:1 TMC to CMP, respectively) resulted in fibrous 

aggregation. This aggregation may have been caused by the attachment of glutamic 

acid to chitosan, which may have resulted in a reduced charge leading to neutralization 

and loss of colloidal stability. The same was observed by Lin et al., (2007) for chitosan- 

PG nanoparticles which only resulted in stable particles at a ratio of 3:1 of chitosan to 

PG (see Chapter 3). The APF3, BPF3 and GPF3 formulations resulted in the formation 

of submicron carriers. The largest particles were observed in the formulation containing 

CCI (CPF3 363.8 ± 6.1 nm). This may be related to the reduced charge density of the 

chitosan salts, triggering a less effective complexation with the polyanion CMP and, 

therefore, the production of larger carriers with an increase of the polydispersity index 

(0.560). There was no significant difference observed between formulations APF3 

(244.6 ± 2.5 nm) and BPF3 (242.3 ± 2.8 nm) with regards to the particle diameter, but 

the opposite was observed for the surface charge (Tables 26, 27, 30 and 31): The 

surface charge for formulation BPF3 (+ 18.0 ± 0.9 mV) was reduced as compared to 

APF3 (+ 24.4 ± 1.2 mV), most likely due to an increased surface location of BSA, which 

may have reduced the overall positive charge. The same phenomenon was observed 

for TMC-PG and TMC-FUC nanoparticles where a higher loading resulted in a 

decreased surface charge.
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Table 28 Nanoparticles prepared with CC116 cP and carboxymethyiated pullulan (CMP).
The ratios of CCI 16 cP to CMP varied from 1:1 to 5:1, respectively. In these series of 
formulations named CPF series 7.5 pg/ml bovine serum albumin (BSA) was used. This amount 
of BSA would yield 1% (m/m) theoretical loading for formulation CPF3. Mass ratios, zeta

Formulation TMC 16 
cP HC 

(mg/ml)

CMP
(mg/ml)

Zeta potential 
(mV±SD)

Yield
(%±SD)

Encapsulation
efficiency
(%±SD)

CPF1 0.5 0.25 14.2±0.8 99.76±2.1 94.94±3.15

CPF2 0.5 0.5 Aggregation

CPF3 1.0 0.5 19.2±0.7 98.72±3.4 96.57±6.05

CPF4 1.0 1.0 Aggregation

CPFS 1.5 0.5 21.0±1.1 76.54±7.8 97.77±0.87

CPF6 1.5 1.0 Aggregation

CPF7 1.5 1.5 Aggregation

CPF8 2.0 0.5 24.1±0.9 54.24±9.3 90.53±2.90

CPF9 2.0 1.0 19.5±0.7 96.68±4.1 100.55±0.89

CPF10 2.0 1.5 Aggregation

CPF11 2.0 2.0 Aggregation

CPF12 2.5 0.5 26.5±0.5 45.78±6.7 94.38±5.33

CPF13 2.5 1.0 22.6±0.9 79.87±4.6 92.65±4.00

CPF14 2.5 1.5 17.9±0.6 91.34±4.1 100.29±0.77

CPF15 2.5 2.0 Aggregation

CPF16 2.5 2.5 Aggregation

With an increasing total amount of solid but a constant ratio in all the formulations, an 

augmentation in particle diameter was observed (APT3: 244.6 ± 2.5 nm when 

compared to APF9: 307.1 ± 4.2 nm). Similar observations were made by Lin et al., 

(2005, 2007). As mentioned above for the formulations containing CG, it was only 

possible to prepare particles in a ratio of 3:1 (DPF5), which resulted in a particle 

diameter of 316.5 ± 5.0 nm. Overall, particles containing TMC resulted in smaller size 

nanoparticles with a lower polydispersity index (Tables 30, 31, 32 and 33). This may 

have been likely due to a more effective complexation between TMC and CMP, as 

compared to chitosan salt and CMP, due to an increased positive charge density of 

TMC. Interestingly, CG containing formulations resulted in smaller particles as 

compared to CCI-containing formulations. The overall yield varied depending on the 

ratio between cationic and anionic polyelectrolytes as well as on the total amount of 

solids employed (Tables 26, 27, 28 and 29). The highest yield of almost 100% was 

obtained for particles prepared in a 2:1 (APF3) ratio, whereas, lower than 50% yields 

were found for particles prepared in a 5:1 ratio for formulation APF12. All formulations, 

which did not produce fibrous aggregation, resulted in a positive but according to the 

formulation composition varying surface charge, independent of the applied chitosan 

derivative type (Tables 26, 27,28 and 29). A higher amount of polycation resulted in an 

augmentation of the surface charge. These results are in line with those of other
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groups obtained by changing the composition between chitosan and a polyanion (Lin et 

al., 2005, 2007 and Schatz et a!., 2004). For further discussion see Chapters 3 and 4.

Table 29 Nanoparticles prepared with CG 16 cP and carboxymethyiated pullulan (CMP).
The ratios of CG 16 cP to CMP varied from 1:1 to 5:1, respectively. In these series of 
formulations named DPP series 7.5 pig/ml bovine serum albumin (BSA) used. This amount of 
BSA would yield 1% (m/m) theoretical loading for formulation DPF3. Mass ratios, zeta potential.

Formulation TMC 16 
cP HC 

(mg/ml)

CMP
(mg/ml)

Zeta potential 
(mV±SD)

Yield
(%±SD)

Encapsulation 
efficiency (%±SD)

DPF1 0.5 0.25 Aggregation

DPF2 0.5 0.5 Aggregation

DPF3 1.0 0.5 Aggregation

DPF4 1.0 1.0 Aggregation

DPF5 1.5 0.5 27.410.8 76.5415.6 94.0114.06

DPF6 1.5 1.0 Aggregation

DPF7 1.5 1.5 Aggregation

DPF8 2.0 0.5 25.311.1 54.2419.2 92.3115.76

DPF9 2.0 1.0 Aggregation

DPF10 2.0 1.5 Aggregation
DPF11 2.0 2.0 Aggregation

DPF12 2.5 0.5 24.411.2 45.7818.7 96.5011.87

DPF13 2.5 1.0 17.310.7 79.8714.1 96.6813.13

DPF14 2.5 1.5 Aggregation

DPF15 2.5 2.0 Aggregation

DPF16 2.5 2.5 Aggregation

5.4.4. Assessing the protein loading
Protein loading was investigated using the Bradford assay. The loading was in all 

formulations at least 90% or higher including the BPF series, which contained 150 

pg/ml of BSA encapsulated protein (Tables 26, 27, 28 and 29). There was no change 

in encapsulation efficiency among the formulations. These results are in line with our 

previous findings for TMC 9 cP HC-PG and TMC 9 cP HC-FUC nanoparticles and 

those of other groups (Vila et a!., 2004; Amidi et a!., 2007 and Lin et a!., 2007).

5.4.5. Physical stability of TMC-CMP, CCI-CMP and CG-CMP nanoparticles 
after 1 month storage at 4 ^
All formulations were subjected to a stability study in which particles were stored at 4*C 

over a time period of 4 weeks and the change in particle diameter was evaluated 

(Tables 30, 31, 32 and 33). In the APF and BPF series, which contained TMC, no 

significant change in particle diameter or polydispersity index was observed. These 

results were in line with the pervious findings for TMC-PG and TMC-FUC. However, in 

the formulations which contained chitosan salts (CPF series and DPF series) several 

formulations started aggregating over time. This was mainly attributed to the lower
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surface charge of these formulations which did not result in sufficient colloidal stability. 

Formulation CPF3 was only stable up to a storage period of 2 weeks, whereas CPF1, 

CPF 12 and CPF 13 were already aggregated after 1 week of storage.

Table 30 Nanoparticles prepared with TMC 16cP HC and CMP (see table APF series).
Particle diameters are given immediately after preparation as well as during a storage period of

Formulation After
Preparation

After 1 week 
at 4«C

After 2 weeks 
at 4<C

After 4 weeks 
at4«C

Z-Average
diameter
(nmtSD)

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

APF1
206.9±3.1 
PI: 0.198

206.711.7 
PI: 0.303

220.412.8 
PI: 0.294

225.816.4 
PI: 0.369

APF2 Aggregated
APF3 244.612.5 

PI: 0.221
256.712.7 
PI: 0.208

269.215.1 
PI: 0.211

270.314.8 
PI: 0.240

APF4 Aggregated

APF5 30112.9 
PI: 0.303

320.214.3 
PI: 0.271

334.715.2 
PI: 0.398

335.018.3 
PI: 0.475

APF6 Aggregated
APF7 Aggregated
APF8 309.315.9 

PI: 0.286
324.713.6 
PI: 0.282

325.219.3 
PI: 0.381

323.717.0 
PI: 0.437

APF9 307.114.2 
PI: 0.220

298.516.0 
PI: 0.297

298.217.9 
PI: 0.211

298.315.3 
PI: 0.243

APF10 Aggregated
APF11 Aggregated

APF12 377.915.2 
PI: 0.426

381.217.4 
PI: 0.548

395.712.8 
PI: 0.498

396.512.8 
PI: 0.378

APF13 350.818.3 
PI: 0.247

344.215.1 
PI: 0.369

361.716.0 
PI: 0.261

355.914.8 
PI: 0.284

APF14 312.713.8 
PI: 0.223

293.213.5 
PI: 0.256

295.315.6 
PI: 0.195

297.414.2 
PI: 0.223

APF15 Aggregated
APF16 --------------------------------------Agaregated--------------------------------------

The most stable formulation was CPF5 which was prepared in a ratio of 3:1 CCI to 

CMP. In the DPF series it was not possible to prepare particles with a ratio of 2:1 

(DPF3), as it was previously explained. For all formulations prepared with CG which did 

not result in aggregation during the storage period at 4*C (DPF 5, 8, 12 and 13), no 

significant changes in particle diameter or polydispersity index were observed (Table 

33). Mi et al., (2007) prepared nanoparticles with galactosylated chitosan - TPP and 

investigated the storage stability over one month. No change in particle diameter was 

observed in this study which is in agreement with the results obtained in our study.
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Table 31 Nanoparticles prepared with TMC 16cP HC and CMP (see table BPF series).
Particle diameters are given immediately after preparation as well as during a storage period of

Formulation After
Preparation

After 1 week 
at 4%

After 2 weeks 
at4=C

After 4 weeks 
at 4«C

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmtSD)

Z-Average
diameter
(nmiSD)

BPF1 160.5±1.9 
PI: 0.184

173.4±4.4 
PI: 0.220

162.2±2.9 
PI: 0.283

163.418.8 
PI: 0.278

BPF2 Ageregated
BPF3 242.3±2.8 

PI: 0.191
255.5±6.8 
PI: 0.227

257.3±6.2 
PI: 0.219

256.218.7 
PI: 0.397

BPF4 Aggregated
BPF5 283.4±5.6 

PI: 0.332
324.5±9.0 
PI: 0.264

312.4±8.1 
PI: 0.465

320.115.3 
PI: 0.458

BPF6 Aggregated
BPF7 Aggregated
BPF8 344.5±7.5 

PI: 0.259
366.5±8.6 
PI: 0.457

378.4±7.4 
PI: 0.611

373.719.7 
PI: 0.512

BPF9 289.4+5.0 
PI: 0.238

306.6±6.5 
PI: 0.277

290.0±7.0 
PI: 0.241

287.015.4 
PI: 0.322

BPF10 Aggregated
BPF11 Aggregated
BPF12 331 4±5.5 

PI: 0.382
372.5±10.9 
PI: 0.511

348.017.0 
PI: 0.530

348.419.1 
PI: 0.507

BPF13 310.5±4.3 
PI: 0.262

337.7±10.9 
PI: 0.229

320.715.4 
PI: 0.382

317.417.6 
PI: 0.306

BPF14 308.6±4.8 
PI: 0.385

296.7±3.1 
PI: 0.421

290.115.8 
PI: 0.315

298.116.3 
PI: 0.332

BPF15 Aggregated
BPF16 Aggregated

Table 32 Nanoparticles prepared with CCI 16cP and CMP (see table CPF series). Particle 
diameters are given immediately after preparation as well as during a storage period of 4 weeks 
(n=3).

Formulation After
Preparation

After 1 week 
at4«C

After 2 weeks 
at4»C

After 4 weeks 
at4»C

Z-Average
diameter
(nmtSD)

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

Z-Average
diameter
(nmiSD)

CPF1 253.015.7 
PI: 0.534 Aggregated

CPF2 Aggregated
CPF3 363.816.1 

PI: 0.560
283.414.4 1 290.615.9 
PI: 0.510 1 PI: 0.513

Aggregated

CPF4 Aggregate
CPFS 352.4115.8 

PI: 0.545
378.619.3 
PI: 0.571

351.518.9 
PI: 0.533

350.1113.2 
PI: 0.596

CPF6 Aggregate
CPF7 Aggregated
CPF8 534.4120.7 

PI: 0.808
521.0111.0 
PI: 0.903

404.6110.1 
PI: 0.678

423.8111.3 
PI: 0.681

CPF9 495.8110.5 
PI: 0.769

446.416.7 
PI: 0.575

478.414.7 
PI: 0.362

556.5151.3 
PI: 0.780

CPF10 Aggregated
CPF11 Aggregated
CPF12 570.2111.4 

PI: 0.823
540.9118.2 
PI: 0.933

546.6126.5 
PI: 0.898

609.7110.8 
PI: 0.887

CPF13 603.1119.4 
PI: 0.960 Aggregated

CPF14 484.9114.0 
PI: 0.77 Aggregated

CPF1S Aggregated
CPF16 Aggregated
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Table 33 Nanoparticles prepared with CG 16cP and CMP (see table DPF series). Particle 
diameters are given immediately after preparation as well as during a storage period of 4 weeks 
(n=3).

After After 1 week After 2 weeks After 4 weeksrormuiaiion Preparation at 4^0 at4«C at 4%
Z-Average Z-Average Z-Average Z-Average
diameter diameter diameter diameter
(nm±SD) (nm±SD) (nmiSD) (nmiSD)

DPF1 Aggregated
DPF2 Aggregated
DPF3 Aggregated
DPF4 Aggregated
DPF5 316.5±5.0 306.0±4.4 290.115.2 308.716.1

PI: 0.510 PI: 0.439 PI: 0.389 PI: 0.494
DPF6 Aggregated
DPF7 Aggregated
DPF8 327.7±5.5 344.214.1 346.3110.0 357.2111.2

PI: 0.544 PI: 0.476 PI: 0.344 PI: 0.637
DPF9 Aggregated
DPF10 Aggregated
DPF11 Aggregated

DPF12 421.9±6.9 401.517.0 379.119.4 368.618.9
PI: 0.750 PI: 0.563 PI: 0.570 PI: 0.700

DPF13 369.1 ±6.0 352.718.0 371.918.0 374.918.5
PI: 0.594 PI: 0.615 PI: 0.604 PI: 0.685

DPF14 Aggregated
DPF1S Aggregated
DPF16 Aggregated

5.5.6. Evaluation of protein integrity
Protein integrity was investigated by SDS page. All formulations which did not result in 

fibrous aggregation were subjected to analysis on gels (Figures 48 and 49). The visible 

bands of both the unprocessed model protein BSA and the BSA encapsulated within 

the formulations show that there was no difference in BSA’s integrity in terms of 

aggregation or fragmentation.

This was expected since a mild processing technique was used and organic solvents 

were avoided. Furthermore, no difference was observed in protein properties/integrity 

as far as SDS-PAGE can show, when cationic polymers were used in formulations 

(TMC 16 cP HO, CCI 16 cP and CG 16 cP). SDS page has important limitations such 

as the inability to detect insoluble protein aggregation and the inability to distinguish 

between dimérisation and trimérisation. Nevertheless, these results give an indication 

that the encapsulated BSA protein was intact as compared to standards, something 

which is also in line with previously performed studies for TMC nanoparticles prepared 

in water (Amidi et al., 2007 and Borges et a!., 2007).
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Figure 48 SDS-PAGE of BSA loaded nanoparticles: A) Immediately after preparation TMC
16 cP HC-GMP nanoparticles, lane 1: SeeBlue® protein marker (Invitrogen), lane 2: formulation 
APF1, lane 3: formulation APF3, lane 4: formulation APF5, lane 5: formulation APF8, lane 6: 
formulation APF9, lane 7: formulation APF12, lane 8; formulation APF13, lane 9: formulation 
APF14, lane 10: BSA (7.5 pg/ml), lane 11: BSA (7.5 pg/ml), lane 12: BSA (7.5 pg/ml); B) 
Immediately after preparation TMC 16 cP HC-CMP nanoparticles, lane 1: SeeBlue® protein 
marker (Invitrogen), lane 2: formulation BPF1, lane 3: formulation BPF3, lane 4: formulation 
BPF5, lane 5: formulation BPF8, lane 6: formulation BPF9, lane 7: formulation BPF12, lane 8: 
formulation BPF13, lane 9: formulation BPF14, lane 10: BSA (150 pg/ml), lane 11: BSA (150 
pg/ml), lane 12: BSA (150 pg/ml);
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Figure 49 SDS-PAGE of BSA loaded nanoparticles: A) Immediately after preparation CCI 16 
cP-CMP nanoparticles, lane 1: SeeBlue® protein marker (Invitrogen), lane 2: formulation CPF1, 
lane 3: formulation CPF3, lane 4: formulation CPF5, lane 5: formulation CPF8, lane 6: 
formulation CPF9, lane 7: formulation CPF12, lane 8: formulation CPF13, lane 9: formulation 
CPF14, lane 10: BSA (7.5 pg/ml), lane 11: BSA (7.5 pg/ml), lane 12: BSA (7.5 pg/ml); B) 
Immediately after preparation CG 16 cP-CMP nanoparticles, lane 1: SeeBlue® protein marker 
(Invitrogen), lane 2: formulation DPF1, lane 3: formulation DPF3, lane 4: formulation DPF5, lane 
5: formulation DPF8, lane 6: formulation DPF9, lane 7: formulation DPF12, lane 8: formulation 
DPF13, lane 9: formulation DPF14, lane 10: BSA (7.5 pg/ml), lane 11: BSA (7.5 pg/ml), lane 12: 
BSA (7.5 pg/ml);

5.4.7. Effect of centrifugation and freeze-drying to the stability of 
nanoparticles
Formulation APF3, the best formulation from a physicochemical point of view because 

of its small particle diameter (244.6 ± 2.5 nm), positive surface charge (+ 24.4 ± 1.2 

mV), high loading efficiency (98.97 ± 3.83%) and high yield (98.36%), was subjected to
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further investigation for its ability to be separated from the bulk solution. Separation of 

particles from the bulk can often be very difficult. In general, particles need to have 

certain hydrophobicity and a surface charge to be readily redispersible after 

centrifugation.

The particle diameter after preparation was 203.5 ± 8.6 nm and after 30 minutes of 

centrifugation at a speed of 5000 rpm the particle size increased to 363.6 ± 9.2 nm 

(Table 50). In addition to an increase of overall particle diameter, an augmentation of 

polydispersity was observed (0.147 for sample 1 versus 0.378 for sample 2). 

Additionally, after 30 min. centrifugation, it was not possible to completely separate all 

the particles into a pellet. All these observations are in agreement with previous 

findings for TMC-PG and TMC-FUC nanoparticles (see Chapters 3 and 4).

Table 34 Effect of centrifugation (5000 rpm) of formulation APF3. Particles were prepared 
in a 2:1 ratio of TMC 16 cP HC to CMP, respectiveiy. Investigation of the centrifugation times as 
well as the addition of glycerol (0.2 ml). Particle diameters were obtained by PCS 
measurements (n=3)

Formulation Glycerol
(ml)

Time
(min)

Z-Average
diameter
(nm±SD)

Polydispersity
index

1* - - 203.5±8.6 0.147
2 - 30 363.6±9.2 0.378
3 - 60 Aggregated
4 - 120 Aggregated
5 0.2 120 313.217.7 0.181

Particle diameter was measured immediate y after preparation without centrifugation

Therefore, in a second experiment the centrifugation was extended to 60 and 120 min 

(sample 3 and 4). It was not possible to re-disperse these particles and measure their 

size, since they were completely clumped and resulted in fibrous aggregation. 

Therefore, as it was conducted in the previous chapters (Chapters 3 and 4), a glycerol 

bed was applied to achieve the re-dispersability of TMC-CMP nanoparticles (sample 5). 

The glycerol bed use during centrifugation of 0.2 ml for 120 min resulted in a smaller 

increase in particle diameter as compared to the 30 min centrifugation run of sample 2 

(313.2±7.7 for sample 5 versus 363.6±9.2 for sample 2) and it was possible to maintain 

a similar polydispersity index (0.181 for sample 5 versus 0.147 for sample 1) (Table 

50). Again, these results are in accordance to our previous findings for TMC-PG and 

TMC-FUC and with results obtained by other groups (Vila et al., 2004 and Amidi et a!., 

2007).

In a separate experiment, the application of freeze drying was evaluated by the 

addition of 5% and 20% (m/v) trehalose, respectively. Centrifugation was performed
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without glycerol, for 30 min and with glycerol (0.2 ml) for 120 min and the pellet was 

resuspended in either 5% or 20% (m/v) of trehalose and submitted to freeze drying. 

Without the use of trehalose it was not possible to re-disperse the particles. 5% (m/v) 

trehalose was very effective in preserving the particulate nature in contrast to 20% 

(m/v) trehalose which led to fibrous aggregation (Table 35). The reason why trehalose 

was inefficient in higher quantities is still unknown. It is possible that high amounts of 

trehalose are incompatible with TMC-CMP nanoparticles. Interestingly, in the two 

previous chapters (Chapters 3 and 4) different results were obtained for TMC-PG and 

TMC-FUC nanoparticles. TMC-FUC nanoparticles were freely re-dispersable after the 

addition of 5 and 20% (m/v) trehalose, whereas for the TMC-PG nanoparticles even 

20% (m/v) trehalose was not capable of preserving the particle structure. This result 

might indicate that freeze drying stability is very formulation dependent. Without 

glycerol, the particle diameter after freeze drying almost doubled (363.6 ± 9.2 nm for 

sample 2 versus 647.2±28.4 nm for sample 6). The addition of glycerol allowed for a 

longer centrifugation period and the application of 5% (m/v) trehalose allowed for a 

complete redispersability of the nanocarriers with no increase in particle diameter 

(335.1 ± 8.5 nm for sample 9). On the other hand, a slight increase in the polydispersity 

index was observed for TMC-CMP nanoparticles after 2 h centrifugation from 0.181 

(sample 5) to 0.374 (sample 8) after centrifugation and freeze drying. For further 

discussion see Chapters 3 and 4.

Table 35 Effect of centrifugation (5000 rpm) and freeze drying of formulation APRS 
prepared in a 2:1 ratio of TMC 16 cP HC to CMP, respectiveiy. Investigation of the 
centrifugation times as well as the addition of glycerol (0.2 ml) and trehalose (5% m/v and 20%

0. Particle diamt5ters were obtalned by PCS measurerrlents (n=3).
Formulation Glycerol

(ml)
Trehalose (% 

(m/v))
Time
(min)

Z-Average diameter 
(nmiSD) After freeze 

drying

Polydispersity
Index

6 - 5 30 647.2±28.4 0.741
7 - 20 30 Aggregated
a 0.2 5 120 335.1 ±8.5 0.374
9 0.2 20 120 Aggregated

5.4.8. Toxicity evaiuation
A MTT assay was performed under submerged conditions using only Calu-3 cells, 

since they are a more relevant model for intranasal administration compared to HEK 

293 cells (Borchard, 2002). PEI was used as a positive control and media as a 

negative control. PEI was only safe to use up to a concentration of 0.01 mg/ml. TMC 16 

cP HC, which is also known to be toxic, showed a similar cell viability as TMC 9 cP HC 

(compare Chapter 3 and 5) at a concentration of 0.5 mg/ml (TMC 16 cP HC 62.3 ± 5.0 

%) (Figure 50). CG and CCI showed a slightly better safety profile but 5 mg/ml of these 

polymers still showed significant cell death as reflected in 14.3 ± 2.7 % (CG) and 9.4 ±
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0.23% (CCI) cell viability, respectively (Figure 50). Carreno-Gomez and Duncan, (1997) 

evaluated the toxicity of chitosan chloride and chitosan glutamate by MTT assay with a 

B16F10 melanoma cell line. The chitosan used in this study was from Pronova 

(NovaMatrix) and two different molecular weight chitosans were compared. The lower 

molecular weight chitosans (12-13 mPas; 60-90 kDa) had a comparable molecular 

weight (16 cP = 16 mPas) to the one used in this study. Chitosan glutamate and 

chitosan chloride were reported to have an IC50 value of 2.5 mg/ml and 2.2 mg/ml, 

respectively. These results are comparable to our findings where an IC50 of 

approximately 2.5 mg/ml for both polymers was observed. As expected, CMP did not 

show any cell death with a cell viability of 93.6 ± 6.4 % at a concentration of 5 mg/ml 

which is comparable to results in the literature for pullulan and to the results obtained in 

Chapters 3 and 4 for PG and fucoidan (Gupta and Gupta, 2004).
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Figure 50 Effect of TMC 16cP HC solution and TMC-CMP nanoparticies prepared in the 
ratio of 2:1, CG 16 cP solution and CG-CMP nanoparticies prepared in the ratio of 3:1, 
CC116 cP solution and CCi-CMP nanoparticies prepared in the ratio of 3:1 respectiveiy, 
and CMP solution to relative ceil viability of human Caucasian lung adenocarcinoma 
(Caiu-3) ceils. Polyethylene imine (PEI) was used as a positive control, and media was used 
as a negative control. The relative cell viability was expressed as a percentage according to 
only media treated cells (n=3).

As expected, based on results presented in Chapter 3, the preparation of nanoparticles 

of TMC-CMP, CG-CMP and CCI-CMP resulted in a significant reduced cell toxicity as 

compared to the chitosan derivatives of TMC, CG and CCI. Similar results were also
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seen for TMC nanoparticles prepared by ionic gelation with TPP (Amidi et al., 2006) 

(Figure 50). It is important to note that the TMC-CMP nanoparticles were fabricated at 

a 2:1 ratio respectively, whereas the chitosan salt particles (CG and CMP as well as 

CCI and CMP) were prepared in a ratio of 3:1. It is assumed that the increased amount 

of the more toxic chitosan in these two formulations (CG and CMP as well as CCI and 

CMP) might have resulted in an augmentation of cell toxicity. Because the three 

formulations TMC-CMP, CG-CMP and CCI-CMP were prepared in different ratios, a 

direct comparison between the TMC particles and the chitosan particles was not 

possible. The CCI-CMP nanoparticles resulted in the lowest cell viability at 5 mg/ml 

(60.5 ± 4.3%), TMC-CMP resulted in a medium cell viability (72.3 ± 7.5%) and CG- 

CMP in the highest cell viability (82.9 ± 7.4%). Interestingly, even though CCI 16 cP 

(9.4 ± 0.23%) and CG 16 cP (14.3 ± 2.7 %) showed a similar cell viability at 5 mg/ml, 

there was a difference in cell viability in both chitosan salts once complexed with CMP, 

the reason for this being still unknown. In conclusion and in line with the previous 

chapters, this study shows that the combination of polycations with polyanions reduces 

the toxicity of the polycations significantly. For further discussion see Chapters 3 and 4.

5.4.9. Cellular uptake studies
In another in-vitro study the cellular uptake in a mouse macrophage cell line (J 7741 .A) 

was investigated. The formulations APF3, CPF3 and DPF3 were prepared with BSA- 

FITC, which are detectable by confocal microscopy. The attached cells were incubated 

with the particles for 30 min, 2 h, 4 h and 24 h. At each time point the cover slips were 

removed and mounted onto microscope slides. After 2 h significant amount of particles 

had been taken up by the macrophage cell line (Figures 51 and 52). To our knowledge, 

no in depth uptake study has been performed with TMC nanoparticles. Amidi et ai., 

(2006) investigated the uptake of TMC nanoparticles prepared with TPP following 

intranasal application but no data with macrophages were obtained. For the 

quantification of the uptake FACS analysis would have been necessary but was 

unfortunately unavailable. Therefore, the amount of uptake was only interpreted based 

on the confocal images for the formulations (APF3, CPF3 and DPF3) (Figures 51 and 

52). The macrophage cells which were incubated without any particles did not show 

any fluorescence (Figure 51 A).
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Figure 51 Confocal microscope Images of J 7741 .A cells. A) blank cells without the addition 
of particles B) cells incubated with TMC 16 cP HC-CMP-BSA-FITC nanoparticles prepared in a 
2:1 ratio of TMC to CMP, respectively. 7.5 pg/nni of BSA was used, which was expected to 
result in 1% (m/m) loading. The images were taken after 2 h incubation.

Some particles were already taken up after 30 minutes but an increased uptake was 

observed after 2 h (data not shown). After 24 h there were fewer particles visible within 

the cells which might have indicated some degradation of the nanoparticles and 

processing of the antigen within the cells (data not shown). Among the different 

formulations some differences were observed based on the confocal images. The 

highest uptake seems to be observed for the TMC-CMP particles in which a ring 

formation around the cell surface is visible after 2 h incubation (Figure 51 B). For the 

CG-CMP particles a similar phenomenon was observed after 2 h incubation, whereas 

the CCI-CMP particles seem to be more evenly distributed within the cells after 2 h 

(Figures 52 A and 52 B). In conclusion, an almost complete particle uptake was 

observed after an incubation period of 2 h which was not surprising given that 

phagocytosis is the main function of macrophages. These results are in line with our 

previous findings for TMC-PG and TMC-FUC nanoparticles and with the study by Zahr 

et al., (2006) in which chitosan nanoparticles prepared by layer by layer complexation 

were taken up by the macrophage cell line (J774A.1). Interestingly, in this study it was 

shown that upon PEGylation of these particles the uptake was significantly reduced 

(Zahr et a!., 2006).
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Figure 52 Confocal microscope Images of J 7741.A cells. A) cells incubated with CCI 16 cP-
CMP-BSA-FITC nanoparticles prepared in a 3:1 ratio of CCI to CMP, respectively. 7.5 pg/ml of 
BSA was used. The image was taken after 2 h incubation. B) cells incubated with CG 16 cP- 
CMP-BSA-FITC nanoparticles prepared in a 3:1 ratio of CG to CMP, respectively. 7.5 pg/ml of 
BSA was used,. The images were taken after 2 h incubation.

5.4.10. Characterisation of diphtheria toxoid (DT) loaded TMC-CMP, CCI- 
CMP and CG-CMP nanoparticles
After completion of the optimisation studies with BSA the next step forward was the 

encapsulation of an antigen. Diphtheria toxoid was chosen to be encapsulated due to 

its clinical relevance. Particle formulations of APF3, CPF5 and DPF5 were prepared 

with DT. Particle diameter, surface charge, encapsulation efficiency, storage stability, 

and centrifugation stability were then investigated (Table 37). There was no change 

observed in particle diameter or surface charge compared to the particles prepared 

with BSA. Overall, TMC-CMP-DT resulted in the smallest particle diameter (238.6 ± 2.3 

nm) with the highest particle surface charge being + 26.9 ± 0.6 mV. CCI-CMP-DT 

formed the largest particles with a diameter of 404.6±7.1 nm (Table 37). There was not 

much difference in the surface charge between CCI-CMP-DT and CG-CMP-DT (Table 

36), whereas CG-CMP-DT formed much smaller particles with a diameter of 260 nm 

compared to 400 nm for CCI-CMP-DT (Table 37). There was little change in the 

loading efficiency, which was expected given the previous optimisation study with BSA 

(Chapters 3 and 4). The particle diameter of all the formulations did not change during 

the storage period over the duration of 4 weeks, a result which is in line with the 

previous optimisation study (Table 37). Interestingly, in chapter 4 for TMC-FUC-DT 

nanoparticles an increase in particle diameter was observed upon encapsulation of DT, 

whereas for the TMC-PG-DT formulation no significant change was observed 

compared to the particles prepared with BSA. Taken together all these results it could 

be speculated that upon the complexation with a carboxylated polymer (PG and CMP) 

the particle diameter does not change whereas for a sulphated polymer like fucoidan a
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significant change was observed. This results highlight that by changing excipients 

changes in physicochemical properties can be observed.

Table 36 Physicochemical characterisation of TMC-CMP, CCi-CMP and CG-CMP 
nanopartlcies loaded with diphtheria toxoid (DT).The particles were prepared in a ratio of 
2:1 for TMC 16 cP HC to CMP, respectively and were theoretically loaded with 1% (m/m) DT, 
CG 16 cP-CMP nanoparticles loaded with diphtheria toxoid (DT). The particles were prepared in 
a ratio of 3:1 for CG 16 cP to CMP, respectively and were theoretically loaded with 1% (m/m) 
DT and CCI 16 cP-CMP nanoparticles loaded with diphtheria toxoid (DT). The particles were 
prepared in a ratio of 3:1 for CC116 cP to CMP, respectively and were theoretically loaded with 
1% (m/m) DT. Zeta potential measurements were obtained as well as yield. The encapsulation

Formulations Zeta potential 
(mV±SD)

Yield (%±SD) Encapsulation
efficiency
(%±SD)

TMC-CMP 26.9±0.6 96.78 90.6810.7
CCI-CMP 19.5±0.8 76.54 91.5410.4
CG-CMP 17.810.5 75.92 91.9110.1

Preparation of the particles at the desired concentration for the in-vivo experiment 

resulted in aggregation. Therefore, the particles were fabricated at a lower 

concentration and were concentrated with the use of a VivaSpin column. For the nasal 

administration, the concentration of the antigen was 2.5 pg/25 pi, while for the 

intramuscularly application it was 2.5 pg/50 pi. A slight increase in particle diameter 

and polydispersity index for all formulations (TMC-CMP-DT 254.3±12.3 nm, GGI-GMP- 

DT 450.9H3.8 nm and GG-GMP-DT 301.7±11.9 nm) was observed, and it was 

expected that this amount of change would not alter the outcome of the in-vivo 

experiments (Table 37).

Table 37 Particle diameter was of diphtheria toxoid DT loaded TMC-CMP, CCI -CMP and 
CG-CMP nanoparticles (see table legend above): after preparation, during 4 weeks of 
storage and after containing with VivaSpin columns for the in-vivo experiments. The particle 
diameter was obtained by photon correlation spectroscopy as z average (nm±SD) and 
polydispersity index (PI) In water and 0.9% NaCr (n=3).

Form. After
preparation

After 
concentration 
with VivaSpin 

column*

After 1 week 
storage at 4%

After 2 weeks 
storage at 4%

After 4 weeks 
storage at 4%

TMC-CMP 238.612.3 
PI: 0.211

254.3112.3 
PI: 0.308

241.115.46 
PI: 0.250

243.816.78 
PI: 0.272

250.617.68 
PI: 0.265

CCI-CMP
404.617.1 
PI: 0.654

450.9113.8 
PI: 0.876

409.114.8 
PI: 0.781

430.2113.2 
PI: 0.812

450.2111.9 
PI: 0.818

CG-CMP 262.913.8 
PI: 0.342

301.7111.9 
PI: 0.525

260.915.6 
PI: 0.392

265.217.2 
PI: 0.401

271.918.3 
PI: 0.403

In the in-vivo experiment the nanocarriers containing GMP were compared to simple 

mixtures of the polycation or polyanion with the antigen. The polyanion GMP did not 

interact with the antigen whereas the polycations TMG, GGI and GO formed particulate
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nanostructures as seen in Table 38, TMC formed very small particles with DT (160.5 ± 

8.7) whereas CCI (940.3 ± 23.6) and CG (661.2±15.6) resulted in much bigger particles 

accompanied with an increase in polydispersity based on PCS measurements. This 

might have been due to the anionic nature of proteins which organised their charge in 

patches and were therefore able to interact with polycations (Cooper et al., 2005). 

Whether or not this reasoning is also true for DT is unknown. A reason why TMC 

resulted in the production of smaller carriers might have been the difference in charge 

density among the chitosan derivatives. Why CCI-DT resulted in larger carriers is not 

clear. Because of the low concentration of these particles an evaluation of surface 

charge was not possible. Whether the difference in particle diameter affected the 

outcome of the in-vivo experiment or not will be discussed in the following sections.

Table 38 Physicochemical characteristics of particles prepared by simple mixes of TMC 
16 cP HC and diphtheria toxoid, CCI 16 cP and diphtheria toxoid and CG 16 cP and

Formulation Z-Average diameter 
(nm±SD)

Polydispersity
Index

TMC16CP HC-D T 160.5 ±8.7 0.264

C C I1 6 C P -D T 940.3 ±23.6 1.000

CG 1 6 C P - D T 661.2 ±15.6 0.536

5.4.11. Particle morphology of DT loaded TMC-CMP, CCI-CMP and CG- 
CMP nanopartlcies
The particle morphology was evaluated by conventional transmission electron 

microscopy (TEM). Illustrated below are TMC-CMP-DT nanoparticles on the left (Figure

53 A) and TMC-DT particles on the right (Figure 53 B.) The two formulations differ in 

their particle shape, which can be attributed to the addition of CMP resulting in a more 

spherical particle appearance (Figure 53 A.). On the other hand, the formulation 

prepared without CMP (TMC-DT) resulted in smaller particles (Figure 53 B). Overall, 

much smaller particles were observed using TEM as compared to the PCS 

measurements (see chapter 3 for further discussion). While the particle distribution 

appeared to be quite homogenous by PCS, by TEM imaging small and large particles 

are visible, suggesting a broad particle size distribution. These results are in line with 

the particles prepared with TMC-PG-DT and TMC-DT complexes (chapter 3). The 

following two images show CCI-CMP-DT on the left and CCI-DT on the right (Figures

54 A and 54 B). Both formulations resulted in the formation of spherical particles. The 

formulation on the right appears to be more concentrated, but these images are only a 

small fraction of the particle population (Figure 54 B).
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Figure 53 TEM photograph: A) diphtheria toxoid loaded TMC-CMP nanoparticles. Particles 
were prepared in a 2:1 ratio of TMC 16 cP HC to CMP, respectively. B) TMC-DT dispersions. 
The particle suspension was added onto copper grids and negatively stained with 1% (m/v) 
uranyl acetate

Overall, the particle diameter did correlate with the obtained PCS data. A reason why 

the particle diameter measured by PCS for formulation CCI-DT was almost 900 nm 

might be the method’s inability to track a single particulate or that the resolution of the 

analysis could be a problem. CG-CMP-DT resulted in a similar image to CCI-CMP-DT 

(Figure 55 A and 55 B). CG-DT resulted in the production of very small particles but 

with larger aggregates (Figure 55 B).

• e ,  >■

Figure 54 TEM photograph: A) diphtheria toxoid loaded CCI-CMP nanoparticles. Particles 
were prepared in a 3:1 ratio of CCI 16 cP HC to CMP, respectively. B) CCI-DT dispersions. The 
particle suspension was added onto copper grids and negatively stained with 1% (m/v) uranyl 
acetate

In conclusion, the addition of CMP appears to have aided in the formation of more 

spherical particles by cross reacting with the polycations (TMC, CCI and CG). TMC
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seems to have interacted more tightly with CMP, which resulted in a more spherical 

particulate nature and no particle aggregates were seen. These results are in line with 

previously shown chitosan-PG nanopartlcies prepared by PEG Lin et al., {2005, 2007).

D lr« c t  Hag : 13500%

Figure 55 TEM photographs: A) diphtheria toxoid loaded CG 16 cP HC-CMP nanoparticles. 
Particles were prepared in a 3:1 ratio of CG 16 cP HC to CMP, respectively. B) CG-DT  
dispersions. The particle suspension was added onto copper grids and negatively stained with 
1% (m/v) uranyl acetate

5.4.12. Evaluation of diphtheria toxoid (DT) integrity
SDS-PAGE showed that the encapsulation of BSA in the different formulations did not 

represent a problem with protein integrity as bands indicated. It was therefore essential 

to analyse the protein integrity of the formulations to be used in-vivo. A change in 

protein integrity might lead to activity loss and therefore change the outcome of an 

animal experiment significantly. As it was expected, no change in protein integrity was 

observed in any of the formulations compared to the unprocessed DT standards as far 

as SOS page was applicable (Figure 56). On the other hand, compared to Chapters 3 

and 4 where two bands were visible for DT in this result DT appears as a single band 

on the gel. An explanation might be that the DT used in this chapter was from a 

different lot.
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Figure 56 SDS-PAGE image of different formulations loaded with DT and utilised in the 
following in-vivo experiment: 1. SeeBlue® Pre-stained protein marker; 2. TMC-DT dispersion 
(10 mg/ml TMC + 0.1 mg/ml DT); 3. TMC-CMP nanoparticles (0.1 mg/ml DT); 4. CMP-DT 
solution (5 mg/ml CMP + 0.1 mg/ml DT); 5. DT solution (0.05 mg/ml); 6. CCI-CMP-DT 
nanopartlcies (0.1 mg/ml); 7. CCI-DT dispersion (10 mg/ml CCI and 0.1 DT); 8 CG-CML-DT 
nanopartlcies (0.1 mg/ml) and; 9. CG-DT dispersion (10 mg/ml CG and 0.1 mg/ml DT).

5.4.13. DT specific antibody responses following intranasal (i.n.) 
administration
After the physicochemical characterisation of the DT-particulate carriers a series of in- 

vivo experiments was started with increased time periods as compared to those 

described in previous chapters. In the Chapters 3 and 4 the animal study was 

continued for 36 days and did not show significant differences between particles 

prepared by simple mixing and formulations containing an additional polyanion (PEC). 

In this study the time period was extended to 85 days as it was hoped that it would 

show more significant differences among the formulations. In addition, CpG ODN was 

co-encapsulated into TMC-CMP-DT nanoparticles to elucidate the possibility of 

changing the immune response. CpG ODN is a known Thi adjuvant and it was hoped 

that it would further boost the Thi, response measured on basis of DT specific 

antibodies and cytokines (Krieg, 2006). As a control, CpG ODN was only mixed with 

DT to evaluate the difference between formulated and unformulated CpG ODN. The 

mice were primed with 2.5 jig/25 |il and boosted on day 22 with 1.25 jig/25 pi per 

mouse making another difference with the previous study because in Chapters 3 and 4 

the mice were boosted with the same dose of DT. It has been shown in the literature 

that for a boosting dose the amount of antigen can be reduced without affecting the 

overall immune response significantly (Knuf et al., 2006). The applied volume was 

equally distributed in both nostrils of the mice. Serum samples were collected at days
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12, 21, 36 and 85 and DT specific serum antibody titres were measured by ELISA for 

IgG, IgGi and lgG2a-

mm Day 12 
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Figure 57 DT specific serum IgG antibody titres. Determined on days 12, 21, 36 and 85
following i.n. delivery of 2.5 jjg/25 [i\ DT encapsulated in TMC 16 cP HC-CMP nanoparticles, 
CCI 16 cP-CMP nanopartlcies, CG 16 cP-CMP nanoparticles, TMC 16 cP HC-CMP-CpG  
nanoparticles, TMC 16 cP HC-DT dispersion, CCI 16 cP-DT dispersion CG 16 cP-DT 
dispersion, CMP-DT solution, free DT or CpG-DT solution {n= 4). Mice were boosted with half 
the dose of DT in the various formulations or free DT (equivalent to 1.25 pg/25 of DT) on day 
20 .

After priming, based on DT specific IgG antibody titres the formulations prepared by 

simple mixing (TMC-DT, CCI-DT and CG-DT) performed as well as or better than the 

formulations containing CMP (TMC-CMP-DT, CCI-CMP-DT and CG-CMP-DT) (Figure 

57). The highest immune response after the first dose was achieved with the co

encapsulation of CpG ODN into TMC-CMP-DT nanoparticles. CpG-DT was slightly 

lower than the particulate formulations TMC-CMP-DT-CpG (p < 0.05). The formulation 

CpG-DT even outperformed the TMC-CMP-DT nanoparticles after the first dose (p < 

0.05). Almost all DT specific IgG antibody titres increased from the first to the second 

serum sampling with the exclusion of CpG-DT and CMP-DT. This may have been 

related to their non-particulate structure. All particulate formulations appeared to 

express a possible sustained release mechanism. All formulations outperformed the 

free antigen DT by a vast margin following intranasal delivery. After the boosting dose 

on day 36 the immune titres changed slightly and all particulate formulations showed a 

very similar immune response measured on the basis of IgG titres.
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The co-encapsulation of CpG DNA yielded the highest immune response and the 

nanoparticles containing TMG (TMC-CMP-DT and TMC-DT) seemed to be slightly 

more effective than the chitosan salts (CCI formulations and CG formulations). The 

simple solution of CpG-DT could not raise the immune response as much as the 

particulate formulations and resulted in a lower IgG titre. After 85 days all formulations 

showed a decrease in the IgG levels. The decrease was even more significant for the 

simple solutions (CpG-DT and CMP-DT) and for the particles prepared by simple 

mixing (TMC-DT, CCI-DT and CG-DT). The data suggest that particles containing CMP 

result in a more sustained release profile of the antigen DT because of a more 

controlled particulate structure by the compelxing with a polyanion, which would lead to 

maintained IgG levels (TMC-CMP, CCI-CMP, CG-CMP and TMC-CMP-CpG). 

Moreover, the addition of CMP decreased the toxicity of the polycation and further 

improved the overall IgG levels over 85 days. The co-encapsulation of CpG DNA into 

the nanocarriers definitely further increased the IgG antibody titres but this was not 

significantly different as compared to TMC-CMP-DT after 85 days (p > 0.05). However, 

TMC-CMP-DT and TMC-CMP-DT-CpG resulted after 85 days in significantly improved 

IgG antibody titres as compared to CCI-CMP-DT and CG-CMP-DT (p < 0.05). 

Therefore, it was shown that TMC nanoparticles were more effective than chitosan 

nanoparticles and that the addition of CMP significantly improved the immune response 

as compared to TMC-DT (p < 0.05). These results are in line with the results of Boonyo 

et al., (2007) who showed that chitosan is less effective than TMC as a vaccine 

adjuvant via the nasal route. Whether these high titres were necessary for a sufficient 

protection or not is uncertain, since no neutralisation assay was performed. Tafaghodi 

et a!., (2006) prepared alginate microparticles for the delivery of TT in which CpG ODN 

was co-encapsulated. These carriers were applied via the nasal route and were 

compared to alginate microparticles containing TT and TT-CpG ODN mixture. It was 

shown that TT containing microparticles resulted in significantly improved IgG antibody 

titres as compared to CpG containing microparticles. Moreover, the CpG containing 

microparticles also yielded comparable results to the CpG-TT solution. It was argued 

that the co-encapsulation of CpG significantly increased the particle diameter and 

therefore these particles were not effectively taken up and resulted in lower antibody 

titres. This explanation seems possible since PLGA nanoparticles containing CpG for 

the parenteral of TT resulted in significantly higher TT specific antibody titres as 

compared to the particles without CpG (Diwan et ai., 2002). Also, enhanced IgG 

antibody titres were observed by Borges et ai., (2007) after the co-encapsulation of 

CpG into chitosan-alginate nanoparticles for the delivery of Hepatitis B. Therefore, the 

high antibody titres obtained for TMC-CMP-DT and TMC-CMP-DT -CpG seems 

reasonable.
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5.4.14. Serum DT specific IgG subtype profiling following intranasal (i.n.) 
administration
To further investigate whether it is possible to stimulate a Thi or a Th2 response, the 

IgG subclasses IgGi and IgGaa were measured in the final serum samples after 85 

days. In general, IgGi titres are an indication for a Tha response whereas lgG2a are an 

indication for a Thi response (Janeway et al., 2005). In addition, Thi and Th2 specific 

cytokine responses were evaluated. The results will be discussed later in this chapter. 

The highest IgGi titres were obtained for the formulation TMC-CMP-DT, whereas TMC- 

CMP-DT-CpG led to slightly lower IgGi titres (Figure 58) (p < 0.05).
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Figure 58 DT specific serum IgGi antibody titres. Determined on day 85 following i.n. 
delivery of 2.5 ng/25 \i\ DT encapsulated in TMC 16 cP HC-CMP nanoparticles, CCI 16 cP-CMP 
nanoparticles, CG 16 cP-CMP nanoparticles, TMC 16 cP HC-CMP-CpG nanoparticles, TMC 16 
cP HC-DT dispersion, CCI 16 cP-DT dispersion, CG 16 cP-DT dispersion, CMP-DT solution, 
free DT or CpG-DT solution {n= 4). Mice were boosted with half the dose of DT in the various 
formulations or free DT (equivalent to 1.25 pg/25 of DT) on day 20.

These results may have been due to an increased Thi response, which always results 

in the reduction of a Th2 response because of the secretion of IFN-y, a known Thi 

cytokine which inhibits IL-4 (Abbas and Lichtman, 2006). CCI-CMP-DT and CG-CMP- 

DT showed slightly lower responses in DT specific IgGi antibody titres as compared to 

TMC-CMP-DT (p < 0.05), whereas CCI-CMP-DT elicited higher IgGi antibody titres 

than CG-CMP-DT (p < 0.05). The particles prepared by simple mixing did not result in 

as high IgGi antibody titres as the formulations containing CMP (p < 0.05). CpG-DT did 

not perform as well as any of the particulate formulations following i.n. administration. 

This was an expected result due to its known Thi adjuvant effect. All formulations
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outperformed free antigen DT independent of whether they were solutions or 

particulate systems (p < 0.01).

The IgGaa response following i.n. application was quite different than the IgGi response 

(Figure 59). The co-encapsulation of CpG ODN led to a significant improvement in the 

secretion of IgGaa antibodies. The formulation of CpG ODN within nanocarriers 

improved the IgGaa antibody titres compared to the unformulated CpG ODN 

significantly (p < 0.05). All the other particulate formulations elicited similar lgG2a titres 

and no significant differences were observed between the particulates with and without 

CMP (p > 0.05). The CMP-DT solution showed a better IgGaa response than the free 

antigen DT but not as good as the particulate formulations and the mixture of CpG 

DNA with DT.

In conclusion, TMC-CMP nanoparticles following i.n. administration performed better 

than CCI-CMP-DT and CG-CMP-DT for IgG and IgGi specific antibody titres (p <

0.05). The TMC-CMP-DT-CpG nanocarriers led to a significant improvement of lgG2a 

antibody tires as compared to TMC-CMP-DT (p < 0.05). The unformulated CpG DNA 

and DT mixture resulted in high lgG2a titres, but rather low IgGi. Therefore, the results 

may suggest that the formulation of CpG-DNA within nanocarrier systems was able to 

elicit a balanced immune response in which similar titres of IgGi and lgG2a were 

elicited. This could be regarded as a balanced Thi/Th2 response. These results are in 

agreement with the results obtained for PLGA nanoparticles which contained CpG and 

TT (Diwan et al., 2002).

After 85 days no significant amounts of IgA or IgG antibody titres could be detected in 

the vaginal or nasal washes. This might have indicated that the secretion of IgA at the 

mucosal surfaces can only be found shortly after administration and are not maintained 

over a long period of time as it has been reported in the literature (Holmgren and 

Czerkinsky, 2005). In addition, pilocarpin could be used to stimulate an increased 

secretion of mucus in which maybe IgA antibodies could be detected. On the other 

hand, an indication of a mucosal immune response is also the expression of the IL-6 

cytokine, something which will be discussed later.
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Figure 59 DT specific serum IgGaa antibody titres. Determined on day 85 following i.n. 
delivery of 2.5 pg/25 |il DT encapsulated in TMC 16 cP HC-CMP nanoparticles, CCI 16 cP-CMP 
nanoparticles, CG 16 cP-CMP nanopartlcies, TMC 16 cP HC-CMP-CpG nanoparticles, TMC 16 
cP HC-DT dispersion, CCI 16 cP-DT dispersion, CG 16 cP-DT dispersion, CMP-DT solution, 
free DT or CpG-DT solution (n= 4). Mice were boosted with half the dose of DT in the various 
formulations or free DT (equivalent to 1.25 pg/25 of DT) on day 20.

5.4.15. DT specific antibody responses following intramuscular (i.m.) 
administration
In another experiment female BALB/c mice were dosed via the intramuscular route. 

CpG ODN was not used in this experiment. Instead, alum, the only commercially 

approved vaccine adjuvant for the delivery of DT was used. After intramuscular 

administration of TMC-CMP-DT, CCI-CMP-DT, CG-CMP-DT, TMC-DT, CCI-DT, CG- 

DT, CMP-DT, free antigen DT and alum adsorbed DT the first blood samples were 

collected at day 12 and subjected to analysis by ELISA for IgG titres. The antibody 

titres show that overall a single dose of 2.5 pg antigen DT encapsulated in the different 

formulations performed better than the free antigen DT (p < 0.05) (Figure 60). The 

nanoparticulate formulations performed as well as alum or even better. The highest IgG 

levels were obtained with the formulations containing CCI (CCI-CMP-DT and CCI-DT). 

There was no significant difference observed between the formulations with and 

without CMP (p > 0.05). Further blood samples were collected at days 21, 36 and 85 

and due to the high amount of IgG antibody titres it was decided not to boost these 

mice. Interestingly, via the intramuscular route CMP-DT almost performed as well as 

alum as compared to alum adsorbed DT. In general, as seen in the previous two 

chapters DT elicited much higher titres following i.m. administration as compared to i.n. 

administration. This was an expected result which correlated well with the previous
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findings in which the free antigen always led to an augmentation in IgG titres following

i.m. application as compared to i.n. administration. After 21 days the formulations 

containing CMP yielded higher IgG titres than the formulations prepared by simple 

mixing (p < 0.05) (Figure 60). This might again have been related to a more controlled 

particle structure by the crosslinkage with CMP which might have led to a more 

sustained release profile of the antigen DT. After 36 days the immune titres were 

maintained or even slightly increased, but after 85 days differences between the 

formulations were observed. TMC-CMP-DT, CCI-CMP-DT and CG-CMP-DT could 

maintain or even slightly increase the antibody titres, whereas the particulates prepared 

by simple mixing (TMC-DT, CCI-DT and CG-DT) started to show lower antibody titres. 

This result might be attributed to the controlled release profile of these nanocarriers, 

which might have been able to sustain the release of the antigen.
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Figure 60 DT specific serum IgG antibody titres. Determined on days 12, 21, 36 and 85
following i.m. delivery of 2.5 pig/25 pil DT encapsulated in TMC 16 cP HC-CMP nanoparticles, 
CCI 16 cP-CMP nanoparticles, CG 16 cP-CMP nanoparticles, TMC 16 cP HC-DT dispersion, 
CCI-DT dispersion, CG 16 cP-DT dispersion, CMP-DT solution, free DT or alum adsorbed DT 
{n=4).

Alum adsorbed DT was also able to maintain its immunogenicity, although it was 

outperformed by TMC-CMP-DT, CCI-CMP-DT and CG-CMP-DT by a margin (p < 

0.05). Both after i.n. administration and after i.m. administration, CMP containing 

nanoparticles (TMC-CMP-DT, CCI-CMP-DT and CG-CMP-DT) performed better than
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particles without CMP (TMC-DT, CCI-DT and CG-DT). This may be attributed among 

other reasons, to an increased depot effect after i.m. administration. After i.m. 

administration CCI particles gave the highest titres, whereas following i.n. 

administration TMC particles gave higher responses. A reason why TMC is more 

effective via the nasal route might be its enhanced mucoadhesiveness as compared to 

chitosan, which will allow a longer residence time at the nasal mucosa and will 

therefore result in enhanced antibody titres. For the i.m. administration an enhanced 

mucoadhesivness might not matter and therefore the chitosan salts performed at least 

as well as the TMC formulations. The results obtained via the i.m. route are very 

encouraging for the development of a potential single dose vaccine. Nevertheless, 

more detailed studies are necessary to prove this.

Taken these results together and comparing them to the results of the TMC-PG and 

TMC-FUC nanoparticle formulations it was shown that by extending the study to 85 

days particles prepared by PEC result in superior antibody titres as compared to 

particles prepared by simple mixes especially via the nasal route and these results 

correlate well with previous findings by Amidi et ai., (2007).

5.4.16. Serum DT specific igG subtype profiiing foliowing intramuscuiar 
(i.m.) administration
Following i.m. administration of TMC-CMP-DT, CCI-CMP-DT, CG-CMP-DT, TMC-DT, 

CCI-DT, CG-DT, CMP-DT, free DT and alum adsorbed DT there was no significant 

difference observed between the particles prepared by simple mixing and the 

formulations containing CMP based on specific DT IgGi antibody titres (p > 0.05) 

(Figure 61). Alum adsorbed DT resulted in both lower IgGi and IgGaa responses as 

compared to the particulate formulations (TMC-CMP-DT, CCI-CMP-DT, CG-CMP-DT, 

TMC-DT, CCI-DT and CG-DT) (p < 0.05) (Figure 61 and 62). CMP added to the DT 

solution increased the IgGi antibody titres, but to a lower extent than alum and all the 

remaining particulate formulations.
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Figure 61 DT specific serum IgGi antibody titres. Determined on day 85 following i.m. 
delivery of 2.5 pg/25 |_il DT encapsulated in TMC 16 cP HC-CMP nanoparticles, CCI 16 cP-CMP 
nanoparticles, CG 16 cP-CMP nanopartlcies, TMC 16 cP HC-DT dispersion, CCI-DT dispersion, 
CG 16 cP-DT dispersion, CMP-DT solution, free DT or alum adsorbed DT {n= 4).

CCI containing particles were able to elicit the highest antibody titres whereas CG and 

TMC formulations led to almost comparable amounts of DT specific IgGi and IgGaa 

titres. In conclusion, both IgGi and lgG2a antibody titres were found following i.m. 

administration. All formulations performed better than the free antigen and chitosan 

derivatives outperformed the alum formulation. TMC-CMP-DT resulted in unexpectedly 

lower IgGi and lgG2a antibody titres compared to CCI-CMP-DT (p < 0.05) but this might 

be related to the different ratios with which these carriers were prepared. CCI-CMP-DT 

nanopartlcies were prepared in a ratio of 3:1 whereas the TMC-CMP-DT in a 2:1 ratio 

and therefore a direct comparison is difficult due to the different amounts of chitosan 

applied. A Similar lgGi/lgG2a balance was found for TMC nanoparticles with an 

influenza subunit antigen after intramuscular administration but unfortunately these 

were not compared to mixtures of TMC and influenza (Amidi et al., 2007).
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Figure 62 DT specific serum IgGaa antibody titres. Determined on day 85 following i.m. 
delivery of 2.5 mq/25 |il DT encapsulated in TMC 16 cP HC-CMP nanoparticles, CCI 16 cP-CMP  
nanopartlcies, CG 16 cP-CMP nanopartlcies, TMC 16 cP HC-DT dispersion, CCI-DT dispersion, 
CG 16 cP-DT dispersion, CMP-DT solution, free DT or alum adsorbed DT {n= 4).

5.4.17. Cytokine production by spleen cells following Intranasal (I.n.) 
application
To further investigate whether the evaluated nanocarriers were able to stimulate a 

cellular response or not, the spleens from each group of mice were re-stimulated with 

DT. The spleens were mashed through cell strainers to extract the splenocytes. 

Compared to the previous chapter, the method for the extraction of the splenocytes 

was altered and an increased amount of DT was used for the stimulation. Therefore, in 

order to achieve more comparable results the red blood cells obtained from the spleen 

were lysed with a lysis buffer and the amount of splenocytes was calculated. 

Thereafter, for all stimulation assays 1x10^ cells/ml were used. In the previous chapter 

the amount of DT used for in-vitro re-stimulation was only 1 pg/ml, which appeared to 

be rather low and therefore resulted only in low expression values of cytokines. In this 

experiment 10 pg/ml of DT was used for the in-vitro re-stimulation given that according 

to the literature this would result in an augmentation of cytokine levels (McNeela et al., 

2000 and Singh at a!., 2006). Four different cytokines were selected for the analysis; 

IL-4, IL-6, IFN-y and TNF-a. IL-4 and IL-6 are good markers for the stimulation of a Tha 

response, whereas IFN-y is a good indicator for a Thi response (Abbas and Lichtman, 

2006). TNF-a is mainly produced by macrophages and stimulates the recruitment of 

neutrophils as well as monocytes, which are very important for the eradication of 

microbes (Abbas and Lichtman, 2006). In addition, it stimulates macrophages to 

release chemokines which further stimulate the maturation of dendritic cells (Abbas
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and Lichtman, 2006). We were aware that we could have also chosen IL-2 a good 

indicator for a Thi response and IL-5 for a Tha response but due to high amount of 

samples we only selected 4 cytokines.
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Figure 63 Splenocytes restimulation with 10.0 pg/mi diphtheria toxoid following i.n. 
administration. Cytokine levels were measured after 72 h incubation with 10 pg/ml DT in the 
supernatants. IL-4 levels were determined on day 85 following i.n. delivery of 2.5 jig/25 jil DT 
encapsulated in TM C 16 cP HC-CMP nanopartlcies, CCI 16 cP-CMP nanopartlcies, CG 16 cP- 
CMP nanopartlcies, TM C 16 cP HC-CMP-CpG nanoparticles, TM C 16 cP HC-DT dispersion, 
CCI 16 cP-DT dispersion, CG 16 cP-DT dispersion, CMP-DT solution, free DT or CpG-DT 
solution {n= 4). Mice were boosted with half the dose of DT in the various formulations or free 
DT (equivalent to 1.25 pg/25 of DT) on day 20.

Low levels of IL-4 were encountered and this was attributed to the thermosensibility of 

IL-4, which might have been degraded during the incubation. Relatively high standard 

deviations were obtained for each of the formulations, which might have also been 

related to the low IL-4 levels obtained (Figure 63). TMC-CMP-DT-CpG resulted in the 

highest stimulation of IL-4 followed by TMC-CMP-DT (p > 0.05). CpG-DT resulted in 

significantly lower levels of IL-4 compared to TMC-CMP-DT-CpG (p < 0.05). In 

addition, TMC-DT yielded lower levels of IL-4 compared to the nanoparticle formulation 

TMC-CMP-DT (p < 0.05). The nanoparticle formulations containing CCI and CG 

resulted in lower IL-4 levels than the formulations containing TMC (p < 0.05). 

Moreover, nanoparticles fabricated from CCI resulted in higher IL-4 levels than CG
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nanoparticles (p < 0.05). In general, the formulations containing CMP performed better 

than formulations without it. This may have been related to the adjuvant effect of CMP. 

Another possibility might have been a more sustained release profile of the 

formulations containing CMP which might have resulted in an augmentation of IL-4. 

Increased IL-4 levels were also found by Wu et al., (2006) where chitosan-CpG 

nanoparticles resulted in significantly increased IL-4 levels as compared to CpG ODN 

alone but these values were measured in the serum.
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Figure 64 Splenocytes restimulation with 10.0 pg/mi diphtheria toxoid following i.n. 
administration. Cytokine levels were measured after 72 h incubation with 10 pg/ml DT in the 
supernatants. IL-6 levels were determined on day 85 following i.n. delivery of 2.5 pg/25 pi DT 
encapsulated in TM C 16 cP HC-CMP nanoparticles, CCI 16 cP-CMP nanopartlcies, CG 16 cP- 
CMP nanopartlcies, TMC 16 cP HC-CMP-CpG nanopartlcies, TM C 16 cP HC-DT dispersion, 
CCI 16 cP-DT dispersion, CG 16 cP-DT dispersion, CMP-DT solution, free DT or CpG-DT 
solution {n= 4). Mice were boosted with half the dose of DT in the various formulations or free 
DT (equivalent to 1.25 pg/25 of DT) on day 20.

For the IL-6 cytokine TMC-CMP-DT-CpG nanoparticles resulted again in the highest 

levels of IL-6 (Figure 64). TMC-CMP-DT and CCI-CMP-DT yielded comparable results 

to TMC-CMP-DT-CpG (p > 0.05), whereas CG-CMP-DT resulted in lower levels of IL-6 

(p < 0.05). As it could be anticipated, CpG-DT resulted in significantly lower IL-6 levels 

than TMC-CMP-DT-CpG and TMC-CMP-DT (p < 0.05). Overall, formulations 

containing CMP gave better results than without it. CMP-DT elicited comparable results 

for the IL-6 cytokine as CpG-DT (p > 0.05), but lower compared to the nanoparticles (p 

< 0.05). In conclusion, the levels for IL-4 and IL-6 could be obtained for all nanoparticle
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formulations and no significant difference could be observed for TMC-CMP-DT and 

TMC-CMP-DT-CpG which is in agreement with the obtained antibody titres IgGaa which 

suggest the stimulation of a humoral immune response. The data obtained here are in 

line with previous findings which demonstrated that chitosan is capable of eliciting high 

Tha cytokines following intranasal application (McNeela et al., 2000).

As it was expected, for the IFN-y cytokine the highest levels were found for TMC-CMP- 

DT-CpG and CpG-DT (Figure 65). For all the nanoparticle formulations not containing 

the adjuvant CpG significantly lower levels of IFN-y were observed (p < 0.05). The 

nanopartlcies consisting of TMC resulted in better responses than formulations made 

of CCI and CG (p < 0.05). No increase in IFN-y was observed for the samples 

containing CMP, which might most likely have been due to the fact that CMP appears 

to stimulate Tha cytokines rather than Thi.
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Figure 65 Splenocytes restimulation with 10.0 pg/mi diphtheria toxoid following i.n. 
administration. Cytokine levels were measured after 72 h incubation with 10 pg/ml DT in the 
supernatants. IFN-y levels were determined on day 85 foliowing i.n. delivery of 2.5 pg/25 pi DT 
encapsulated in TM C 16 cP HC-CMP nanopartlcies, CCI 16 cP-CMP nanopartlcies, CG 16 cP- 
CMP nanopartlcies, TMC 16 cP HC-CMP-CpG nanopartlcies, TM C 16 cP HC-DT dispersion, 
CCI 16 cP-DT dispersion, CG 16 cP-DT dispersion, CMP-DT solution, free DT or CpG-DT 
solution {n= 4). Mice were boosted with half the dose of DT in the various formulations or free 
DT (equivalent to 1.25 jig/25 of DT) on day 20.

CCI nanopartlcies performed slightly better than CG nanopartlcies and significantly 

better than the free antigen DT (p < 0.05). CMP showed Increased levels of IFN-y but

166



not as good as the particulate formulations (TMC-CMP-DT, CCI-CMP-DT and CG- 

CMP-DT). Overall, the co-encapsulation of CpG resulted in significant levels of IL-4, IL- 

6 and IFN-y, which suggested the stimulation of a balanced Thi/Tha response as 

compared to CpG DNA with DT which mainly stimulated a Thi response. This data is in 

agreement with previous findings from Diwan et al., (2002) for the delivery of TT with 

CpG in PLGA nanoparticles. Borges eta!., (2007) also found significant levels of IFN-y 

and IL-2 following the delivery of alginate coated chitosan particles for the delivery of 

Hepatitis B. TMC-CMP-DT resulted in relatively higher levels of cytokines for IL-6 and 

IFN-y than TMC-PG-DT and TMC-FUC-DT because 10 pg/ml of DT was used for the 

re-stimulation.
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Figure 66 Splenocytes restimulation with 10.0 pg/mi DT following i n. administration.
Cytokine levels were measured after 72 h incubation with 10 pg/ml DT in the supernatants. 
TFN-a levels were determined on day 85 following i.n. delivery of 2.5 pg/25 |il DT encapsulated 
in TMC 16 cP HC-CMP nanoparticles, CCI 16 cP-CMP nanopartlcies, CG 16 cP-CMP  
nanopartlcies, TMC 16 cP HC-CMP-CpG nanopartlcies, TM C 16 cP HC-DT dispersion, CCI 16 
cP-DT dispersion, CG 16 cP-DT dispersion, CM P-D T solution, free DT or CpG-DT solution (n=
4). Mice were boosted with half the dose of DT in the various formulations or free DT 
(equivalent to 1.25 pg/25 of DT) on day 20.

Moreover, significant levels of TNF-a could be observed, which suggests the activation 

of macrophages and dendritic cells apart from CD4"̂  T-cells (Mori et a!., 2005) (Figure 

66). The highest levels were found for TMC-CMP-DT-CpG and TMC-CMP-DT. The 

non-encapsulated CpG-DNA with DT resulted in significantly lower TNF-a levels as 

compared to TMC-CMP-DT -CpG (p < 0.05) (Figure 66). Formulations containing CCI 

and CG resulted again in lower levels of TNF-a and the formulations containing CMP in
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higher levels than without It. This might have been caused by the adjuvant effect of 

CMP which was able to stimulate the production of TNF-a.

In conclusion, following Intranasal application significant levels of IL-4, IL-6, IFN-y and 

TNF-a could be observed for all formulations except for the free antigen DT (Figure 63, 

64, 65 and 66). The co-encapsulation of CpG resulted In the highest level of Thi and 

Th2 cytokines and In addition In macrophage activation. Macrophage activation has 

also been proven for chitosan (Mori et al., 2005). TMG containing formulations showed 

the best results from all the chitosan derivatives used and the formation of nanocarriers 

containing CMP additionally Increased the cytokine levels. Taken together, all these 

results highlight the suitability of TMC nanopartlcies for the nasal vaccination and 

suggest that particles prepared by PEC with two Immunogenic excipients stimulate the 

Immune response more than the excipients alone.

5.4.18. Cytokine production by spleen cells following Intramuscular (I.m.) 
application
Following a single Intramuscular administration of TMC-CMP-DT, CCI-CMP-DT, CG- 

CMP-DT, TMC-DT, CCI-DT, CG-DT, CMP-DT, free DT and alum adsorbed DT, similar 

trends of cytokine levels were observed as compared to Intranasal application. An alum 

containing formulation was Included In the experimental series, whereas no CpG ODN 

containing formulations were applied. Interestingly, even though higher specific DT-IgG 

titres were found for CCI nanopartlcies as compared to TMC nanopartlcies, the 

cytokine levels behaved the opposite way. TMC nanopartlcies performed better than 

the chitosan nanopartlcies for the secretion of IL-4 (Figure 67). TMC-DT resulted In 

slightly elevated levels of IL-4 compared to TMC-CMP-DT nanopartlcies (p > 0.05). On 

the other hand, CCI-CMP-DT performed slightly better than CCI-DT (p < 0.05). No 

significant differences were observed between CG-CMP and CG-DT (p > 0.05). Alum 

adsorbed DT performed as well as the chitosan salts or even better but not as well as 

TMC-CMP-DT and TMC-DT. CMP-DT resulted In an Increase of IL-4 levels but not as 

much as the nanopartlcies.

For the cytokine IL-6 a very similar trend was observed (Figure 68). The nanopartlcies 

outperformed the formulation, which only consisted of the chitosan derivatives TMC- 

DT, CCI-DT and CG-DT. TMC-CMP-DT resulted In higher levels of IL-6 than CCI-CMP- 

DT (p > 0.05) and the latter performed better than CG-CMP-DT (p < 0.05). These 

results are again not In line with the antibody titres for lgG2a obtained where CCI-CMP- 

DT performed better than TMC-CMP-DT and the latter led to comparable results with 

CG-CMP-DT. Alum adsorbed DT resulted In significantly higher levels of IL-6 

compared to CG-CMP-DT (p < 0.05) but not as high as TMC-CMP-DT and CCI-CMP-
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DT (p < 0.05). CMP-DT resulted in significantly higher levels of IL-6 than DT alone (p < 

0.05).
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Figure 67 Splenocytes restimulation with 10.0 pg/mi DT following i.m. administration.
Cytokine levels were measured after 72 h Incubation with 10 pg/mi DT In the supernatants. IL-4 
levels were determined on day 85 following I.m. delivery of 2.5 pg/25 pi DT encapsulated In 
TM C 16 cP HC-CMP nanopartlcies, CCI 16 cP-CMP nanopartlcies, CG 16 cP-CMP  
nanopartlcies, TM C 16 cP HC-DT dispersion, CCI-DT dispersion, CG 16 cP-DT dispersion, 
CMP-DT solution, free DT or alum adsorbed DT (n= 4).

Overall, a high amount of Tha cytokines was released which suggested a Tha directed 

immune response. There is not a good correlation between the antibody titres for IgGaa 

and the cytokine results obtained for CCI-CMP-DT and TMC-CML-DT. For IFN-y 

slightly different results were obtained. All the nanoparticle formulations outperformed 

alum adsorbed DT (p < 0.05) (Figure 69). This result was expected since it is known 

that alum is a Th2 adjuvant which does not lead to a significant release of IFN-y (Baylor 

et a i, 2002). There was also not much difference observed between the alum 

adsorbed DT formulation and the free antigen DT. For the formulation containing TMC 

not much difference was observed with CMP and without it (p > 0.05), whereas for the 

chitosan salts the addition of CMP resulted in elevated IFN-y levels (p < 0.05). CMP-DT 

resulted in a slight elevation compared to the free antigen and comparable levels to 

alum adsorbed DT were obtained (p > 0.05), although not as high values as for the 

chitosan derivatives.
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Figure 68 Splenocytes restimuiation with 10.0 pg/mi DT following l.m. administration.
Cytokine levels were measured after 72 h Incubation with 10 pg/ml DT In the supernatants. IL-6 
levels were determined on day 85 following I.m. delivery of 2.5 pg/25 pi DT encapsulated In 
TM C 16 cP HC-CMP nanopartlcies, CCI 16 cP-CMP nanopartlcies, CG 16 cP-CMP  
nanopartlcies, TM C 16 cP HC-DT dispersion, CCI-DT dispersion, CG 16 cP-DT dispersion, 
CMP-DT solution, free DT or alum adsorbed DT {n= 4j.

Moreover, TNF-a levels were analysed by ELISA and the highest levels were observed 

for formulations containing TMG (Figure 70). The particles which contained GMP 

resulted in slightly more elevated levels of TNF-a than without it (p > 0.05). TMG-GMP- 

DT performed better than GGL-GMP-DT (p < 0.05) which performed slightly better than 

GG-GMP-DT (p > 0.05). Alum adsorbed DT did not perform as well as the particles 

containing GMP or as well as TMG-DT and GGI-DT. On the other hand, alum adsorbed 

DT led to higher levels than GG-DT, GMP-DT and the free antigen DT. GMP-DT 

resulted in higher levels than DT but not as high as the particulate formulation. In 

conclusion, this data suggested that the formulations containing GMP led to an 

increased activation of macrophages measured on the basis of secreted TNF-a.

In summary, TMG nanoparticles and chitosan chloride nanoparticles are capable of 

eliciting an innate as well as adaptive immune response based on the analysis of the 

antibody titres and the cytokine levels. The results of antibody levels not always 

correlated with the secreted cytokines but overall for most samples a good correlation 

was observed apart from GGI-GMP-DT and TMG-GMP-DT following i.m. application 

(Singh eta!., 2006).
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Figure 69 Splenocytes restimulation with 10.0 pg/mi DT following i.m. administration.
Cytokine levels were measured after 72 h Incubation with 10 pg/ml DT In the supernatants. IFN- 
Y levels were determined on day 85 following I.m. delivery of 2.5 pg/25 pi DT encapsulated In 
TMC 16 cP HC-CMP nanopartlcies, CCI 16 cP-CMP nanopartlcies, CG 16 cP-CMP  
nanopartlcies, TM C 16 cP HC-DT dispersion, CCI-DT dispersion, CG 16 cP-DT dispersion, 
CMP-DT solution, free DT or alum adsorbed DT {n= 4).
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Figure 70 Spienocytes restimuiation with 10.0 pg/mi DT foiiowing i.m. administration.
Cytokine levels were measured after 72 h Incubation with 10 pg/ml DT In the supernatants. 
TNF-a levels were determined on day 85 following I.m. delivery of 2.5 pg/25 pi DT encapsulated 
In TMC 16 cP HC-CMP nanopartlcies, CCI 16 cP-CMP nanopartlcies, CG 16 cP-CMP  
nanopartlcies, TM C 16 cP HC-DT dispersion, CCI-DT dispersion, CG 16 cP-DT dispersion, 
CMP-DT solution, free DT or alum adsorbed DT (n= 4).
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5.6. Conclusions
In this chapter we tried to shed light into the differences among the application of 

various chitosan derivatives for their application as a vaccine delivery system. TMC as 

well as chitosan salts were prepared form the same starting material to try to achieve a 

better correlation for the interpretation of the findings between these different polymers. 

As polyanion, carboxymethylated pullulan has been synthesised to prepare particles by 

PEG. TMC-CMP particles could be prepared in a ratio of 2:1 for TMC to CMP, whereas 

for the chitosan salts (CCI and CG) the ratio had to be increased to 3:1 for the 

preparation of stable nanoparticles.

In the in-vivo experiments significant differences were observed among the various 

chitosan formulations following intranasal application. TMC-CMP-DT and TMC-CMP- 

DT-CpG nanoparticles resulted in significantly higher IgG antibody titres as compared 

to TMC-DT. Moreover, TMC-CMP-DT also elicited higher IgG antibody titres than CCI- 

CMP-DT and CG-CMP-DT. In the subclass analysis it was found that the co

encapsulation of CpG ODN resulted in the stimulation of a balanced Thi/Th2 response, 

whereas CpG ODN as a solution mainly boosted the Thi response. The same trend 

was found for the cytokine secretion indicating a balanced Thi/Tha response especially 

for TMC-CMP-DT -CpG. Interestingly, after i.m. administration the CCI-CMP-DT 

resulted in higher IgG, IgGi and IgGza antibody titres as compared to TMC-CMP-DT. 

However, for the cytokine response TMC-CMP-DT led to increased levels of IL-4, IL-6 

and TNF-a as compared to CCI-CMP-DT, whereas for IFN-y CCI-CMP-DT performed 

better than TMC-CMP-DT. This result highlights that not necessarily the highest 

cytokine expression always results in the highest antibody titres.

Taken all these results together it was shown that both TMC-CMP-DT and CCI-CMP- 

DT nanoparticles are very powerful vaccine adjuvants via the i.m. and i.n. route and the 

co-encapsulation of CpG ODN allowed the stimulation of a more balance Thi/Tha 

response. As discussed in the previous two chapters (Chapters 3 and 4), following 

intranasal application TMC-DT dispersions led to increased antibody titres compared to 

TMC-PG-DT and TMC-FUC-DT nanoparticles. It was therefore hypothesised that this 

may have been mainly due to the fact that the in-vivo study was terminated after 36 

days and TMC-PG-DT and TMC-FUC-DT nanoparticles could not show their full 

potential. With this in mind, in this chapter the in-vivo experiment was continued for 85 

days and TMC-CMP-DT nanoparticles were able to result in significantly improved IgG 

antibody titres as compared to TMC-DT with even a reduced toxicity.

172



6. A^trimethyl chitosan -  carboxymethylated laminarin 
nanopartlcies for the Intranasal delivery of tetanus 
toxoid

6.1. Abstract
In chapter six PEC is also used for the preparation of nanoparticles. Therefore, herein 

a novel low molecular weight polyanion was synthesized, namely, carboxymethylated 

laminarin (CML). After its synthesis this polyanion was then used with A/-trimethylated 

chitosan 5 cP HC, which has been discussed earlier, for the preparation of 

nanoparticles for the intramuscular and intranasal delivery of vaccines. In this chapter, 

as compared to the previous chapters, instead of using diphtheria toxoid (DT), tetanus 

toxoid (TT) was applied as a model antigen. Before the preparation of tetanus toxoid 

loaded particles, nanoparticles were prepared with bovine serum albumin and were 

characterized by particle diameter, surface charge, loading and production yield. Two 

different amounts of BSA were loaded into these particles: 7.5 pg/ml and 150 pg/ml 

which would yield 1% (m/m) and 20% (m/m) theoretical loading for formulations 3 

(ALPS, BLF3). Additionally, another formulation containing CG with CML (CLP series) 

was prepared as a control formulation to compare the difference between chitosan 

salts and trimethylated chitosan as it has been done in chapter 5. Formulation 3 of the 

ALP series (ALP3) and formulation 5 of the CLP series (CLP5) showed the best 

physicochemical characteristics and were therefore selected for further investigation. 

ALP3 and CLP5 were investigated for their toxicity and cellular uptake. Both of these 

formulations were readily taken up by macrophage cell lines (J 7741 .A) and the 

combination of TMC-CML and CG-CML reduced the toxicity as compared to TMC or 

CG alone measured by MTT assay with a Calu-3 cell line. The final experiments 

performed in this chapter were in-vivo studies in female BALB/c mice using formulation 

ALP3 and CLP5 loaded with TT which were compared to polymer antigen combinations 

as well as antigen alone. In the intramuscular study, which lasted for 85 days, alum 

adsorbed TT was also included due to its clinical relevance and only a single dose was 

applied, whereas in the intranasal study, which lasted only for 36 days, the mice were 

boosted on day 14. TT specific antibody titres were measured as well as the cytokine 

production by splenocytes after re-stimulation with the antigen TT. On day 36 after 

intranasal application no significant difference was observed in TT-specific IgG 

antibody titres between TMC-CML-TT and TMC-TT. In addition, the co-encapsulation 

of CpG ODN did not significantly enhance the IgG antibody titres, whereas the co

encapsulation of CpG ODN enhanced the TT specific IgGaa antibody titres significantly. 

The co-encapsulation of CpG ODN also enhanced the stimulation of IPN-y significantly 

as compared to the free antigen TT and also as compared to the formulations without
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CpG ODN. In conclusion, the preparation of TMC-CML nanoparticles reduces the 

toxicity of TMC significantly, but is still capable of resulting in a comparable immune 

response. On the other hand, only the co-encapsulation of CpG ODN is able to elicit a 

balanced Thi/Th2 response.

6.2. Introduction
In the previous chapter polysaccharide/polymer based nanocarriers were evaluated for 

the delivery of diphtheria toxoid. In this chapter tetanus toxoid was used as a model 

antigen. TT is produced by detoxification from tetanus toxin, a potent neurotoxin. 

Tetanus toxin is released under anaerobic conditions by the spore of clostridium tetani, 

which can be acquired by environmental exposure. It has a reported lethal dose of 1 

ng/kg body weight (Bruggemann et a!., 2003). Tetanus toxin is more widespread in 

warm countries compared to northern areas. Protection against tetanus mainly relies 

on the presence of neutralising antibodies after immunisations, and booster doses are 

required to maintain sufficient antibody levels (Alpar et a i, 2001 and Van Damme and 

Burgess, 2004). In developing countries, more than 500 000 infants die every year from 

neo-natal tetanus (Roper et a i, 2007). The best way to avoid it is through the 

immunization of pregnant women with at least two doses of tetanus. The patient 

compliance in these countries however is not very high and therefore, many women do 

not return for the second dose (Roper et ai., 2007). The development of a single dose 

vaccine would therefore result in an important improvement for the protection of the 

population (Roper et al., 2007). An alternative might be the development of a vaccine 

for nasal administration which would increase the compliance even further, since the 

problems associated with needles and the necessity of trained personal for its 

application would be avoided.

In most cases, TT is applied in a combination vaccine with DT and pertussis adsorbed 

onto alum, which results in micrometer size particulates or dispersions (Baylor et al., 

2002). To deliver antigens effectively via the nasal route, particles have to be 

formulated in the sub-micro range (Fujimura et al., 2006). To achieve this, the particles 

in this chapter were prepared by the same method as in the previous chapters 3 ,4  and 

5, but the polymers utilised for these formulations were different. Low molecular weight 

chitosan (5 cP) was used to prepare chitosan glutamate and TMC (see Chapters 3 and

5). An anionic counterpart was needed to prepare the nanocarriers and was 

synthesised from a beta (1-+3) glucan. This type of polysaccharide is mainly a 

component of fungi, bacteria and algae, and has shown several interesting medicinal 

properties such as immunostimulation and antitumour activity (Ohno etal., 1988; Bohn 

and BeMiller, 1995; Wang et al., 2004 and Leung et al., 2006). The latter is most likely
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related to the immununostimulative activity. Kataoka et al., (2002) has shown that beta 

(1->3) glucans are able to activate macrophages, which leads to the secretion of 

cytokine and TNF-a. Different receptors on macrophages and dendritic cells were 

postulated to be responsible for this effect such as the complementary receptor 3 (Cr 

3), the dectin-1 receptor as well as the scavenger receptor (Vereschagin et a!., 1998; 

Van et a!., 1999 and Brown, 2006). All of these receptors are part of the pattern 

recognition receptor’s (PAR) family, which also includes T-cell receptors (Guy, 2007 

and Trinchieri and Sher, 2007). It has been shown that the dectin-1 receptor is able to 

bind beta (1-^3) glucans and internalise them into macrophages and dendritic cells 

(Brown et a!., 2003 and Herre et a!., 2004). This is most likely explored by our body to 

fight against fungal and bacterial diseases to present them to the immune system 

(Brown, 2006).

One of the main difficulties in exploring beta (1-^3) glucans as active targeting moieties 

is their water insolubility. These polysaccharides exist in a broad variety of molecular 

weights dependant on the species (Williams, 1997 and Zekovic et a!., 2005). Most high 

molecular weight glucans are completely insoluble in water, whereas the low molecular 

weight glucans seem to be fairly soluble. Many different research groups studied the 

structure-function relationship of these polymers to find the main reason for their 

various effects (Bohn and BeMiller, 1995). The main structural differences are in their 

solution conformation, molecular weight, branching degree, and solubility, but the 

literature is quite controversial (Bohn and BeMiller, 1995 and Mueller et a!., 2000). 

Several groups have prepared different derivatives of beta (1—̂ 3) glucans by adding 

carboxymethyl-, sulphate and phosphate groups (Vereschagin et al., 1998; Wang et al., 

2004). Vereschagin et al., (1998) showed that carboxymethylated glucan derivatives 

due to the polyanion charge bind selectively to the scavenger receptor on 

macrophages and activates them, which might lead to their described antitumour 

activity.

In this study, laminarin was used, which is a low molecular weight beta glucan, found in 

Laminaria digitata and described the first time by Kylin in 1915 (Kylin, 1915). Laminarin 

has been shown to effectively bind to the dectin-1 receptor, but not to activate dendritic 

cells (Olsson and Sundler, 2007). However, when laminarin was cross-linked it showed 

the same effect as yeast beta glucan which is much bigger in molecular weight and 

resulted in the activation of macrophages (Seljelid et al., 1981). The most suitable 

extraction method was analysed by Black et al., (1951) and it is available in both 

soluble and insoluble forms from Sigma Aldrich. According to the literature, the water 

soluble form has a molecular weight of 6 KDa (Pang et al., 2005).
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The aim of this study was to prepare a carboxymethylated form of laminarin (CIVIL), and 

to use GML as a cross-linker in the preparation of IM G  and GG nanocarriers. As a 

hypothesis, GML might be able to reduce the toxicity of TMG significantly and might 

offer a good targeting option for dendritic cells to deliver antigens more effectively, 

possibly leading to an improved immune response.

6.3. Materials and Methods

6.3.1. Materials
The materials used in this study were: TMG 5 cP HG (chapter 3), GG 5 cP (Chapter 5), 

tetanus toxoid (TT) (NIBSG, UK), BSA (Sigma Aldrich, UK), FITG-BSA (Sigma Aldrich, 

UK), MTT (Sigma Aldrich, UK), laminarin (Sigma Aldrich, UK), ELISA plates (Fisher 

scientific, UK), IgG peroxidase (Sigma Aldrich, UK), IgGi, IgGaa and, IgA (Serotec, UK), 

ABTS substrate tablets (Sigma Aldrich, UK), cytokine kits (R&D Systems, UK), 

NuPAGE® Novex® Bis-Tris gels (Invitrogen, UK), SeeBlue® prestained protein marker 

(Invitrogen, UK), NuPAGE MOPS SDS Running Buffer (Invitrogen, UK), colloidal blue 

staining kit (Invitrogen, UK), GPG standard (Polymer laboratories, UK and Sigma 

Aldrich, UK) and GpG ODN (Goley Pharma, USA). The animals used in this study were 

female BALB/c mice (Harlan, UK). All other materials were of general grade.

6.3.2. Methods

6.3.2.1. Preparation of carboxymethylated laminarin (CML)
Laminarin (0.5g) and propanol (15 ml) were added to a 150 ml round bottom flask and

stirred at room temperature for 30 minutes. After dissolution, NaOH (1.5 ml, 30% m/v)

were added and agitating was continued for another 90 minutes. Sodium chloroacetate

(1.0 g) was added and stirring was continued for another 5 minutes. Thereafter, the

temperature was increased to 60*0 and the reaction was kept stirring for 3 h on a

paraffin oil bath. After the reaction was finished, the supernatant of the reaction was

poured off and the precipitate washed with a mixture of Acetone: Isopropanol (1:1) to

purify. The product was then dissolved in purified water and dialysed (cut off 2 - 4 kDa,

Visking) for 72 h against water to remove all impurities. After dialyses, the polymer

solution was filtrated through a 0.2 pm filter to remove all particulate matter and was

freeze dried (Virtis Advantage, UK). The final product was stored under vacuum at

room temperature.
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6.3.2.2. Molecular weight determination o f CML
The molecular weight of carboxymethylated laminarin was measured with a GPC triple 

detection system (VE 5200 GPC autosampler, VE 1121 GPG solvent pump, trial dual 

dectector model 270, VE 3580 refractive index (Rl) detector and VE 7510 GPG 

degasser, all Viscotek, UK) with PBS (pH 7.4). The used columns system was from 

viscotek (GMPWxi x 2, Viscotek, UK) and as a mobile phase PBS (pH 7.4) was used. 

The GPG system was calibrated by single injection of a narrow molecular weight 

polyethylene glycol standard (PEG 21450, Polymer laboratories, UK) and a broad 

Dextran standard (Dextran 50 kDa, Sigma Aldrich, UK). 5 different concentrations of 

each polymer (1 to 5 mg/ml) were subsequently injected in triplicates and the dn/dc 

was calculated with the help of the refractive index detector by the use of Omnisec 4.1 

software. The calculated dn/dc was then used to calculate the molecular weight of each 

polymer by the viscotek software.

6.3.2.3. ^^C-NMR analysis of carboxymethylated laminarin CML samples 
^®G-NMR, spectra of laminarin and carboxymethylated laminarin (GML) were obtained

with 400 MHz Bruker DMX-400 Spectrometer (Karlsruhe, Germany) by dissolving

samples of polymers in D2O.

6.3.2.4. Preparation of bovine serum albumin loaded N-trimethvI chitosan- 
carboxvmethvlated laminarin (CML) nanooarticles and chitosan alutamate-CML 
nanoparticles
Nanoparticles were prepared by addition of 5 ml aqueous solution of 

carboxymethylated laminarin (GML) of various concentrations (0.25, 0.5, 1.0, 1.5, 2.0 

and 2.5 mg/ml) into 5 ml TMG (5 cP HG, GG 5 cP) solution of different concentrations 

(0.5, 1.0, 1.5, 2.0 and 2.5 mg/ml), respectively, under magnetic stirring and at room 

temperature. Bovine serum albumin was added into the GML solution. Nanoparticles 

were concentrated with a VivaSpin® concentrator (MW 30.0000a, VivaScience, USA) 

using centrifugation at 3000 rpm for 2 h. Bradford analysis was performed to determine 

the BSA amount in the supernatant for the investigation of loading efficiency.

6.3.2.5. Preparation of F (TC-BSA loaded TMC nanoparticles
Nanoparticles were prepared by addition of 1 ml aqueous GMP solution (0.5 mg/ml)

into 1 ml TMG 5 cP HG or GG 5 cP solution (both 1.0 mg/ml) under magnetic stirring at 

room temperature. FITG ladled bovine serum albumin (FITG-BSA 7.5 pg/ml) was 

added into the polyanion solution. These particles were used for the uptake studies 

with the macrophage cell line (J 7741 .A).
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6.3.2.6. Preparation of Tetanus toxoid (TT) loaded particles
TT loaded nanoparticles were prepared as stated above (6.3.2.4). BSA was replaced

by TT. For the in-vivo experiment the particles were concentrated to yield 5 LF units/25

pi for intranasal application and 5 LF units/50 pi for intramuscular administration.

6.3.2.7. Immunisation schedule for intranasal administration of TT  loaded 
nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received intranasally 25 pi volume of TT loaded 

nanoparticles (TMC-CML-TT, CG-CML-TT and TMC-CML-TT-CpG), dispersions (TMC- 

DT and CG-DT), toxoid solution alone (TT) or CpG and toxoid solution (CpG-TT), 

respectively. The animals were boosted on day 20 with nanoparticles which were 

equivalent to 2.5 pg/25pl of TT. Tail vein blood samples were taken after 12, 21 and 36 

days and antibody responses were assessed by ELISA.

6.3.2.8. Immunisation schedule for the intramuscular administration of TT  
loaded nanoparticles
In-vivo studies were performed according to European Community guidelines for 

animal experimentation and approved by the Animal Care Committee of the School of 

Pharmacy and the Home Office. Female BALB/c mice were randomly divided into 

groups of four. Each mouse received intramuscularly 50 pi volume of TT-loaded 

nanoparticles (TMC-CML-TT and CG-CML-TT), dispersions (TMC-TT and CG-TT), 

toxoid solution alone TT, or alum adsorbed TT. Tail vein blood samples were taken 

after 12, 21, 36 and 85 days and antibody responses were assessed by ELISA.

6.3.2.?. In vitro re-stimulation of spleen ceils with diphtheria toxoid
For the analysis of tetanus toxoid cytokines, spleens were harvested upon termination

of the experiment. After surgical removal of the spleens, splenocytes were isolated into

media (RPMI, Gibco, Paisley, UK) supplemented with 10% foetal bovine serum (Gibco,

Paisley, UK), 20mM L-glutamine (Sigma, Poole, Dorset, UK), lO^U / L penicillin (Sigma,

Poole, Dorset, UK) and 100 mg/L streptomycin (Sigma, Poole, Dorset, UK) (Working

media). Thereafter, the spleens were washed with PBS and working media. The 4

spleens from each group were placed in a cell strainer. Spleens were mashed with the

plunger of a 2 or 5ml syringe and cells were forced through the nylon mesh of the

strainer. The strainer and the plunger were washed with abundant wash media. The

cells were washed in 20-30ml wash media. The cell suspensions were centrifuged at

300 g for 10 min. The supernatants were decanted and quickly re-suspended. After the
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pellet was re-suspended in lysis buffer (20x volume of pellet) the cell suspension was 

incubated for 5 minutes. Wash media was added to a volume of 30- 40 ml and 

centrifuged again at 300 g for 10 min. Then the pellets were re-suspended in 30-40 ml 

of wash media. In a 0.5 ml tube 10 pi of cell solution were added to 10 pi of Trypan 

blue. 10 pi were removed and viable cells were counted with a Neubar chamber. The 

number of live cells were counted in 2 large squares ( 4 x 4  smaller squares), were 

averaged and the following equation was used to calculate the number of cells / ml:

Cells/ml = Average x 2 x 10^

Spleen cells were used at a concentration of 1 x 10^ cells /ml. The appropriate volume 

was removed and placed in a 15ml tube and centrifuged. The desired volume was re

suspended in media. The cell suspension was plated out at 200 pl/well in a 96 wells flat

bottom plate and cultured at 37^C at 5% CO2  for 72 hours. This gave a concentration

of 2 X 10® cells/well. Stimulations were done in duplicate or triplicate with 10 LF/ml of 

TT or with PBS pH 7.4. After 72 h the supernatants were withdrawn form the 96 well 

plates using an automatic pipette. The supernatants were centrifuged at 15 000 rpm for 

10 minutes to remove all particulate matter. Afterwards, the supernatants were stored 

at -70"C until further analysis. IL-4, IL-6, IFN-y and TNF-a were analysed using 

DuoSet sandwich ELISA kits (R&D Systems, Oxon, UK) in accordance with the 

manufacturer’s instructions.

6.4. Results and Discussions

6 .4 .1 . Synthesis and characterisation carboxymethyiated laminarin (CML)
To our knowledge, the preparation of a carboxymethylated version of laminarin from

Laminaria digitata has not been published. Other beta (1-^3) glucans have been 

carboxymethylated such as curdlan from Alcaligenes faecalis var. myxogenes IFO 

13140 and SSG from Sclerotinia sclerotiourum IFO 9395 (Sasaki eta!., 1979 and Ohno 

et a!., 1988). Beta (l-^S) glucans and its derivatives are all known to be 

immunostimulants and to have anticancer activity (Ohno et al., 1988; Bohn and 

BeMiller, 1995 and Wang et a!., 2004). It was shown that even the carboxymethylated 

version of curdlan still retained its adjuvant activities as well as its anticancer activity. 

Ohno et a!., (1988) and Saski et al., (1979) showed that curdlan’s adjuvant effect is 

dependent on the degree of carboxymethylation. Honda et a!., (1986) prepared 

different low molecular weight compounds from curdlan and carboxymethylated them 

to evaluate the difference between different molecular weights as well as different
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degrees of substitution. Ohno eta!., (1988) and Sasaki etal., (1979) found a reduction 

of activity dependent on an increased substitution. Honda et al., (1986) found that an 

increase degree of substitution did not stimulate APCs at all. Honda et a!., (1986) also 

showed that the polysaccharide needed a DP of at least 20 to be effective. These 

studies with beta (1-^3) glucans were done before the identification of PRR. Later 

studies have mainly focused on the use of non-substituted beta (1-»3) glucans. The 

most recent work with derivatised beta (1-*3) glucans is form Verschagin et a!., (1998). 

They showed that carboxymethylated beta (1-+3) glucans most likely attach onto 

scavenger receptors of macrophages and dendritic cells and therefore compete with 

endotoxins. Other studies were conducted with non-derivatised beta (1-+3) glucans 

where it was shown these bind to different receptors such as the dectin-1 receptor and 

the CR3 receptor (Yan et a!., 1999 and Brown et a!., 2007). In any case, independent 

of which receptor type is involved, the consequence was an activation of macrophages 

and dendritic cells (Verschagin et a!., 1998; Yan et a!., 1999 and Brown et a!., 2007). 

Therefore, the use of a carboxymethylated derivative of laminarin for a more effective 

delivery of vaccines seems to be a good rational. To prepare carboxymethylated 

laminarin the method of Sasaki et a!., (1979) was adapted (Figure 71). According to 

Sasaki et a!., (1979) the addition of sodium hydroxide in intervals resulted in the 

highest degree of substitution. Therefore, this part of the method was used with the 

rationale that a higher degree of carboxymethylation would result in a better interaction 

with TMC and GG, and therefore, possibly would lead to the fabrication of smaller 

particulates as compared to the findings in chapters 3, 4 and 5. The main difference 

between Sasaki’s etal., (1979) method and this preparation method lies in a difference 

in the purification step. Sasaki et al., (1979) used a number of dissolution and re

precipitation steps before freeze drying, whereas in this protocol the product was 

washed with acetone before dissolving it in water and subsequently dialysed.

HO HOOCO'OH OCOOH

Figure 71 Reaction scheme of carboxymethyiated iaminarin (CML) (Sasaki etal., 1979).

After dialysis the product was freeze dried and stored until further analysis. After the 

synthesis the polymers were characterised by ^®G-NMR. Figure 72 A shows the NMR 

spectrum before carboxymethylation. Figure 72 B shows the carboxymethylated 

laminarin where a peak is visible at 180 ppm which was attributed to a carbonyl group.

180



We therefore concluded that the addition of sodium chloroacetate in 2-propanol is able 

to carboxymethylated laminarin as it was previously shown for curdlan (Saski et al., 

1979).

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

0 ppm

Figure 72 ^^C-NMR graph of A) laminarin and B) carboxymethyiated iaminarin. All peaks 
are shown are associated to the 1-3 (p glucan) structure apart from the peak at 180 ppm which 
was not observed for laminarin. The peak at 180 ppm represents a carbonyl group and is 
therefore an indication of successful carboxymethylation

For the determination of the molecular mass gel permeation chromatography was 

used. The polymers were dissolved in PBS (pH 7.4) and different concentrations were 

run on the GPC system to calculate the dn/dc which was found to be approximately 

0.13. Mueller et a!., (2000) found a dn/dc for laminarin of around 0.164 in sodium 

nitrate as mobile phase, whereas in this study PBS pH 7.4 was used. The molecular 

weight determination of laminarin by Mueller et a!., (2000) was found to be 7.7 kDa, 

whereas Pang et a!., (2005) found it to be 5.9 kDa. The molecular weight found in this
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study was 5.2 kDa (Table 39). It would appear that independent of the different dn/dc 

values the final molecular weights were in good correlation. The slight differences in 

molecular weight might also be due to batch to batch variations because of its 

biological origin. Unfortunately, Mueller et al., (2000) did not specify from which plant 

laminarin was extracted. Nevertheless, the Mw/Mn values correlate well among the 

different studies. To our knowledge, the influence of carboxymethylation on the effect 

of molecular weight has not yet been studied. Interestingly, the molecular weight found 

after carboxymethylation (6.8 kDa) was higher than before carboxymethylation (5.2 

kDa). A reason for this could be that crude laminarin contains insoluble molecules that 

were filtered out and therefore were not analysed by GPC. During the process of 

carboxymethylation these insoluble molecules may become soluble leading to a small 

increase in molecular weight.

Table 39 Gel permeation chromatography results for laminarin (Sigma Aldrich, UK) and 
cartx)xymethylated laminarin (CML). PBS was used as a mobile phase for triple detection 
GPC (Rl, IV and RALS). Mn, Mw, Mz, Mp, M«/Mn and recovery were calculated after obtaining the

Polymers I dn/dc 1 Mn Mw Mz Mp Mw/Mn Recovery
1ja ia L (kDa) (kDa) (kDa) (kDa) (%)

LAM 0.128 4.791 5.164 6.526 4.332 1.078 99.71
CML 1 0.131 1 6.458 6.806 7.799 5.792 1 1.054 97.68

6.4.2. Characterisation of A/4rimethyi chitosan-carboxymethyiated 
iaminarin (TMC-CML) and chitosan giutamate-CML (CG-CML) 
nanoparticles
Water was chosen as the preferred medium to prepare the nanocarriers by 

polyelectrolyte complexation, since the smallest particles could be prepared in this 

medium compared to earlier preparations using 0.9% (m/v) NaCI and PBS saline (pH 

7.4) (data not shown). As in the previous chapter two different cationic polymers TMC 

and CG were used to prepare nanoparticles. Instead of preparing these two chitosan 

derivatives from higher molecular weight chitosan, as previously described (16 cP 

primex. Chapter 5), in this study the two polymers were prepared from chitosan 5 cP 

(Primex). The rational behind this approach was that lower molecular weight chitosan 

might interact different way than the higher one (chitosan 16 cP) and therefore might 

yield smaller nanoparticles (Schatz et a!., 2004). TMC was synthesised and 

characterised as discussed in chapter 3. TMC 5 cP HC was selected with a 

trimethylation degree of 87% and a Mn 16.33 kDa (Chapter 3). The preparation of CG 

was also discussed in chapter 5 and was selected again as a control polymer to bring 

more insight into the fundamental difference between chitosan salts and TMC (chapter 

5). CML was used as the polyanionic counterpart and was selected due to its low 

molecular weight (Mp 6.46 kDa) as compared to fucoidan, PG, and CMP, which all
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have much higher molecular weight. Due to this reason CML might better be used as a 

crosslinker rather than a polyelectrolyte for the preparation of nanoparticles and might 

be ideal for the crosslinking of low molecular mass TMC 5 cP HC and CG 5 cP.

Table 40 Nanoparticles prepared with TMC 5 cP HC and carboxymethylated laminarin 
(CML). The ratios of TMC 5 cP HC to CML varied from 1:1 to 5:1, respectively. In these series 
of formulations named ALF series, 7.5 pg/ml bovine serum albumin (BSA) was used. This 
amount of BSA would yield 1% (m/m) theoretical loading for formulation ALF3. Mass ratios, zeta

Formulation TMC ScP 
HC 

(mg/mi)

CML
(mg/ml)

Zeta Potential 
(mV±SD)

Yield
(%±SD)

Encapsulation
efficiency
(%iSD)

ALF1 0.5 0.25 18.9±1.1 99.7611.2 88.8713.1
ALF2 0.5 0.5 Aggregation

ALF3 1.0 0.5 19.3±0.8 98.7213.1 95.7513.9
ALF4 1.0 1.0 Aggregation

ALF5 1.5 0.5 24.310.9 76.5415.2 87.5314.7
ALF6 1.5 1.0 Aggregation

ALF7 1.5 1.5 Aggregation

ALF8 2.0 0.5 25.410.9 54.2416.7 92.3116.2

ALF9 2.0 1.0 16.812.1 96.6813.1 95.6414.1
ALF10 2.0 1.5 Aggregation

ALF11 2.0 2.0 Aggregation

ALF12 2.5 0.5 25.411.0 45.7819.8 83.9613.2
ALF13 2.5 1.0 27.410.8 79.8716.2 91.5416.8
ALF14 2.5 1.5 Aggregation

ALF15 2.5 2.0 Aggregation

ALF16 2.5 2.5 Aggregation

Different combination ratios between TMC 5 cP HC and CML as well as CG 5 cP HC 

and CML were analysed. The ratios were varied from 1:1 to 5:1, respectively. 

Additionally, different amounts of solids were used, since a larger amount of solid tends 

to result in larger particles and too much solid results in aggregation (Schatz et al.,

2004). Moreover, TMC 5 cP HC-CML particles were prepared with two different 

quantities of protein: 7.5 pg/ml bovine serum albumin (BSA), named ALF series, and 

150 jig/ml BSA, named BLF series (Tables 40 and 41). This amount would provide 1% 

(m/v) and 20% (m/v) theoretical loading for formulation number 3 (for ALF3 and BLF3, 

respectively) (Tables 40 and 41). CG-CML particles were only prepared with 7.5 pg/ml 

BSA, named CLF series, since 1% (m/v) loading was chosen for use in the in-vivo 

experiment (Table 42). As seen in the previous chapter (Chapter 5) it was only possible 

to prepare CG 5 cP HC-CML nanoparticles in a 3:1 ratio, whereas the TMC 5 cp HC- 

CML particles could be prepared in a 2:1 ratio. The reason behind this might be related 

to a different charge density between TMC 5 cP HC and CG 5 cP, in which CG 5cP HC 

shows a lower charge density due to the attachment of glutamic acid onto the chitosan 

molecule. To prepare stable nanoparticles with CG 5 cP HC the ratio had to be altered
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to 3:1 for CG and CML, respectively (see Chapter 5). At this ratio, formulation CLF5 

yielded particles with a diameter of 183.5 ± 1.83 nm and with a polydispersity index of 

0.196. The smallest nanocarriers for all formulations were prepared from formulation 

number 5 (ALF5 160.4 ± 3.81 nm, BLF5 171.6 ± 2.97 nm and CLF5 183.5 ± 1.83 nm) 

(Tables 43, 44 and 45). Interestingly, no significant differences were observed between 

the different chitosan derivatives for formulation 5 (ALF5, BLF5 and CLF5) compared to 

the particles prepared with chitosan 16 cP derivatives and CMP in which TMC 

particles, were smaller compared to particles prepared with chitosan salts (see Chapter 

5). This might be related to the difference in molecular weight between CMP (282.7 

kDa) and CML (6.8 kDa) which might interact differently with chitosan derivatives. 

Another possibility might be that the different molecular weight of chitosan might affect 

the particle diameter (Schatz et al., 2004). Lin et al., (2005) have also shown that for 

the preparation of stable chitosan-PG nanoparticles the ratio of 3:1 for chitosan to PG 

had to be used.

Table 41 Nanoparticles prepared with TMC 5cP HC and CML. The ratios of TMC 5 cP HC to
CML varied from 1:1 to 5:1, respectively. In these series of formulations that BLF series, 150 
ug/ml bovine serum albumin (BSA) was used. This amount of BSA would yield 20%  (m/m) 
theoretical loading for formulation BLF3. Mass ratios, zeta potential, yield and encapsulation

Formulation TMC 5cP 
HC 

(mg/ml)

CML
(mg/ml)

Zeta Potential 
(mV±SD)

Yield
(%±SD)

Encapsulation 
efficiency (%iSD)

BLF1 0.5 0.25 12.810.4 81.9018.1 89.8116.2
BLF2 0.5 0.5 Aggregation

BLF3 1.0 0.5 11.411.2 79.8617.2 90.5617.1

BLF4 1.0 1.0 Aggregation

BLF5 1.5 0.5 16.110.7 30.9716.9 94.4415.2

BLF6 1.5 1.0 Aggregation

BLF7 1.5 1.5 Aggregation

BLF8 2.0 0.5 13.810.6 19.28110.5 96.4115.9

BLF9 2.0 1.0 14,110.9 32.7219.8 91.514.6

BLF10 2.0 1.5 Aggregation

BLF11 2.0 2.0 Aggregation

BLF12 2.5 0.5 19.710.8 16.7416.2 92.7019.0

BLF13 2.5 1.0 16.411.1 18.3518.1 93.8718.1

BLF14 2.5 1.5 Aggregation

BLF15 2.5 2.0 Aggregation

BLF16 2.5 2.5 Aggregation

Formulation number 3 (ALF3 and BLF3) for the TMC 5 cP HC containing particles, 

which were prepared in a 2:1 ratio for TMC to CML, showed differences in particle 

diameter. Formulation ALF3 resulted in a particle diameter of 205.7 ± 3.54 nm, 

whereas BLF3 particle diameter was 365.5 ± 24.24 nm. The difference between these 

two formulations is as stated earlier, that for ALF3 7.5 pg/ml of BSA was used and for
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BLF3 150 ng/ml. This higher amount of protein, which can also be regarded as 

polyelectrolyte due to its amphyolytic nature, will also interact with the positively 

charged TMC (Cooper et al., 2005 and Mao et a!., 2005). Therefore, an increase in the 

total amount of protein would result in a lower surface charge of the particles and might 

therefore produce larger particles. This hypothesis can be verified by comparing the 

surface charge of ALF3 and BLF3, in which ALF3 resulted in a surface charge of 19.3 ± 

0.8 mV and BLF3 of 11.4 ± 1.2 mV. Therefore, our hypothesis might be valid, since a 

reduced surface charge resulted in bigger carriers. Overall, all formulations prepared 

with a higher amount of BSA (150 pg/ml) resulted in a lower surface charge as 

compared to 7.5 pg/ml loaded BSA, something which might be due to the surface 

location of the protein. The same effect has been presented in the previous chapters 3, 

4 and 5 in which a higher theoretical loading resulted in a reduced particle surface 

charge.

Table 42 Nanoparticles prepared with CG 5 cP and CML. The ratios of TM C 5 cP HC to CML
varied from 1:1 to 5:1, respectively. In these series of formulations named CLF series, 7.5 pg/ml 
bovine serum albumin (BSA) was used. This amount of BSA would yield 1% (m/m) theoretical 
loading for formulation CLF3. Mass ratios, zeta potential, yield and encapsulation efficiency are

Formulation TMC ScP 
HC 

(mg/ml)

MCC HC 
(mg/ml)

Zeta Potential I Yield I Encapsulation efficiency 
(mVlSD) (%±SD) (%iSD)

CLF1 0.5 0.25 Aggregation

CLF2 0.5 0.5 Aggregation

CLF3 1.0 0.5 Aggregation

CLF4 1.0 1.0 Aggregation

CLF5 1.5 0.5 12.6±0.8 73.0±4.2 91.69±7.7

CLF6 1.5 1.0 Aggregation

CLF7 1.5 1.5 Aggregation

CLF8 2.0 0.5 15.4±0.5 51.0±7.1 91.40±6.1

CLF9 2.0 1.0 Aggregation

CLFIO 2.0 1.5 Aggregation

CLF11 2.0 2.0 Aggregation

CLF12 2.5 0.5 19.9±1.1 56.9±9.9 88.29±3.7

CLF13 2.5 1.0 Aggregation

CLF14 2.5 1.5 Aggregation

CLF15 2.5 2.0 Aggregation

CLF16 2.5 2.5 Aggregation

CG5 resulted in a surface charge of 12.6 ± 0.8 mV, whereas ALF5 resulted in a surface 

charge of 24.3 ± 0.9 mV. In these two formulations all parameters were kept the same: 

(/) the ratio between the cationic to the anionic polymer (TMC to CML or CG to CML), 

(//) the total amounts of solids used, and (///) the amount of encapsulated BSA (7.5 

pg/ml). These results might indicate that CG 5 cP resulted in lower charged particles 

due to a lower charge density along the molecule. On the other hand, TMC 5 cP HC a
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highly trimethylated polymer with a high charge density resulted in more positively 

charged carriers (Tables 40 and 41). The highest yields were obtained for formulations 

1 and 3 for TMC nanoparticles (ALF1 99.8%, ALF3 98.7%, BLF1 81.9% and BLF3 

79.9%) and formulation number 5 for GG (CLF5 73.0%) (Tables 40, 41 and 42). A 

higher BSA loading concentration of 150 pg/ml resulted in a slight decrease of the yield 

in the BLF series as compared to the ALF series. The yield was also affected by 

altering the ratio between TMG to GML, in which ALF3 (2:1 TMG to GML) resulted in a 

yield of 98.7%, whereas ALF12 resulted in 45.78%. Most of these obtained data are in 

line with the results obtained in the previous chapters 3, 4 and 5, and also with 

previous studies in which it was shown that a change in composition affects the surface 

charge and the particle diameter (Schatz et ai, 2004 and; Lin et al., 2005).

Table 43 Nanoparticles prepared with TMC ScP HC and CML (see table BLF series).

Formulation
After Pi 

Z Average 
diameter 
(nm±SD)

eparatlon
Polydispersity

Index

BLF1 554.4±61.6 0.465

BLF2 Aggregated

BLF3 365.5±24.24 0.106

BLF4 Aggregated

BLF5 171.6±2.97 0.133

BLF6 Aggregated

BLF7 Aggregated

BLF8 176.9±46.43 0.252

BLF9 294.2±16.41 0.096

BLF10 Aggregated

BLF11 Aggregated

BLF12 176.4±81.2 0.372

BLF13 188.2±3.78 0.153

BLF14 Aggregated

BLF15 Aggregated

BLF16 Aggregated

6.4.3. Physical stability of TMC-CML and CG-CML nanoparticles after one 
month storage at 4°C and an assessment of protein loading
The particles were stored after preparation for 4 weeks at 4*0. Particle diameter

measurements were obtained after 1, 2 and 4 weeks. This experiment was only done 

for 7.5 pg/ml theoretical loaded nanocarriers for TMG and GG since only these carriers 

were intended to be used in the in-vivo studies. The formulations' particle diameters 

remained approximately the same with the exception of formulation GLF 13 which 

aggregated after 1 week of storage (Tables 43, 44 and 45). There was a slight increase 

in the polydispersity index observed for the formulations ALF 12 (from 0.152 to 0.503),
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ALF 13 (0.306 to 0.433) and CLF 12 (0.229 to 0.539). This is likely due to the high 

amounts of solids used. The protein loading for all formulations was about 90% and 

was not affected by changing the composition as seen in the previous chapters (see 

Chapters 3, 4 and 5) (Tables 40, 41 and 42).

Table 44 Nanoparticles prepared with TMC 5cP HC and CML (see table for ALF series).
Particle diameters are given immediately after preparation as well as during a storage period of

Formulation
After

Preparation
After 1 week 

at4«C
After 2 

weeks at
4»C

After 4 weeks at 
4®C

Z Average 
diameter 
(nm±SD)

Z Average 
diameter 
(nmiSD)

Z Average 
diameter 
(nmiSD)

Z Average 
diameter 
(nmiSD)

ALF1 186.8±5.10 
PI: 0.208

214.119.41 
PI: 0.285

220.515.87 
PI: 0.259

219.016.25 
PI: 0.316

ALF2 Aggregated
ALF3 205.7±3.54 

PI: 0.254
234.312.54 
PI: 0.252

240.516.60 
PI: 0.257

239.315.02 
PI: 0.334

ALF4 Aggregated
ALF5 160.4±3.81 

PI: 0.083
186.415.64 
PI: 0.102

210.113.62 
PI: 0.236

194.314.40 
PI: 0.139

ALF6 Aggregated
ALF7 Aggregated
ALF8 178.4±5.30

Pl:0.118
179.911.99 
PI: 0.136

182.017.70 
PI: 0.235

186.915.81 
PI: 0.243

ALF9 246.1 ±3.44 
PI: 0.298

256.113.80 
PI: 0.203

262.8112.7
9

PI: 0.078

281.816.58 
PI: 0.278

ALF10 Aggregated
ALF11 Aggregated
ALF12 181.3±6.97 

PI: 0.152
212.8110.94 

PI: 0.321
271.4112.9

8
PI: 0.485

270.7116.25 
PI: 0.503

ALF13 242.713.05 
PI: 0.306

230.515.74 
PI: 0.184

276.917.56 
PI: 0.250

306.215.11 
PI: 0.433

ALF14 Aggregated
ALF15 Aggregated
ALF16 Aggregated
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Table 45 Nanoparticles prepared with CG ScP and CML (see table CLF series). Particle 
diameters are given immediately after preparation as well as during a storage period of 4 weeks 
(n=3).

Formulation

CLF1
CLF2
CLF3
CLF4
CLF5

CLF6
CLF7
CLF8

CLF9
CLFIO
CLF11
CLF12

CLF13

CLF14
CLF15
CLF16

After
Preparation

Z Average 
diameter 
(nmtSD)

After 1 week 
at 4“C

Z Average 
diameter 

^nm±SD^

After 2 
weeks at

4“C
Z Average 
diameter 
(nmtSD)

Aggregated
Aggregated
Aggregated

183.5+1.83
P l;0 .196

193.1±4.41 
PI: 0.163

Aggregated
203.8+5.43  

PI: 0.147
Aggregated

219.7±2.94  
PI: 0.161

216.1 ±4.28  
PI: 0 .169

Aggregated
201.1 ±5.85  

PI: 0.210
Aggregation
Aggregated

243.8±3.19  
PI: 0.229

221.1 ±3.85 
PI: 0.237

245.0±6.15  
PI: 0 .218

Aggregated
232.7±4.62  

PI: 0.182

Aggregated

Aggregated
Aggregated

^Aggregated

After 4 weeks at
4»C

Z Average 
diameter 

^nmd^D)^

191.9±3.98 
PI: 0.149

190.5±5.02  
PI: 0.275

315.2±15.2  
PI: 0.539

6.4.4. Evaluation of protein integrity
The protein integrity was analysed by S D S  P A G E  for the 7.5 pg/ml theoretical loaded 

nanoparticles, because this will result in 1%  (m /m ) theoretical loading for formulation 

num ber 3 (ALF3), the intended concentration for the in-vivo experim ent. In general, as 

seen in Figure 73 there seem s to be no obvious difference in the visible protein bands 

between the protein standard (unprocessed BSA) and the protein released from the 

particles. Also no difference was observed when different excipients ( IM G  or GG) were  

used. Therefore, it m ay be concluded that the protein is intact after preparation, which 

is no surprise due to the mild preparation technique. These results are in agreem ent 

with the results obtained in the previous chapters (see Ghapters 3, 4  and 5) and also 

with results from the literature where it was shown that TM G  and chitosan nanoparticle 

production did not disrupt the protein structure (Amidi et a!., 2007  and Borges et a!., 

2007).
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Figure 73 SDS-PAGE of BSA loaded nanoparticles: A) Immediately after preparation TMC 5 
cP HC-CML nanoparticles, lane 1; SeeBlue® protein marker (Invitrogen), lane 2: BSA standard 
non-encapsulated (7.5 pg/ml), lane 3: standard non-encapsulated (7.5 pg/ml), lane 4: 
formulation ALF1, lane 5: formulation ALF3, lane 6: formulation ALF5, lane 7: formulation ALF8, 
lane 8: formulation ALF9, lane 9: formulation ALF12, lane 10: formulation ALF13. B) 
Immediately after preparation CG 5 cP - CML nanoparticles, lane 1: SeeBlue® protein marker 
(Invitrogen), lane 2: BSA standard (7.5 pg/ml) , lane 3: BSA standard (7.5 pg/ml), lane 4: 
formulation CLF5, lane 5: formulation CLF8, lane 6: formulation CLF12, lane 7: formulation 
CLF13.

6.4.5. Effect of centrifugation and freeze-drying to the physicai stabiiity of 
nanoparticies
To separate tfie particles from non reacted T M C  when it was used in excess, which 

might increase the toxicity, centrifugation was used (Kean et al., 2005  M ao et al., 

2005). Only formulation ALF3 and C LF5 w ere prepared since these formulations were  

intended to be used for the in-vivo experim ent. The  particle size was m easured soon 

after preparation and at set time points after centrifugation. The particle diam eter 

obtained was 2 03 .3  ± 3 .34  nm for formulation A LF3 (Sam ple 1) and 177.3  ± 5.41 nm 

for C LF5 (Sam ple 6) (Tables 46  and 47). Both of these results are in line with the 

results obtained in the optimisation study (Tables 4 4  and 45). After 30 minutes of 

centrifugation som e of the larger particles w ere separated and found in the pellet, 

w hereas the sm aller particles still rem ained dispersed in the supernatant, something  

which is in line with the results obtained for T M C -P G , T M G -F U C  and T M C -C M P  

nanoparticles (see Chapters 3, 4  and 5). It was possible to re-disperse the pellet of the  

T M C  particles which gave a  particle d iam eter of 225 .7  ± 8 .89  nm (Sam ple 2), whereas  

the C G  particles (CLF5, Sam ple 7)) w ere com pletely aggregated. Also, a slight 

increase in polydispersity was observed for formulation A LF3 after 30 minutes of 

centrifugation, increasing from 0 .172  to 0 .26 7  for formulation ALF3. The  re- 

dispersability of the T M G  particles might be due to their higher surface charge, which 

increases colloidal stability and therefore stabilised the formulation.
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Table 46 Effect of centrifugation of formulation ALF3 prepared in a 2:1 ratio of TMC 5 cP 
HC to CML, respectively. Investigation of the centrifugation times as well as the addition of

2 ml). Particle d ameters were obtained by PCS measurem<snts (n=3).
Formulation Glycerol (ml) Time (min) Z Average 

Particle 
diameter 
(nm±SD)

Polydispersity
Index

1* - - 203.313.34 0.172

2 - 30 225.718.89 0.267

3 - 60 Aggregated

4 - 120 Aggregated

5 0.2 120 224.719.87 0.201

e diameter was measured imimediately afte>r preparation without centrifugé

Table 47 Effect of centrifugation (5000 rpm) of formulation CLF5 prepared in a 3:1 ratio of
CG 5 cP to CML, respectively. Investigation of the centrifugation times as well as the addition

Formulation Glycerol (ml) Time (min) Z Average 
Particle 

diameter 
(nm±SD)

Polydispersity
Index

6* - - 177.315.41 0.221

7 - 30 Aggregated

8 - 60 Aggregated

9 - 120 Aggregated

10 0.2 120 215.714.16 0.310

e diameter was measured imimediateiy afte;r preparation without centrifugé

After 60 and 120 minutes of centrifugation neither ALF3 (Samples 3 and 4) nor CLF5 

(Samples 8 and 9) particles could be re-dispersed (Table 46 and 47). Therefore, to 

achieve a complete separation of the particles a glycerol bed was used to protect the 

particles as in chapters 3, 4 and 5. In chapter 4, different amounts of glycerol (0.2 ml, 

0.5 ml and 1.0 ml) were utilised for the centrifugation and no significant difference was 

observed. Therefore, the 0.2 ml of glycerol were used for the following centrifugation 

experiment. The particle diameter of formulation ALF 3 (Sample 5) obtained after 120 

min. of centrifugation with 0.2 ml glycerol was 224.7 ± 9.87 nm with a polydispersity 

index of 0.201, whereas for formulation CLF5 (Sample 10) it was 215.7 nm ± 4.16 with 

0.310 (Tables 46 and 47). In summary, the addition of glycerol slightly increased the 

particle diameter and polydispersity index of ALF3 and CLF5 after centrifugation, 

something which has also been reported in the literature for TMC nanoparticles 

prepared with TPP (Amidi et a!., 2006). The particles containing CG (CLF5) showed a 

higher increase in particle diameter and polydispersity index than the TMC 

nanoparticles (ALF3). This might be attributed to the lower surface charge of 

formulation CLF5 (12.6 ± 0.8 mV) as compared to ALF3 (24.3 ± 0.9 mV), which
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reduced CLFS’s colloidal stability during centrifugation (Tables 40 and 42). For further 

discussion see Chapter 4.

After the centrifugation study the effect of freeze drying was evaluated. Therefore, 5% 

(m/v) and 20% (m/v) trehalose solutions were prepared and added to the nanoparticle 

suspensions. Interestingly, neither 5% (m/v) nor 20% (m/v) trehalose were able to 

preserve the particle structure of formulations ALF3 and CLF5. A reason for this might 

be the highly negatively GML, since it was shown in chapter 5 that particles prepared 

with GMP could be stabilised during freeze drying using a 5% (m/v) trehalose solution 

and in chapter 4 it was shown that TMG-FUG nanoparticles could also retain the 

particle structure by the addition of trehalose. However, for the TMG-PG nanoparticles 

trehalose was not capable of stabilizing the nanoparticles after freeze drying. Base on 

all these results it would seem that the stabilisation of nanoparticles after freeze drying 

is formulation dependent. To our knowledge, TMG nanoparticles have not been 

investigated for their capability to be freeze dried but Fernandez-Urrusuno etal., (1999) 

and Layre et a!., (2006) have shown that polysaccharides could be used as 

cryoprotectants for chitosan nanoparticles.

6.4.6. Toxicity evaiuation
As in the previous chapter the Galu-3 cell line was chosen since it is a good model for 

the upper airway thereby enabling toxicity evaluations of nasally applied drug delivery 

systems (Borchard, 2002). TMG is known to be toxic with toxicity dependent on the 

degree of trimethylation and on molecular mass (Kean et a!., 2005 and Mao et a!.,

2005). PEI, a toxic cationic polymer, was used as a positive control, whereas the cells 

used as a negative control were only incubated with media (Neu et a!., 2005).

As expected, PEI resulted in a much lower cell viability (13.0 ± 0.5) even at a 

concentration of 0.05 mg/ml as reported in the previous chapters and in the literature 

(Neu et a!., 2005). TMG 5 cp HG at a concentration of 2 mg/ml has a cell viability of 

72.7 ± 3.58%, which is a significantly reduced toxicity compared to TMG 9 cP HG with 

a value of 12.9 ± 0.9%, at a concentration of 2 mg/ml (Figure 74). The degree of 

trimethylation for these two polymers is 78% and 87% for TMG 9 cP HG and TMG 5 cP 

HG which is quite similar, whereas the molecular weight is quite different with 31.6 kDa 

and 16.33 kDa. Therefore, this data underlies that the effect of cell viability is very 

dependent on molecular weight with a similar degree of trimethylation. GG 5 cP (73.1 ± 

13.9%) showed similar cell viability at 2 mg/ml as compared to TMG 5 cP HG (72.7 ± 

3.58%) (Figure 74) (Mao et a!., 2005). On the other hand, the cell viability of GG 5cP 

(73.1 ± 13.9%) is higher than the cell viability for GG 16 cP (55.5 ± 7.9%) at a
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concentration of 2 mg/ml as reported in chapter 5. Once again, it could be concluded 

that an increase in molecular mass results in the elevation of toxicity.
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Figure 74 Effect of TMC 5cP HC solution and TMC-CML nanoparticies prepared in the 
ratio of 2:1, CG 5 cP soiution and CG 5 cP-CML nanoparticies prepared in the ratio of 3:1, 
and CML soiution to reiative ceii viabiiity of human Caucasian iung adenocarcinoma 
(Caiu-3) ceiis. Polyethylene imine (PEI) was the positive control, whereas media was used as 
a negative control. The relative cell viability was expressed as a percentage according to only 
media treated cells (n=3).

At concentrations of 5 mg/ml TMC 5 cP HC-CML showed a cell viability of 79.6 ± 5.6% 

and CG 5cP-CML 65.7 ± 5.2% which is a significantly reduced toxicity profile when 

compared to the chitosan polymers alone (TMC 5 cP HC with a cell viability of 10.9 ±

0.6% and CG of 9.3 ± 0.6%). The reason why CG 5 cP-CML showed a lower cell 

viability is very much likely related to the ratio that the particles were prepared, a 3:1 

ratio for CG 5cP-CML as compared to a 2:1 ratio for TMC 5 cP HC-CML. CML showed 

no signs of reduction in cell viability when compared to the negative control (94.5 ± 

6.7). Therefore, from a toxicity point of view, particles prepared with CML, such as TMC 

5 cP HC-CML and CG 5 cP-CML should be advantageous compared to particles which 

are prepared only with chitosan salt (CG 5 cP) or TMC (TMC 5 cP HC).

6.4.7. Cellular uptake studies
As discussed earlier, the polysaccharide CML used in this study should be able to bind 

effectively to the receptors located at the surface of the macrophages. The receptors
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involved might be the dectin-1 receptor, the scavenger receptor or the complementary 

receptor CR3 (Vereschagin et al., 1998; Yan et a!., 1999 and Brown, 2006). All these 

receptors are capable of binding polysaccharides and internalising them by 

phagocytosis. In any case, in Figure 75 it can be seen that apart from the untreated 

cells (image A) both B and C images display highly a green fluorescent colour. This 

suggests that both CG 5 cP-GML and TMC 5 cP HC-CML are effectively taken up by 

the macrophages (J 7741 .A). From these images it is not possible to assess in which 

cell compartment the particles are localised but most cells seem to have taken up a 

high number of particles 2 h after incubation.

Figure 75 Confocal microscope images of J 7741.A cells: A) blank cells without the addition 
of particles B) cells incubated with TMC 5 cP HC-CML-BSA-FITC prepared in a 2:1 ratio of TMC  
to CML, respectively. 7.5 |ig/ml of BSA was used which was expected to result in 1% (m/m) 
loading. The image was taken after 2 h incubation. C) cells incubated with CG 5 cP -CML-BSA- 
FITC prepared in a 3:1 ratio of CG to CML, respectively. 7.5 pg/ml of BSA was used. The 
images were taken after 2 h incubation.

Most likely the particles will end up in phagosomes/endosome inside the cells and 

partly in the cytoplasm which has earlier been shown for other chitosan nanoparticles 

(Hashimoto et a!., 2006; Jiang et a!., 2007 and Park and Cho, 2007). To elicit a strong 

immune response, the degree of cellular uptake of the antigen is important (Abbas and 

Lichtman, 2006). This high up-take of particles is essential to induce high levels of 

antibodies and cytokines. Whether or not it is possible to elicit a cellular or humoral 

immune response depends on the antigen processing inside APCs (Abbas and 

Lichtman, 2006). The type of immune response that these preparations were able to 

elicit will be discussed later in this chapter.

6.4.8. Characteristics of tetanus toxoid (TT) loaded TMC-CML and CG-CML 
nanoparticles
For the in-vivo experiment, to elucidate the type of immune response (humoral versus 

cellular) particles loaded with tetanus toxoid were prepared. There was no significant 

difference in particle diameter for TMC 5 cP HC-CML-BSA (ALF3 205.7 ± 3.54 nm)

193



compared to TMC 5 cP HC-CML-TT (198.5 ± 8.79 nm) particles, whereas there was a 

difference between GG 5 cP-GML-BSA (GLF5 183.5 ± 1.83 nm) and GG 5 cP-GML-TT 

(212.8 ± 3.5 nm) (Table 49). The difference occurred might be related to the different 

molecular mass or hydrophobicity of TT, and amino acid composition, compared to 

BSA. The reasons for the change in particle diameter only observed for the GG 

particles are unclear. On the other hand, the zeta potential, yield and encapsulation 

efficiency were all similar to the ones obtained during the optimisation study with BSA 

(Tables 40, 41, 42 and 48). For both routes of administration, the nanocarriers had to 

be concentrated to achieve the appropriate dose of 2.5 pg/25 pi for intranasal and 2.5 

pg/50 |il for intramuscular administration. The particles were concentrated using a 

vivaspin column as in previous studies (see Ghapters 3, 4 and 5). For both formulations 

a slight increase in particle diameter from 198.5 ± 8.79 nm to 254.3 ± 12.3 nm for TMG 

5 cP HG-GML and from 212.8 ± 3.53 nm to 318.7 ± 8.78 nm for GG 5 cP-GML was 

observed, but this should not change the final result of the in-vivo experiment (Table

49). The TT-loaded nanoparticles were also stored for 4 weeks at 4*G and no change 

in particle diameter was observed (Table 49).

Table 48 Physicochemical characterisation of nanoparticies loaded with tetanus toxoid 
(TT). The particles were prepared in a ratio of 2:1 for TMC 5 cP HG to CML, respectively and 
CG 5cP-CML nanoparticles loaded with tetanus toxoid (TT). The particles were prepared in a 
ratio of 3:1 for CG 5 cP to CML respectively and loaded with TT. Zeta potential measurements 
were obtained as well as yield. The encapsulation efficiency was determined by Bradford assay 
(n=3).

Formulations Zeta
Potential
(mViSD)

Yield
(%±SD)

Encapsulation
efficiency
(%±SD)

TMC-CML 17.6±0.8 82.58±4.75 99.0±0.9
CG-CML 10.1±0.5 70.12±6.24 95.1 ±5.02

Interestingly, even though TT has a significantly higher molecular weight compared to 

the model protein BSA it did not change the physicochemical characteristics of the 

nanoparticle formulations significantly, especially in the case of the formulation 

containing TMG. When comparing these results to the data obtained in the other 

chapters (Ghapters 3, 4 and 5) for TMG-PG, TMG-FUG and TMG-GMP nanoparticles, 

only the TMG-FUG-DT nanoparticles showed a significantly increased particle diameter 

after the encapsulation of DT as compared to BSA. Fucoidan is the only sulphated 

polymer and it may therefore be argued that these sulphate groups interfere with DT 

resulting in an increased particle diameter as compared to BSA.
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Table 49 Particle diameter of the tetanus toxoid loaded TMC 5 cP HC-CML nanoparticles 
and CG 5 cP -CML nanoparticles (see table legend atx)ve): after preparation, during 4 
weeks of storage and after concentrating with VivaSpin columns for the in-vivo experiments. 
The particle diameter was obtained by photon correlation spectroscopy and expressed as z

tarage diameter (nm±SD) and c)olydispersity index in water and 0.9% NaCI* (n=3).
Formulations After

preparation
After 

concentration 
with VIvaSpIn 

column*

After 1 week 
storage at 

4%

After 2 
weeks 

storage at 
4«C

After 4 weeks 
storage at 4«C

TMC-CML 198.5±8.79 
PI: 0.228

254.3±12.3  
PI: 0.308

201.9±4.7  
PI: 0.250

198.7±10.1 
PI: 0.261

205.416.78  
PI: 0.301

CG-CML 212.8±3.53  
PI: 0.181

318.7±8.78  
PI: 0.225

250.1 ±4.98 
PI: 0.212

256.419.87  
PI: 0.250

264.3110.6  
PI: 0.248

Moreover, dispersions were also prepared by simple mixing of the cationic polymers 

(TMC and GG) and the antigen TT since these formulations were compared with the 

nanoparticles TMC-CML-TT and CG-CML-TT. These dispersions showed a similar 

particle diameter compared to the formulation which contained CML (Tables 49 and

50). Interestingly, as presented in chapter 5, CG 16 cP-DT complexes resulted in much 

larger complexes as compared to CG 16 cP-CMP-DT.

Table 50 Physicochemical characteristics of particles prepared by simple mixes of TMC 5 
cP HC and tetanus toxoid and CG 5 cP and tetanus toxoid. Particle diameter (z average

Formulation Z Average (nmtSD) Polydispersity
Index

TMC 5 cP HC - TT 293.9 1 6 .8 0.201

CG - TT 220.0 1 9 .8 0.151

PCS measurements showed that the particle diameter for the TMC-TT particle 

prepared by simple mixing was about 100 nm larger than TMC-CML-TT, whereas CG- 

TT particles were in the same size range as the CG-CML-TT particles. A reason for this 

is still not clear, since as shown in Chapter 5, TMC 16 cP HC-DT resulted in slightly 

smaller particles than TMC 16 cP HC-CMP-DT. These changes in particle diameter 

seem to be dependent on composition and a trend was difficult to identify. The particle 

surface charge was not possible to measure due to the low concentration of 

particulates in these dispersions. For further discussion see Chapters 3, 4 and 5.

6.4.9. Particle morphology of TT loaded TMC-CML nanoparticles
The particle morphology of TT loaded nanoparticles was investigated by TEM and

compared with the measurements taken by PCS (Figure 76). For the TMC 5 cP HC- 

CML particles, there was a significant difference observed between the PCS and TEM 

measurements. Interestingly, TEM analysis showed larger particles with a 200 nm 

average particle diameter as well as much smaller ones, including 50 -  100 nm
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particles that were visible (Figure 76 A). This shows the limitations of PCS, in which 

smaller particles will always be over-scattered by larger particles. TEM further showed 

that TMC 5 cP HC-TT particles which were prepared by simple mixing are very small 

but they further aggregate into bigger nanoparticles of about 200 to 500 nm (Figure 76 

B). These results are in line with the results obtained for TMC-PG, TMC-FUC and 

TMC-CMP where also particles prepared by simple mixing resulted in very small 

nanocarriers. For the CG-CML and CG-TT particles a similar trend was seen (data not 

shown).
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Figure 76 TEM photograph: A) tetanus toxoid loaded TMC 5 cP HC-CML nanoparticles. 
Particles were prepared in a 2:1 ratio of TMC 5 cP HC to CML, respectively. B) tetanus toxoid 
loaded TMC 5 cP-TT nanoparticles. The particle suspension was added onto copper grids and 
negatively stained with 1% (m/v) uranyl acetate

6.4.10. Evaluation of tetanus toxoid (TT) integrity
The integrity of TT was investigated by SDS page. There was no visible difference in 

bands among any of the formulations observed (Figure 77). This indicates that no 

fragmentation or aggregation of the protein structure occurred, which is very important 

for the ability of the delivery system to elicit a significant immune response. Although 

the result was expected due to the mild preparation method, it is still important to 

confirm it and this highlights again the suitability of these systems for the delivery of 

vaccines (Amidi etal., 2007 and Borges etal., 2007).
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Figure 77 SDS-PAGE Image of different formulations loaded with TT and utilised in the in- 
vivo experiment: 1. SeeBlue® Pre-stalned protein marker; 2. TMC-TT dispersion (10 mg/ml 
TMC + ILF  TT); 3. TMC-CML nanoparticles (1 LF TT); 4. CML-TT sol. (5 mg/ml CML IL F  TT); 
5. TT solution (1 LF TT); 6. CG-CML-TT nanoparticles (1 LF TT); 9. CG-TT dispersions (10 
mg/ml CG and ILF  TT).

6.4.11. TT specific antibody foiiowing intranasai (i.n.) administration
TT loaded nanoparticles of all formulations were administered to female BALB/c mice

using two different routes. For the intranasal application 8 different formulations were 

compared: 1) TMC-CML-TT nanoparticles, 2) CG-CML-TT nanoparticles, 3) TMC- 

CML-CpG-TT nanoparticles, 4) TMC-TT dispersions, 5) CG-TT dispersions, 6) CML-TT 

solutions, 7) free TT and 8) CpG-TT solution. Each formulation contained a dose of 5 

LF units TT/25 pi and was applied intranasally to a group of four mice. The mice were 

primed on day one and received a boosting dose on day 14 with the same amount. 

Serum samples were collected on days 12, 21 and 36. The measured TT specific IgG 

antibody titres can be found in Figure 78.

At 12 days after administration the strongest immune response based on IgG antibody 

titres was found for TMC-CML-TT closely followed by TMC-CML-TT-CpG and CG-TT. 

CpG-TT resulted in lower IgG antibody titres after the first dose was administered 

intranasally, as compared to TMC-CML-TT and TMC-CML-TT-CpG (p < 0.05). The 

administration of CML-TT solution gave higher TT specific antibody titres as compared 

to the free antigen TT (p < 0.05), but less titres as the particulate formulations (TMC- 

CML-TT, CG-CML-TT, TMC-CML-TT-CpG, TMC-TT and CG-TT). After the 

administration of the boosting dose on day 14, the IgG levels changed significantly in 

some formulations (Figure 78). The highest TT specific antibody titres on day 21 were 

found for formulation TMC-CML-CpG-TT followed by TMC-CML-TT, CG-CML-TT and
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TMC-TT, all of which gave significantly different IgG antibody titres (p < 0.05). 

Interestingly, the antibody titres of TMC-CML-TT did not increase as much as those of 

CG-CML-TT, TMC-TT and TMC-CML-TT-CpG. For CG-TT a very similar observation 

was made, but the reason behind it is still unclear. A reason might be that these 

formulations gave already high titres after the first application and therefore they could 

not be boosted any further. The antibody titres of CpG-TT increased significantly after 

the boosting dose and reached a similar antibody titre as CG-TT, but not as high as 

TMC-CML-TT, CG-CML-TT, TMC-TT and TMC-CML-TT-CpG. After 36 days, TMC- 

CML-TT-CpG yielded again the highest TT specific antibody response which was 

significantly higher than TMC-CML-TT and TMC-TT (p < 0.05).
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Figure 78 TT specific serum IgG antibody titres. Determined on days 12, 21, and 36
following i.n. delivery of 5 LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP- 
CML nanoparticles, TMC 5 cP HC-CML-CpG nanoparticles, TMC 5 cP HC-TT dispersion, CG 5 
cP-TT dispersion, CML-TT solution, free TT or CpG-TT solution {n= 4). Mice were boosted with 
same dose of TT in the various formulations or free TT (equivalent to 5 LF of TT) on day 14.

In summary, the TMC containing formulations TMC-CML-TT and TMC-TT, elicited a 

similar humoral immune response after intranasal administration (p > 0.05). This was 

also seen in the previous chapters (chapters 3, 4 and 5) for the other TMC containing 

formulations, TMC-PG-DT, TMC-FUC-DT but not for TMC-CMP-DT. For the TMC- 

CMP-DT nanoparticles increased antibody titres as compared to TMC-TT could only be 

observed on day 85 which might indicate that TMC-CMP-DT has a controlled release 

mechanism. CG-CML-TT did not result in as high IgG antibody titres as TMC-CML-TT.
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This result goes in line with the results obtained for TMC-CMP-DT and CG-CMP-DT 

nanoparticles. Possible factors responsible for this result might be the reduced 

bioadhesiveness of chitosan salts as compared to TMC or the difference in charge: 

Chitosan glutamate is positively charged only in acidic medium, whereas TMC is 

permanently positively charged (van der Lubben et al., 2001b). Furthermore, although 

TMC-TT and TMC-CML-TT were able to raise a similar antibody response, CG-CML 

and CG-TT differed in their IgG titres, with CG-TT inducing a significantly lower 

response as compared to CG-CML-TT nanoparticles (p < 0.05). The reason behind this 

is still unclear. The free antigen solution gave a low antibody response and CML was 

able to significantly increase this immune response (p < 0.05). This was expected for 

the intranasal administration of antigen, in which high antibody titres are rare 

(Tafaghodi et ai., 2006 and Amidi et a!., 2007). The co-encapsulation of CpG into TMC- 

CML-TT further boosted the antibody titres and CpG-TT as a solution was also very 

effective, but did not result in antibody titres comparable to the nanoparticle 

formulations TMC-CML-TT and CG-CML-TT (p < 0.05). CpG ODN is known to be a 

very effective systemic and mucosal adjuvant and so this result was expected (Kodama 

et ai., 2006 and McCluskie et a!., 2000). Therefore, this study has shown that CML can 

be used as an effective vaccine adjuvant for intranasal administration for the first time. 

On one hand, this may also explain the reason why CG-CML-TT gave a higher 

antibody titres as compared to CG-TT. On the other hand, we did not see an increase 

in antibody titres for the TMC-CML-TT nanoparticles compared to TMC-TT dispersions. 

This might be due to the high immune response already raised due to TMC which is 

unable to be further boosted by CML.

6.4.12. Serum TT specific igG subtype profiiing foiiowing intranasal (i.n.) 
administration
An IgG subtype analysis was performed to investigate the direction of the immune 

response. Figure 79 illustrates that the highest overall IgGi titre was elicited by the 

TMC-CML-TT formulation. A significantly different titre was found after the i.n. 

application of TMC-TT dispersion (Figure 79) (p < 0.05). The co-encapsulation of CpG 

into TMC-CML-TT nanoparticles elicited reduced IgGi titres (p < 0.05), but increased 

the lgG2a antibody titres as compared to TMC-CML-TT (p < 0.05). These results are in 

agreement with literature that the reduction of IgGi titres is related to the secretion of 

IFN-y, which results in the production of IgGaa antibodies (Abbas and Lichtman, 2006). 

The results for TMC-CML-TT -CpG are also in agreement with those obtained by 

formulation TMC-CMP-DT-CpG, which was discussed in Chapter 5 and with results 

from other studies (Diwan et a!., 2002 and Borges et a!., 2007). CG-CML-TT and CG- 

TT gave a similar trend as TMC-CML-TT and TMC-TT, but were slightly lower than
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both TMC formulations. CpG-TT gave significant higher IgGi antibody titres than CML- 

TT and free antigen TT, but lower than the particulate formulations. GML-TT showed 

an improvement compared to the free antigen (p < 0.05).
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Figure 79 TT specific serum IgGi antibody titres. Determined on day 36 following i n. 
delivery of 5 LF TT encapsulated in TMC 5 cP HG-CML nanoparticles, GG 5 cP-GML 
nanoparticles, TMG 5 cP HG-GML-GpG nanoparticles, TMG 5 cP HG-TT dispersion, GG 5 cP- 
TT dispersion, GML-TT solution, free TT or GpG-TT solution {n= 4). Mice were boosted with the 
same dose of TT in the various formulations or free TT (equivalent to 5 LF of TT) on day 14.

The Thi response was measured based on lgG2a antibody titres (Figure 80). The 

highest level of lgG2a antibody titres were found with the formulation TMC-GML-GpG- 

TT, something which was expected due to a decrease in the IgGi response as 

previously discussed. The GpG-TT solution was also able to elicit a Thi response, 

although not as good as the particulate formulation containing GpG, something which 

may suggest an additive effect of the particles with GpG ODNs which results in 

elevated lgG2a levels (p < 0.05). A reason for this might be that GpG binds the TLR-9 

receptor which is located intracellular and therefore particles perform better than a 

solution due to an enhanced uptake (Krieg, 2006). The only other two formulations 

which resulted in measurable lgG2a antibody titres were the TMG-GML-TT and the GG- 

GML-TT nanoparticles apart from the GpG containing formulations. Both of them gave 

a significantly reduced antibody titre as compared to the formulation which co

encapsulated GpG. TMG-GML-TT on the other hand, was capable of giving a higher 

IgGi antibody titre as compared to GG-GML-TT most likely due to an increased 

residence time at the nasal mucosa and therefore resulting in an increased uptake (p <
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0.05). Interestingly, CG-TT and TMC-TT did not result in the production of any 

measurable IgGaa antibody titres. This was unexpected, since as it was shown in the 

previous chapter (Chapter 5) TMG 16 cP HC-DT, CGI 16 cP-DT and GG 16 cP-DT 

were able to induce the production of this antibody. Different reasons could be 

accounted for this change such as the type of antigens used, different polyanions or 

different molecular weight polycation.

Overall, these results show that by the use of GpG either co-encapsulated or as a 

simple solution it is possible to elicit a Thi/Th2 balanced immune response, whereas 

without this Thi adjuvant the response of nanoparticles is still a mixed Thi/Th2 

response but biased towards Th2. Whether or not a balanced immune response (Thi 

vs. Th2) is important is dependent on the clinical application. For example, for 

vaccination against cancer a strong Thi response is desired, whereas for TT or DT a 

simple Th2 response is reported in the literature to be sufficient (Alpar et al., 2001 ).
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Figure 80 TT specific serum IgGaa antibody titres. Determined on day 36 following i.n. 
delivery of 5 LF TT encapsulated in TMC 5 cP HG-CML nanoparticles, GG 5 cP-CML 
nanoparticles, TMG 5 cP HC-CML-CpG nanoparticles, TMC 5 cP HC-TT dispersion, GG 5 cP- 
TT dispersion, GML-TT solution, free TT or CpG-TT solution {n= 4). Mice were boosted with the 
same dose of TT in the various formulations or free TT (equivalent to 5 LF of TT) on day 14.
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6.4.13. Local anti TT IgA responses following intranasal (i.n.) 
administration
Local IgA titres were measured in the vaginal as well as in the nasal washes. Due to 

insufficient washing of the nasal samples no results were obtained (data not shown). 

After vaginal washing it was possible to detect some IgA response (Figure 81). The 

highest titres were found in the group which was dosed with TMC-CML-CpG-TT. TMC- 

CML-TT, CG-CML-TT, TMC-TT and CG-TT formulations also gave elevated IgA levels. 

The difference in IgA titres among all these samples is not significant (p > 0.05). While 

the solution formulation CpG-TT was able to stimulate IgA titres, no IgA response was 

found for CML-TT and free TT. In conclusion, it can be argued that chitosan 

formulations were able to elicit an IgA response, although at a low level. Whether such 

a small response would be capable of attacking an invading pathogen and avoiding its 

entry is not clear. On the other hand, we showed that all our formulations gave 

significant antibody titres for IgG, lgGi and lgG2a which should result in a sufficient 

protection.
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Figure 81 TT specific vaginal wash IgA antibody titres. Determined on day 85 following i.n. 
delivery of 5 LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, GG 5 cP-CML 
nanoparticles, TMC 5 cP HC-CML-CpG nanoparticles, TMC 5 cP HC-TT dispersion, CG 5 cP- 
TT dispersion, CML-TT solution, free TT or CpG-TT solution {n= 4). Mice were boosted with the 
same dose of TT in the various formulations or free TT (equivalent to 5 LF of TT) on day 14.

6.4.14. TT specific antibody following a single intramuscular (i.m.) 
administration
In a second study, we applied the same formulations with the exception of two 

formulations (TMC 5cP HC-CML-CpG-TT and CpG-TT) intramuscularly for the
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development of a single dose vaccine. Additionally, alum adsorbed TT was added as 

another group (positive control) since TT adsorbed onto alum is clinically used (Baylor 

et al., 2002). It was hypothesised that an increased immune response elicited by one of 

the newly developed formulations as compared to the clinically used formulation would 

be a significant improvement. Blood samples were collected on days 12,21, 36 and 85 

to gain a better understanding of the controlled release profile of our formulation. In 

chapters 3 and 4 the in-vivo studies were terminated after 36 days and no significant 

differences were observed between for instance TMC-PG-DT nanoparticles and TMC- 

DT dispersion. Therefore, an increased duration might show more significant 

differences among the formulations evaluated. On day 12 TMC-CML-TT resulted in 

comparable TT specific IgG antibody titres as compared to alum adsorbed TT and 

TMC-TT (p > 0.05) (Figure 82). Also, the free antigen TT gave a significant amount of 

IgG antibody titres but which were significantly lower than TMC-CML-TT, TMC-TT and 

alum adsorbed TT (p < 0.05).

On day 21 the level of IgG titres changed significantly (Figure 82). Generally, higher 

IgG antibody titres were observed for TMC-CML-TT, CG-CML-TT, TMC-TT, CG-TT 

and alum adsorbed TT, whereas CML-TT and the free antigen TT did not increase 

significantly. This might be due to the nature of the formulations TMC-CML-TT, CG- 

CML-TT, TMC-TT, CG-TT and alum adsorbed TT all being particulate formulations, 

which potentially show a sustained release mechanism. CML-TT and TT being only 

simple solutions would not show such a mechanism. In particular, the highest TT 

specific antibody titres were found for TMC-CML-TT which was significantly different to 

CG-CML-TT and alum adsorbed TT on day 21 (p < 0.05). Similar results for CG-TT and 

CML-TT were not expected (p > 0.05), because CML-TT is a solution and therefore it is 

not able to release the antigen by a sustained mechanism. On the other hand, BRMs 

have shown to act as immunostimulants (Guy, 2007).

On day 36 the IgG antibody levels increased for all evaluated formulations. The highest 

TT specific IgG titres were found for TMC-CML-TT and CG-CML-TT (Figure 82). Alum 

adsorbed TT gave slightly lower levels of antibody titres than TMC-CML-TT (p < 0.05) 

but comparable results to TMC-TT dispersion (p > 0.05) and better results than CG-TT 

dispersions (p < 0.05). TT-alone gave the lowest TT specific antibody titres but an 

increase from day 21 to day 36 was observed. Taken together these findings indicate 

the benefits of comparing TMC and CG with CML for the delivery of TT already after 36 

days which also outperformed alum adsorbed TT, the clinically used vaccine 

formulation.
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On day 85, TMC-CML-TT and CG-CML-TT were found to be the most effective 

measured based on TT specific IgG antibody titres (p > 0.05) (Figure 82). TMC-TT and 

CG-TT elicited a much lower immune response compared to the particulate 

formulations containing CML (p < 0.05). The CML-TT solution showed a good antibody 

titre, almost as effective as the chitosan dispersions (CG-TT). TT alone was only able 

to elicit a low antibody response but the mixture between alum and TT was able to 

raise high IgG antibody titres comparable to TMC-CML-TT. All these formulations were 

only applied by a single dose of 5 LF TT and were capable of eliciting a significant 

improvement in titres compared to the free antigen TT. A direct comparison between 

the intranasal and intramuscular applied formulation cannot be made due to a 

difference in the dosing regime. However, there was one very important finding: after

i.n. application, TMC-CML-TT was capable of eliciting a higher antibody response as 

compared to CG-CML-TT (p < 0.05), whereas after i.m. application both of them gave a 

similar immune response (p > 0.05). This might highlight the importance of an 

increased bioadhesiveness of TMC after intranasal administration, which increases the 

residence time in the nose and therefore is able to elicit a higher immune response 

(van der Lubben et a i, 2001a). After i.m. administration this might not be important due 

to a depot effect in the muscle as it has been hypothesised for alum (Baylor et ai, 

2002). On the other hand, CML-TT seems to have a higher efficacy after i.m. 

administration rather than after i.n. administration.
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Figure 82 TT specific serum IgG antibody titres. Determined on days 12, 21, 36 and 85
following i.m. delivery of 5 LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP- 
CML nanoparticles, TMC 5 cP HC-TT dispersion, CG 5 cP-TT dispersion, CML-TT solution, free 
TT or alum adsorbed TT {n= 4).
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6.4.15. Serum TT specific IgG subtype profiling following a single 
intramuscular (i.m.) administration
After a single i.m. administration the highest IgGi titres were found for TMC-CML-TT 

and CG-CML-TT formulations (p > 0.05) (Figure 83). The responses for these two 

formulations were significantly higher than alum adsorbed TT (p < 0.05). The two 

chitosan polymers TMC 5 cP HC-TT and CG 5 cP-TT formulated as TT carriers 

resulted in a significant TT specific lgG1 antibody titre but not as high as the particulate 

formulations containing CML (TMC 5 cP HC-CML-TT and CG 5 cP-CML-TT) (p < 0.05). 

The free TT in solution after i.m. administration gave much higher titres of IgGi and 

IgGza when compared to i.n. administration, but also resulted in the weakest IgGi titres 

as compared to all the other formulations evaluated (TMC 5 cP HC-CML-TT, CG 5cP- 

CML-TT, TMC-TT, CG-TT, CML-TT and alum adsorbed TT).
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Figure 83 TT specific serum IgGi antibody titres. Determined on day 85 following i.m. 
delivery of 5 LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP-CML 
nanoparticles, TMC 5 cP HC-TT dispersion, CG 5 cP-TT dispersion, CML-TT solution, free TT 
or alum adsorbed TT {n= 4).

Interestingly, even though TMC-CML-TT and CG-CML-TT gave the same magnitude of 

antibody response, CG-TT always gave a lower immune response as compared to 

TMC-TT formulations. A reason for this is still unclear. The CML-TT solution appears to 

give a similar IgGi response as CG-TT, which indicates again the suitability of this 

carboxymethylated beta (1—̂ 3) glucan as a vaccine adjuvant (p > 0.05). Overall, a 

significant advantage exists for the TMC-CML-TT and CG-CML-TT nanoparticles as 

compared to TMC-TT and CG-TT which might be related to their more controlled

205



particulate structure or possibly due to a more effective targeting to dendritic cells after

i.m. administration.

The differences betwenn IgGaa to lgGi antibody titres after a single administration are 

very similar among all formulations, with the IgGi titres being higher than the IgGaa 

(Figures 83 and 84). Alum adsorbed TT showed comparable IgGza titres to TMC-CML- 

TT and CG-CML-TT (p > 0.05) (Figure 84). The immune response to CML-TT was 

slightly higher than free TT but this difference might not be significant (p > 0.05). 

Overall, and considering all the formulations analysed a more Tha directed immune 

response was elicited, which could only be altered by the application of a known Thi 

adjuvant such as CpG as seen for the nasal application. Whether these antibody titres 

will be in good correlation with the cytokine results from re-stimulation of splenocytes or 

not will be discussed below.
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Figure 84 TT specific serum lgG2a antibody titres. Determined on day 85 following i.m. 
delivery of 5 LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP-CML 
nanoparticles, TMC 5 cP HC-TT dispersion, CG 5 cP-TT dispersion, CML-TT solution, free TT 
or alum adsorbed TT solution {n= 4).

6.4.16. Cytokine production by spleen cells following Intranasal (I.n.) 
administration
For the measurements of cytokine levels the splenocytes were extracted and incubated 

with 10 LF units TT/ml for cytokine stimulation. The supernatants were analysed for 

cytokine production after 72 h. The same described method was applied as in Chapter 

5. Four different cytokines were selected IL-4, IL-6, IFN-y and TNF-a. All of these 

cytokines represent a specific function and were discussed in the previous chapters
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(Chapters 3, 4 and 5). Briefly, IL-4 and IL-6 are important in the stimulation of a Th2 

directed immune response, whereas IFN-y is an activator for a Thi type immune 

response. TNF-a indicates a macrophage and dendritic cell activation, which is 

important for the production of an immune response (Abbas and Lichtman, 2006). 

Following intranasal administration significant levels of IL-4 and IL-6 could be found. 

For both Th2 associated cytokines (IL-4 and IL-6) the highest responses were found for 

TMC-CML-TT-CpG and TMC-CML-TT (Figure 85). Interestingly, for TMC-TT slightly 

lower levels of IL-4 and IL-6 were detected as compared to TMC-CML-TT following i.n. 

administration (p < 0.05).
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Figure 85 Splenocytes restimulation with 10 LF/ml tetanus toxoid following I.n. 
administration. Cytokine levels were measured after 72 h incubation with TT in the 
supernatants. A) IL-4 and B) IL-6 levels were determined on day 36 following i.n. delivery of 5 
LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP-CML nanoparticles, TMC 5 
cP HC-CML-CpG nanoparticles, TMC 5 cP HC-TT dispersion, CG 5 cP-TT dispersion, CML-TT 
solution, free TT or CpG-TT solution {n= 4). Mice were boosted with the same dose of TT in 
various formulations or free TT (equivalent to 5 LF of TT) on day 14.

These results are in line with the TT specific IgGi antibody response for TMC-TT and 

TMC-CML-TT. CG-CML-TT gave slightly higher levels of IL-4 and IL-6 as compared to 

CG-TT which were only significant for the IL-4 cytokine (p < 0.05). The solution of 

CML-TT resulted in improved levels of IL-4 and IL-6 but not as high as all the 

particulate formulations (TMC-CML-TT, CG-CML-TT, TMC-CML-TT-CpG, TMC-TT and 

CG-TT). The co-encapsulation of CpG DNA into TMC-CML-TT nanoparticles resulted 

in a significant augmentation of IL-4 as well as IL-6 levels as compared to the CpG-TT 

mixture. This was attributed to the intracellular location of the TLR-9 receptor and be 

because of enhanced uptake for the particulate formulation TMC-CML-TT-CpG as 

compared to the solution CpG-TT (p < 0.05). The difference between these two
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formulations was more significant for IL-4 levels than for IL-6. In conclusion, all 

formulations were able to induce the production of Th2 cytokines and best results were 

found for formulations containing TMC and GpG. This might be due to an increased 

residence time of TMC at the nasal mucosa due to its bioadhesiveness and the known 

adjuvant effect of CpG ODN.

The highest Thi cytokine IFN-y levels were observed for TMC-CML-TT-CpG and CpG- 

TT, which was expected given CpG’s Thi adjuvant effect (McCluskie et al., 2000 and 

Kodama et a!., 2006) (Figure 86). Also, TMC-CML-TT and CG-CML-TT resulted in the 

production of significant amounts of IFN-y, which were not as high as for TMC-CML- 

TT-CpG and CpG-TT, but higher than the levels that were elicited by TMC-TT and CG- 

TT (p < 0.05). Furthermore, CML-TT was able to increase the IFN-y levels as 

compared to the free antigen TT, which only very slightly stimulated the production of 

the IFN-y cytokine.
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Figure 86 Splenocytes restimulation with 10 LF/ml tetanus toxoid following i.n. 
administration. Cytokine levels were measured after 72 h incubation with TT in the 
supernatants. A) IFN-y and B) TNF-a levels were determined on day 36 following i.n. delivery of 
5 LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP-CML nanoparticles, TMC 5 
cP HC-CML-CpG nanoparticles, TMC 5 cP HC-TT dispersion, CG 5 cP-TT dispersion, CML-TT 
solution, free TT or CpG-TT solution (n= 4). Mice were boosted with the same dose of TT in the 
various formulations or free TT (equivalent to 5 LF of TT) on day 14.

For TNF-a a similar trend as for IL-4 and IL-6 cytokine was observed. TMC-CML-TT 

and TMC-CML-TT-CpG resulted in the highest production levels of TNF-a (Figure 86). 

CG-CML-TT and CpG-TT resulted in similar levels of TNF-a (p > 0.05), but lower than 

TMC-CML-TT and TMC-CML-TT-CpG. The addition of CML to the formulations TMC- 

CML-TT and CG-CML-TT led to increased TNF-a levels than TMC-TT and CG-TT (p <
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0.05). CML-TT also induced the production of TNF-a compared to the free antigen TT 

(p < 0.05). In conclusion, following intranasal administration the higher cytokine levels 

of IL-6, IFN-y and TNF-a were obtained for the formulations containing TMG as 

compared to CG. This is interesting, because antibody data did not show much 

difference between CG and TMC containing particles. The co-encapsulation of CpG 

DNA boosted the production of the Thi cytokine IFN-y as compared to TMC-CML-TT 

whereas the Th2 cytokines IL-4 and IL-6 remained the same for both of these 

formulations. Therefore, the addition of CpG could be considered to be leading to a 

more balanced Thi/Th2 response. CpG-TT mainly elevated the IFN-y and not the IL-4 

cytokine. This last result is in agreement with the antibody data obtained for the 

formulations of TMC-CML-TT-CpG and CpG-TT where also only the co-encapsulated 

CpG ODN resulted in mixed Thi/Th2 response on the basis of IgGi and lgG2a-

6.4.17. Cytokine production by spleen cells following Intramuscular (I.m.) 
administration
The same four cytokines mentioned above were analysed following intramuscular 

administration after a single dose of TMC-CML-TT, TMC-TT, CG-CML-TT, CG-TT, 

CML-TT, free TT, and alum adsorbed TT. Formulations containing CpG ODN were not 

included in this study, whereas alum was used as this is currently the clinically used 

adjuvant for the i.m. administration of TT. For the IL-4 and IL-6 cytokines very similar 

levels were observed compared to the intranasal administration. The highest IL-4 and 

IL-6 levels were found for the formulation TMC-CML-TT (Figure 87). Alum adsorbed TT 

resulted in relatively lower levels of IL-6 than IL-4 as compared to TMC-CML-TT (p < 

0.05). The formulations with CML resulted in higher levels than without it (p < 0.05). 

The formulations containing TMC performed better than the formulations containing CG 

(p < 0.05). CML-TT increased both IL-4 and IL-6 level compared to the free antigen TT 

but not as high as the particulate formulations.

For the Thi cytokine IFN-y a very similar trend was observed as for the same 

formulations studied intranasally (Figure 88). Again TMC-CML-TT produced the highest 

levels of IFN-y. The formulations containing CML performed better than without it (p < 

0.05). For IFN-y no significant difference was observed between the particles 

containing TMC or CG (p > 0.05). CML-TT performed better than the free antigen TT (p 

< 0.05) and surprisingly also better than alum adsorbed TT (p < 0.05) but not as well as 

the chitosan containing formulations (p < 0.05).
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Figure 87 Splenocytes restimulation with 10 LF/ml tetanus toxoid following i.m. 
administration. Cytokine levels were measured after 72 h incubation with TT in the 
supernatants. A) IL-4 and B) IL-6 levels were determined on day 85 following i.m. delivery of 5 
LF TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP-CML nanoparticles, TMC 5 
cP HC-TT dispersion, CG 5 cP-TT dispersion, CML-TT solution, free TT or alum adsorbed TT 
{n=4).

For the cytokine TNF-a a similar trend as to the IL-4 and IL-6 levels was observed 

(Figure 88). TMC-CML-TT resulted in the highest levels of TNF-a and even higher 

levels than for alum adsorbed TT (p < 0.05). CG-CML-TT and TMC-TT resulted in 

comparable results to alum adsorbed TT (p > 0.05), whereas CG-TT resulted in lower 

levels of TNF-a when compared to alum adsorbed TT (p < 0.05). CML-TT also 

increased the TNF-a level as compared to the free antigen TT (p < 0.05), but not as 

much as the particulate formulations. In conclusion, following single i.m. administration 

significant levels of IL-4, IL-6, IFN-y and TNF-a could be stimulated by all formulations. 

The best results were achieved for the formulation TMC-CML-TT for Thi as well as Thg 

cytokines. This illustrates the potential of this formulation as a good vaccine adjuvant.
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Figure 88 Splenocytes restimulation with 10 LF/ml tetanus toxoid following i.m. 
administration. Cytokine levels were measured after 72 h incubation with TT in the 
supernatants. A) IFN-y and B) TNF-a levels determined on day 85 following i.m. delivery of 5 LF 
TT encapsulated in TMC 5 cP HC-CML nanoparticles, CG 5 cP-CML nanoparticles, TMC 5 cP 
HC-TT dispersion, CG 5 cP-TT dispersion, CML-TT solution, free TT or alum adsorbed-TT {n=
4-

6.5. Conclusions
In this chapter it was shown for the first time, that it is possible to prepare nanoparticles 

comprising of TMC and CML as well as of CG and CML. For the preparation of CG 

particles the ratio between CG and CML has to be 3:1 respectively, whereas for the 

TMC particles a ratio of 2:1 for TMC to CML respectively is sufficient. This effect of 

composition was mainly attributed to the differences in charge density between TMC 

and CG. TMC has a higher charge density coming from trimethylation which allows the 

preparation of nanoparticles at a 2:1 ratio. In the characterisation study with BSA it was 

shown that preparing particles with a hydrodynamic diameter of approximately 200 nm 

with a net positive charge was possible. Additionally, an encapsulation efficiency of 

about 100% was obtained for BSA. The toxicity study showed that the preparation of 

chitosan particles with CML showed a reduced toxicity when compared to the two 

chitosan derivatives alone. Also, the nanoparticle formulations were effectively taken 

up by a macrophage cell line which might predict the degree of efficiency in eliciting an 

immune response. No significant differences were observed among the particles 

loaded either with TT or BSA which suggested the versatility of this delivery system for 

different proteins. In an in-vivo study in female BALB/c mice the nanoparticle 

formulations were able to elicit significant levels of TT specific IgG, lgGi, lgG2a and IgA,
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in which the formulation containing CpG ODN elicited the highest Ig02a antibody titres. 

Also, a single intramuscular administration of the nanoparticles resulted in high IgG 

antibody titres comparable to alum adsorbed TT which is clinically used. No significant 

differences in the magnitude of IgG antibody titres were observed between the 

nanoparticles prepared with TMC (TMC-CML-TT) and CG (CG-CML-TT). This might be 

related due to the different ratios these particles have been prepared. The 

nanoparticles were also able of leading to the production of cytokines such as IL-4, IL- 

6, IFN-y and TNF-a which were significantly enhanced when compared to the TT 

solution. The co-encapsulation of CpG ODN significantly enhanced IFN-y and IL-4 

suggesting the stimulation of a strong Thi/Th2 response, whereas the CpG-TT solution 

only enhanced IFN-y. Therefore, it could be concluded that the co-encapsulation of 

CpG ODN induced a more balanced immune response. Overall, TMC-CML 

nanoparticles were able to enhance the immune response significantly as compared to 

the free antigen TT but only the co-encapsulation of CpG ODN is capable of boosting 

the cellular immune response significantly.
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7. Conclusions and final remarks
Vaccination is considered the most cost effective intervention in disease control which 

has been demonstrated in the eradificantion of smallpox. Even though vaccination 

could be applied for many diseases there are some diseases where no effective 

vaccines are available. Many vaccine adjuvants have been tested for the effective 

delivery of vaccines but alum remains the only worldwide approved vaccine delivery 

system. In this study, particles containing TMC and a polyanion (PG, FUG, CMP and 

CML) have been investigated for the effective delivery or vaccines.

Initially the particles were prepared and characterized for their physicochemical 

characteristics which were loaded with bovine serum albumin (BSA). The best 

formulation (AX3, ATF3, APF3 and ALF3) was then selected based on size, charge, 

loading and yield and was submitted to a toxicity as well as a cellular uptake study. 

Particles prepared between polycations to polyanion in a ratio of 1:1 resulted in 

aggregation whereas the ratio of 2:1 resulted in particles with a diameter of 

approximately 200 nm independent of the used polyanion. This particle diameter has 

been reported to be ideal for the uptake via M-cells and NALT and it is crucial to elicit 

an immune response (Desai eta!., 1996; Fujimura, eta!., 2006). When prepared with a 

higher molecular weight TMC (16.3 kDa for TMC 5 cP HC and 43.6 kDa for TMC 16 cP 

HC) particles showed an increase in particle diameter (from ALF3 205.7 nm prepared 

with TMC 5 cP HC to APF3 244.6 nm prepared with TMC 16 cP HC). If the amount of 

TMC was increased, an increase in particle surface charge was observed (i.e. in the 

AX series from AX1 - 36.4 mV for a 1:1 ratio of TMC to PG respectively, to AX3 + 25.0 

mV for a 2:1 ratio, to AX12 + 47.0 mV for a 5:1 ratio). The overall production yield also 

changed depending on the ratio used (i.e. in the ATF series from ATF3 90.1% for a 2:1 

ratio of TMC to FUC respectively, to ATF12 35.0% for a ratio of 5:1). The encapsulation 

efficiency was not affected by the composition. Particles prepared with a chitosan salt 

instead of TMC could not be prepared in a 2:1 ratio between TMC and polyanion. For 

these particles the ratio had to be increased to at least 3:1, the reason for this being 

most likely related to a reduced charge density for chitosan salts as compared to TMC 

which resulted in a 2:1 ratio in particle neutralization and, therefore, aggregation (Lin et 

a!., 2007).

As previously mentioned, TMC particles (AX3, ATF3, APF3 and ALF3) prepared in a 

ratio of 2:1 for the polycations to polyanions were selected due to their suitable particle 

size of 200 nm for the uptake via the nasal mucosa and because a low amount of TMC 

results in a reduced toxicity (Fujimura et al., 2006). TMC solutions alone gave rise to
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much lower cell viabilities compared to particles prepared with an additional polyanion. 

All these different formulations (PG, FUC, CMP and CML) were effectively taken up by 

a macrophage cell line (J7741 .A).

Particles loaded with diphtheria toxoid and tetanus toxoid did not change significantly in 

particle diameter, surface charge, production yield and encapsulation efficiency as 

compared to the model protein BSA with exception of formulation TMC-FUC-DT (for 

AX 3 with BSA 180.2 nm compared to DT 175.9 nm, for ATF3 with BSA 200.8 nm 

compared to DT 287.3 nm, for APF3 with BSA 244.6 nm compared to DT 238.6 nm, 

and for ALF3 with BSA 205.7 nm compared to TT 238.6 nm). In the in-vivo studies, 

female BALB/c mice were dosed either via the nasal, intramuscular or subcutaneous 

route. TMC-FUC-DT nanoparticles resulted in slightly higher antibody titres than TMC- 

PG-DT nanoparticles but both of these formulations elicited higher IgG antibody titres 

than the free antigen DT (p < 0.01). Even though TMC-DT dispersion resulted in higher 

IgG antibody titres TMC 9 cP HC was also associated with the lowest cell viability (9.8 

± 0.5% Calu-3) at 5 mg/ml. The TMC-PG-DT nanoparticles were considered non-toxic 

at this concentration (87.7 ± 7.1 Calu-3) while TMC-FUC-DT nanoparticles (55.3 ± 

7.3% Calu-3) displayed some signs of toxicity at 5 mg/ml but not as much as TMC 

alone (Kean et al., 2005; Mao et al., 2005; Amidi et ai., 2006). No toxicity studies in 

animals were performed but after the application of TMC-DT dispersions the mice may 

have shown signs of slowness for an hour but appeared normal after an hour.

Lately, it has been reported that chitosan induces a balanced Thi/Tha response in 

which the IgGi titres result in higher levels than the titres for IgGaa (Amidi et al., 2007 

and Zaharoff et al., 2007a). Based on IgGi and IgGaa titres in our study, TMC-FUC-DT 

and TMC-PG-DT nanoparticles also resulted in a balanced Thi/Tha response which 

might have been more Tha directed. Additionally, based on the cytokine stimulation of 

IL-2, IL-6 and IFN-y a balanced immune response could also be observed. Following 

intranasal delivery there were also significantly elevated levels of IgA in the vaginal 

washes. This gave an indication of the stimulation of a “common mucosal immune 

response". For the subcutaneous administration similar trends were observed with the 

main difference being that the free antigen DT resulted in higher levels of IgG 

compared to the intranasal application. These results highlight the importance of 

vaccine adjuvants especially for the mucosal delivery of vaccines. Alum adsorbed DT 

resulted in comparable results of IgG antibody titres to TMC-FUC-DT and TMC-PG-DT 

nanoparticle. This can be considered a good result since alum adsorbed DT is clinically 

used but alum has lately shown significant side effects which will not be as server for 

TMC nanoparticles since its biodegradable (Zaharoff eta!., 2007a).
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TMC-CMP-DT nanoparticles were compared to particles prepared with chitosan 

glutamate (CG) and chitosan chloride (CCI) in which TMC-CMP-DT resulted in higher 

DT specific serum IgG antibody titres as compared to CCI-CMP-DT and CG-CMP-DT 

(p < 0.05). On the other hand, the co-encapsulation of CpG ODN into TMC-CMP-DT 

nanoparticles did not result in significantly enhanced serum IgG antibody titres after 85 

days (p > 0.05). All three nanoparticle formulations (TMC-CMP-DT, CCI-CMP-DT and 

CG-CMP-DT) performed significantly better than the free antigen (DT) solution (p < 

0.01). The co-encapsulation of CpG ODN only performed significantly better in the 

production of IgGaa antibody titres when compared to TMC-CMP-DT nanoparticles. 

This suggested the stimulation of a stronger Thi response (p < 0.05) but the same was 

also seen for the simple mixture of CpG ODN with the antigen (p < 0.05). In contrast, 

the CpG-DT solution resulted in significantly weaker lgG2a antibody titres than TMC- 

CMP-DT nanoparticles (p < 0.05). It can be concluded that only the co-encapsulation of 

CpG ODN into TMC-CMP-DT nanoparticles results in high IgGi and IgGaa antibody 

titres in which is considered balanced Thi/Tha response. Also, the cytokine results 

confirmed this data in which the stimulation of IFN-y was not significantly different 

between TMC-CMP-DT-CpG and CpG-DT (p > 0.05) whereas for the Tha cytokine IL-4 

and IL-6 there was a significant difference (p < 0.05).

Interestingly, following intramuscular administration CCI-CMP-DT nanoparticles 

performed significantly better than TMC-CMP-DT nanoparticles and CG-CMP-DT 

nanoparticles for the DT specific IgG antibody titres (p < 0.05). All three nanoparticle 

formulations (TMC-CMP-DT, CCI-CMP-DT and CG-CMP-DT) performed significantly 

better than alum adsorbed DT (p < 0.05) and also better than the free antigen (DT) 

solution (p < 0.05) based on DT specific IgG antibody titres. As it has been previously 

been noted, a possible explanation for why TMC particles are more effective via the 

nasal route can be their higher bioadhesiveness, which increases the residence time at 

the nasal mucosa and therefore may result in a higher particle uptake, which in 

consequence results in a higher antibody titres (van der Lubben et al., 2001a and b, 

2002 and Amidi et a!., 2006). For intramuscular administration bioadhesiveness may 

not be as important for inducing antibody titres. Following intramuscular administration 

CCI-CMP-DT resulted in the highest levels of IgGaa antibody titres as well as the 

highest levels of IFN-y as compared to TMC-CMP-DT and CG-CMP-DT. For eliciting 

the IL-4 and IL-6 cytokines, TMC-CMP-DT outperformed CCI-CMP-DT. Alum adsorbed 

DT only performed as well as TMC-CMP-DT for the IL-4 analysis whereas for the IL-6, 

IFN-y and TNF-a TMC-CMP-DT outperformed alum adsorbed DT (p < 0.05). Taken 

together all these results the three nanoparticle formulations (TMC-CMP-DT, CCI-
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CMP’ DT, CG-CMP-DT) performed much better than the free antigen (DT) and also 

better than alum adsorbed DT

As discussed in the final chapter (Chapter 6), TMC-CML-TT nanoparticles yielded very 

similar in-vivo results as compared to TMC-CMP-DT nanoparticles following intranasal 

application even though a different antigen was used. After 36 days TMC-CML-TT 

nanoparticles resulted in significantly elevated IgG antibody levels as compared to CG- 

CML-TT. The co-encapsulation of CpG ODN also induced, in this case, the highest 

levels of lgG2a antibody titres, which were statistically significant when compared to 

TMC-CML-TT (p < 0.05). The same was reflected in the IFN-y levels, which were 

elevated for TMC-CML-TT-CpG as compared to TMC-CML-TT (p < 0.05). This again 

highlighted that the encapsulation of CpG ODN was able to significantly increase the 

cellular immune response, as reflected in a Thi response.

Following intramuscular application, TMC-CML-TT and CG-CML-TT nanoparticles 

resulted in comparable TT specific antibody titres (p > 0.05). This result is in line with 

the findings for TMC-CMP-DT and CG-CMP-DT which also resulted in comparable IgG 

antibody titres (p > 0.05). The TMC-CML-TT nanoparticles resulted in significantly 

higher TT specific IgG antibody titres (p < 0.05) after 36 and 85 days when compared 

to TMC-TT. However, 36 days after intranasal application TMC-CML-TT and TMC-TT 

resulted in comparable antibody titres. Both nanoparticle formulations (TMC-CML-TT 

and CG-CML-TT) elicited similar IgG antibody titres to alum adsorbed TT (p > 0.05) but 

significantly higher IgG antibody titres than the free antigen (TT) (p < 0.05).

Taken together all these results into account, it has been shown that particles 

containing TMC and a polyanionic polymer as well as TMC antigen mixtures are 

capable of eliciting a strong Th2 response and there is also evidence that these TMC 

formulations are also able to lead to the secretion of the Thi cytokine IFN-y. These 

results are in line with Amidi et al., (2007) who also showed a strong Th2 response with 

some lgG2a antibody titres following intranasal application of TMC-TPP particles 

delivering influenza antigen. Zaharoff et a!., (2007a) also showed that chitosan solution 

with p-galactosidase resulted in high IgGi titres and significantly lower lgG2a titres but 

still confirmed a cellular immune response via a delayed-type hypersensitivity (DTH) 

response. Our results are in agreement with these previous findings and we feel 

confident that TMC particles prepared by PEC and simple mixtures with the antigens 

are capable of eliciting a mixed Thi/Th2 immune response, which is biased more 

towards Th2 . No significant differences were observed between the different polyanions 

employed which might suggest that all of them are effective in a similar fashion. On the
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other hand, TMC particles prepared by simple mixtures with the antigen resulted in 

comparable immune responses to particles prepared with the polyanions. This might 

suggest that even though the polyanion by them can act as an adjuvant they were not 

further capable of boosting the immune response together with TMC. Similar results 

were found for CCI and CG which were not further boosted by the addition of the 

polyanions. Interestingly, when comparing the different chitosan salts not many 

differences were observed between TMC and chitosan. Even though that TMC 

appeared to result in slightly elevated levels it is not clear if these increased levels are 

necessary for sufficient protection. For the evaluation of sufficient protection a 

neutralisation assay would have been necessary which was unfortunately not available 

but if one of these système would carried forward these would be crucial to prove 

efficacy. However, for the nasal delivery of vaccine a comparison to alum is crucial. 

Since alum can not be applied nasally due to issues related with toxicity nasal vaccines 

are compared to parenteral applied alum formulations. Our data showed that both TMC 

and particles consisting of chitosan salts yielded comparable or better results than 

alum adsorbed DT or alum adsorbed TT following intranasal, intramuscular or 

subcutaneous application. This is very important since alum is currently clinically used 

with DT and TT and has lately shown to result in severe side effects (Zaharoff et al., 

2007a). It is generally known that alum is mainly applicable for vaccines which only 

require the stimulation of a humoral immune response in the form of neutralizing 

antibodies (i.e. DT and TT). The results presented here show that TMC nanoparticles 

are capable of inducing a humoral as well as a cellular immune response. These 

adjuvants might be therefore applicable for the delivery of antigens which require a 

cellular as well as humoral immune response for effective disease prevention (i.e. HIV, 

malaria and tuberculosis). This amount of cellular immunity could be further boosted by 

the addition of the Thi adjuvant CpG ODN.

Nasal vaccination appears very favourable due to the production of the stimulation of 

local antibodies such as IgA which will not be secreted by parenteral immunisation. 

Additionally, in chapter 3 and 4 nasal vaccinations with TMC resulted in 10 times 

increased IgGaa antibody titres compared to subcutaneous delivery which might further 

support the nasal application of TMC particles. Whether the dose volume of 25 pi will 

be only located in the nose is questionable. On the other hand, if some amount of this 

dose will be reach the lung or be swollen might only further boost the immune response 

and might not be considered as a disadvantage. Therefore, the term respiratory 

delivery might be more applicable. Another advantage for the nasal application is the 

avoidance of needles and therefore sterilization is not necessary.
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For selecting the best formulations other parameters have to be analysed rather than 

just the amount of stimulated antibodies. These might take into account availability of 

the polyanions, approvability and formulation characteristics. Therefore, maybe 

particles prepared with PG and CMP might be more applicable than fucoidan and CML 

since they have been used in clinical studies before. Particles containing CMP were 

freeze dry able whereas particles containing PG could not be freeze dried.

One of the main aims of this thesis was to evaluate whether or not composition affects 

the immune response. The answer to this question is no if the particles are only 

prepared to result in positive charged particles. Whether a change in charge might 

have an effect on the immune response has not been evaluated. The second main 

question was whether a change in composition might affect the toxicity. All particles 

prepared with polyanion/polycation mixtures were significantly less toxic than those 

obtained by using polycations only. These results may be significant because many 

vaccine adjuvants have failed in the clinic due to toxic side effects or because they 

were not effective. However, once TMC has been complexed with an antigen the 

toxicity might be also reduced but this has unfortunately not been evaluated

Overall these nanoparticle systems have to be considered as a platform in which the 

polyanion can be easily changed without seeing an affect in the immune response. To 

carry these systems further additional studies are necessary, such as the stability of 

the particles in relevant buffer media, the evaluation in different animal models to 

confirm their universal efficacy and in detail toxicity studies in-vivo. Moreover, instead 

of preparing only particles with surface located TMG also negatively charged particles 

could be prepared which might lead to a significantly different immune response 

(Schatz et al., 2004). Additionally, the use of TMC with the antigen might be worthwhile 

investigation from a physicochemical point of view as well as toxicity. The 

encapsulation of clinically more relevant antigens such as cancer antigens (i.e. Her/2 

neu or NY-E0S1) or plasmid DNA antigens (i.e. Hepatitis B) might be a possibility for 

further investigating these new particulate systems. For these antigens the 

encapsulation of CpG ODN might the best starting point since a balanced immune 

response is stimulated. Additionally, the attachment of targeting moieties on to the 

surface of these nanoparticles such as lectins and carboxymethylated sugars for 

dendritic cells might also further boost or alter the immune response.
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