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Thesis Abstract

The development of novel and easy administrable vaccine delivery systems against
infectious diseases is of major importance. Mucosal vaccine delivery systems would
potentially save millions of lives, especially in the developing world.

This thesis describes the optimisation and investigation of PCL nano- and
microparticles as vaccine delivery systems, both in vivo and ir vitro.

The effect of co-solvents on the loading efficiency of ovalbumin in polymeric PLGA
and PCL nanoparticles was investigated using the w/o/w solvent evaporation method.
Acetone and ethyl-acetate in combination with DCM reduced the loading efficiency of
ovalbumin in the nanoparticles when compared to DCM in the organic phase alone,
whereas methanol, iso-propanol and benzyl-alcohol in combination with DCM
increased the loading efficiency of ovalbumin in the nanoparticles, when compared to
DCM in the organic phase alone. Diphtheria-toxoid encapsulated in PCL nanoparticles
using DCM/benzyl-alcohol in the organic phase, lead to similar IgG antibody titres
compared to when DCM was used in the organic phase.

Following i.m. and i.n. administration of diphtheria-toxoid loaded PCL, PLGA and
PLGA-PCL co-polymer or PLGA-PCL blend nanoparticles, PCL nanoparticles induced
IgG antibody titres significantly higher than PLGA nanoparticles or free diphtheria-
toxoid administered, while the uptake of polymeric nanoparticles by Caco-2 cells, was
in the order of: PCL>PLGA-PCL co-polymer>PLGA-PCL blend>PLGA.

The addition of alum in the internal aqueous phase or the organic phase was
investigated in relation to the effect on diphtheria-toxoid loading efficiency and IgG
immune response. The addition of alum in the internal aqueous phase resulted in the
highest loading efficiencies, and also resulted in the highest diphtheria-toxoid specific
IgG antibody titres following i.m. administration.

PCL nanoparticles induced higher diphtheria-toxoid specific IgG antibody titres than
PCL microparticles, following i.m. administration. The production of IL-6 and IFN-y
cytokines following boosting with diphtheria-toxoid was determined and indicated that
Diphtheria-toxoid loaded nanoparticles induced a mainly Th, type immune response,

whereas diphtheria-toxoid microparticles induced a mainly Th; type immune response.



"In theory, there is no difference between theory and practice. But, in practice,
there is."

- Jan L.A. van de Snepscheut
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CHAPTER 1



1.1 Introduction

Vaccination is one of the most successful achievements of medical science. As a con-
sequence of the widespread use of vaccines during the recent decades, the worldwide
incidence of many infectious diseases has declined considerably or been eradicated. The
eradication of smallpox in 1977 represents the clearest success story for vaccination
policy. Although many vaccine-preventable diseases have been controlled in the
developed world, such diseases continue to pose major public health problems in the
economically under-privileged countries. Major challenges for vaccine development
include the improvement of existing vaccines by making them more safe and potent, the
development of vaccines against diseases for which no vaccines currently exist, the
improvement of vaccines to cover populations in the developing world (O’Hagan 1998;
O’Hagan et al., 1998) and the development of new adjuvants and delivery systems. In
many developing countries, compliance with multidose vaccines is difficult to achieve,
which also requires the use of specialized personnel, resulting in hundreds of thousands
of deaths every year. Most current vaccines are licensed for use only via a non-mucosal
route, usually subcutaneous or intramuscular. The only adjuvants which have been
widely used in licensed human vaccines are based on aluminium compounds, such as
for Diphtheria or Hepatitis A (Havrix). Aluminium compounds have several limitations
however; they are not effective for all antigens, they induce local reactions and
generally fail to induce cell-mediated immunity (O’Hagan et al., 2001). Even with
aluminium adjuvants two or three doses of vaccines are normally required to achieve
immunity. To increase immunisation coverage and to reduce the cost of immunisation,
one of the approaches being investigated is the use of nano- and microparticles prepared

from biodegradable polymers for the controlled release of vaccine.

1.1.1 Vaccines

The concept that people who survive an infectious disease do not develop the same
disease a second time is as old as humankind. It was reported for the first time by the
historian Thucydides in the description of the Peloponnesian War in 430 BC, who
reported that, during the plague of Athens, it was a common practise to use those who

had recovered from the disease, and therefore could not acquire it again, to take care of
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the sick. Today we know that we do not get the same disease twice thanks to our
immune system, which recognizes the antigen of infecting agents as non-self and
engineers the genetic repertoire of the cells devoted to the defence of our organism (B
and T lymphocytes), to code for receptor molecules that specifically recognize the
antigens of the incoming pathogen. This generates specific B- and T-cell clones, which,
respectively, combat the intruding agent by neutralizing it with antibodies or by killing
the cells that have been infected by it. After infection, the specific B and T-cells are
stored away as memory cells capable of recognizing the agent and proliferating, should

they meet again.

The principle of vaccinations is that the body is exposed to biological material that
mimics the infectious agent, so that the immune system mounts the resistance to a given
pathogen and acquires memory to it without experiencing the infection or disease. To
do so, whole micro-organisms (killed or attenuated) or parts of them are presented to the
immune system, so that the immune system produces specific B and T-cells able to
combat the infectious agent in absence of a dangerous infection. In early practices in
Asia in 590 AD, infected material from a mild smallpox lesion was transferred to
healthy people to make them resistant to subsequent exposures to the same disease.
Historically, vaccination was born in 1796 when Edward Jenner, noticed that farmers
exposed to infected materials from cows did not develop smallpox but acquired
immunity to the disease. The scientific approach to vaccination came only a century
later, when Louis Pasteur introduced the concept that infectious diseases were caused by
microorganisms and discovered that they could be attenuated by growing them under
adverse conditions. Using this empirical approach he developed the first live-attenuated
bacterial and viral vaccines. Large scale vaccination came only following the discovery
by Glenny and Hopkins, 1923, and Ramon, 1924, of safe and reproducible ways to
inactivate toxins and pathogens by the use of formaldehyde, and of the stable
attenuation of pathogens by serial passage in vitro. These were until the recent

biotechnological revolution the only means used for vaccine development.

Successful vaccines developed during the twentieth century are listed in table 1.1 below.
Many infectious diseases that at the beginning of the century caused millions of deaths
are completely absent today as a consequence of a simple and cheap practise such as

vaccination.
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Disease (infectious agent) Vaccine type Year
Smallpox Live-attenuated virus 1796
Rabies Live-attenuated virus 1885
Salmonella typhi Killed bacteria 1912
Tuberculosis Live-attenuated bacterium (BCG) 1921
Diphtheria Toxoid 1939
Yellow fever Live-attenuated virus 1940
Tetanus Toxoid 1949
Pertussis Killed bacterial cells 1953
Poliovirus Killed virus 1954
Influenze Killed virus 1958
Cholera Killed bacteria 1960
Measles Live-attenuated virus 1963
Mumps Live-attenuated virus 1966
Rubella Live-attenuated virus 1969
Meningococcus Purified capsular polysaccharide 1969
Tick-borne encephalitis Killed virus 1981
Pneumococcus Purified capsular polysaccharide 1977
Hepatitis B Killed virus 1981
Haemophilus influenzae Polysaccharide vaccine 1985
Hepatitis A Killed virus 1994
Varicella Live-attenuated virus 1995
Lyme disease Recombinant DNA 1998
Rotavirus Live-attenuated virus 1998

Table 1.1: Table of date for successful vaccines introduced for different diseases in humans (Goldsby ez
al., 2003).

Even though many vaccines have been discovered, we still stand faced with big and
increasing challenges. Every year millions of people, mainly in the developing world,
die due to diseases that could have been prevented if they had been vaccinated, see table
1.2. Still billions of people are carriers of diseases and will in the following years die,
which could be reduced by the development of novel vaccine delivery systems.

Most deaths from infectious diseases - almost 90% - are caused by only a handful of
diseases. Most of them have plagued mankind throughout history, often ravaging
populations more effectively than wars. In an age of vaccines, antibiotics and dramatic
scientific progress, these diseases should have been brought under control. Yet, in
developing countries today they continue to kill at an alarming rate. At times - as in

recent outbreaks of influenza - they also kill at an alarming rate in the industrialized
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countries. No more than six deadly infectious diseases - pneumonia, tuberculosis,
diarrhoeal diseases, malaria, measles and more recently HIV/AIDS - account for half of
all premature deaths, killing mostly children and young adults. Because these diseases
affect mainly young children and adult breadwinners their impact on families can be
catastrophic (WHO, 2002).

Disease Million deaths in
2002
Acute respiratory infections 3.9
HIV/AIDS 3.1
Diarrhoea 33
Tuberculosis 1.6
Malaria 1.1
Measles 0.7

Table. 1.2: Deaths coursed worldwide in 2002 by specific infections. Source WHO, 2002.

1.1.1.1 Acute respiratory infections

Acute respiratory infections (ARIs) are responsible for many deaths. Pneumonia, the
deadliest ARI, kills more children than any other infectious disease. Most of these
deaths (99%) occur in developing countries. Yet in industrialized countries, childhood
deaths from pneumonia are rare. Pneumonia often affects children with low birth weight
or those whose immune systems are weakened by malnutrition or other diseases and
without treatment, pneumonia kills quickly. The influenza virus is another cause of
pneumonia. There is very little information available on the number of influenza deaths
in developing countries. However, in the United States alone, the disease kills 10 000-
40 000 people in an average influenza season (WHO, 2002, Goldsby et al., 2003).

1.1.1.2 Human immunodeficiency virus/ Acquired immunodeficiency syndrome

Over 33 million people are living with human immunodeficiency virus (HIV)/ acquired
immunodeficiency syndrome (AIDS) worldwide. There is still no cure on the horizon.
Worst affected is sub-Saharan Africa. In some countries, up to one in four of the adult
population are now living with HIV/AIDS. In Zimbabwe, 20%-50% of pregnant women
in some areas are infected with HIV and risk infecting their children. An increasing
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number of maternal deaths are now due to infections contracted by HIV-positive women
during delivery. In many countries, life expectancy and child survival rates have
plummeted. In Botswana life expectancy at birth has fallen from 70 to around 50 years
(WHO, 2002).

1.1.1.3 Diarrhoea

Diarrhoeal diseases claim nearly 3.3 million lives a year among children under five.
They are so widespread in developing countries that parents often fail to recognize the
danger signs. Children die simply because their bodies are weakened often through
rapid loss of fluids and undernourished through lack of food (WHO, 2002).

Diarrhoeal diseases impose a heavy burden on developing countries - accounting for 1.5
billion incidences of illness a year in children under five. The burden is highest in
deprived areas where there is poor sanitation, inadequate hygiene and unsafe drinking
water.

In certain developing countries, epidemics of diarrhoeal diseases such as cholera and
dysentery strike down adults and children alike. Other major diarrhoeal diseases include
typhoid fever and rotavirus which is the main cause of severe dehydrating diarrhoea
among children (WHO, 2002, Goldsby et al., 2003).

1.1.1.4 Tuberculosis

Tuberculosis, a disease once thought to be under control, kills 1.6 million people a year
- even more when in combination with HIV/AIDS. Nearly two billion people - one-third
of the world's population - have latent TB infection. Together they constitute a huge
potential reservoir for the disease. TB kills more adolescents and adults than any other
single infection. It is also a leading cause of death among women (WHO, 2002,
Goldsby et al., 2003).

Infection with HIV weakens the immune system and can activate latent TB infection. It
is also believed to multiply the risk of initial infection with TB. About one-third of all
AIDS deaths today are caused by TB (WHO, 2002, Goldsby et al., 2003).
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1.1.1.5 Malaria

Malaria kills over one million people a year - most of them young children. Most
malaria deaths occur in sub-Saharan Africa, where malaria accounts for one in five of
all childhood deaths. Women are especially vulnerable during pregnancy. They are
more likely to die from the disease, suffer miscarriages or give birth to premature, low-
weight babies. Malaria can cause high fever, convulsions and breathing difficulties.
With the onset of cerebral malaria - an acute form of the disease - the child lapses into a
coma and may die within 24h. The high incidence of malaria cases - over 275 million a
year globally - can impose a huge economic burden on both families and governments
through lost productivity, missed education and high health care costs (WHO, 2002;
Ehreth, 2003).

1.1.1.6 Measles

Measles is the most contagious disease known to man. It is a major childhood killer in
developing countries - accounting for about 900,000 deaths a year. The measles virus
may ultimately be responsible for more child deaths than any other single microbe - due
to complications from pneumonia, diarrhoea and malnutrition (WHO, 2002; Ehreth,
2003).

1.1.1.7 Diphtheria

In developing countries where vaccination is not yet fully practised, Diphtheria is
responsible for a remarkably high number of deaths. Diphtheria is a bacterial infection
caused by Corynebacterium diphtheria. Diphtheria is an infectious disease spreading
from person to person by respiratory droplets from the throat through coughing and
sneezing. The disease normally breaks out 2 to 5 days after infection and usually affects
the tonsils, pharynx, larynx and occasionally the skin. Symptoms range from a
moderately sore throat to toxic life-threatening diphtheria of the larynx or of the lower
and upper respiratory tracts. Diphtheria is often complicated by diphtheric myocarditis
(toxic damage to heart muscles) and neuritis (toxic damage to peripheral nerves). The
disease can be fatal - between 5% and 10% of diphtheria patients die, even if properly
treated. Death is caused via inhibition of protein synthesis and cell death. Untreated
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patients are infectious for 2 to 3 weeks. Treatment consists of immediate administration
of diphtheria antitoxin and antibiotics. Antibiotic treatment usually renders patients
non-infectious within 24h. Unless immunized, children and adults may repeatedly be
infected with the disease. The most effective method is mass immunization of the entire
population. The incidence of diphtheria declined rapidly in developed countries after
the introduction of a vaccine in the 1940 and 1950s (WHO, 2002). During the early
1980s, its incidence was at the lowest level ever, but in the early 1990s a massive
epidimic of diphtheria occurred in the former Soviet Union, causing more than 50,000
cases and several thousand deaths over 4 years (Perlmann er al., 1999). These
epidemics, were attributed to inadequate immunization coverage for diphtheria due to
the requirement for multiple injections, requiring three injections during its
immunization schedule, and therefore represents a suitable target for a single-dose
vaccine using possibly a sustained release preparations such as polymeric micro or

nanoparticles, and preferably one administered using a non-invasive route.

1.2 Types of vaccines available

Existing vaccines can be divided into three broad categories, depending on whether they
contain live-attenuated microorganisms, inactivated whole microorganisms or purified
components of microorganisms, sub-unit vaccines. The last group can either be purified
from the infectious agent or made by recombinant DNA. A successful category of
subunit vaccines is semisynthetic vaccines in which a carbohydrate antigen is covalently
linked to a protein, conjugate vaccines). The term antigen is used to describe a molecule
which generates an immune response also called an immunogen, and which reacts with
antibodies or primes T-cells. Vaccines available today include, live attenuated
pathogens, inactivated pathogens, passive immunity immunoglobulins, purified
component vaccines and genetically engineered vaccines such as subunit vaccines and

live attenuated vaccines.
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1.2.1 Live attenuated vaccines

Examples of widely used live-attenuated vaccines are the Bacillus Calmette-Guérin
(BCG) vaccine against tuberculosis and the vaccines against measles. Well-
characterised, live attenuated bacterial and viral strains can be built by modification of
the genome of the pathogen. Any microorganism can be attenuated by deleting or
modifying genes that are essential for the in vivo growth of the pathogen (Arnon and
Ben-Yedidia, 2003).

1.2.2 Killed, inactivated vaccines

Heat or chemical inactivation of bacteria and viruses has been the first, easy approach to
the development of any vaccine. Generally the virulent microorganism is killed by
exposure to a chemical such as formaldehyde and used as such in the vaccine. The
advantage is that all antigens present in the pathogen are included in the vaccine, so it is
not necessary to know which are the protective antigens. The disadvantage is that some
of the vaccine components may be toxic and responsible for undesirable side effects.
Some vaccines containing killed bacteria which were used in the past, such as those
against salmonella and cholera are no longer in use because of the unacceptable level of
side effects. Today this method of vaccine development is no longer widely employed,
although several vaccines of this type are still in use. These include vaccines against
rabies and Hepatitis A (Arnon and Ben-Yedidia, 2003).

1.2.3 Subunit vaccines

Subunit vaccines consist of one or more antigens purified from the microorganism or
produced by recombinant DNA technology. Development of subunit vaccines requires
knowledge of the protective antigen(s) and the ability to produce and purify them on a
large scale.

The first subunit vaccines to be developed were diphtheria and tetanus toxoids. Both
diseases were caused by a toxin produced by a bacterium, suggesting that serum
antibodies able to neutralize the toxin were sufficient to protect against disease. The
semi-purified antigens were therefore inactivated by chemical, formaldehyde, treatment
and used as vaccines. A second example of subunit vaccines are polysaccharide

vaccines against encapsulated bacteria. The observation that serum bactericidal
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antibodies against the capsular polysaccharide were enough to protect from invasive
bacterial infection suggested the development of purified capsular polysaccharides as
vaccines, for example polysaccharide vaccines have been developed against e.g.
meningococcus A.

A third example of a subunit vaccine is the recombinant vaccine against hepatitis B. The
recombinant DNA is engineered using a yeast strain to produce the envelope protein.
Another type of subunit vaccine is the recently developed acellular pertussis vaccine.
The pertussis toxin was detoxified by site directed mutagenesis of the amino acids

responsible for the toxicity (Goldsby et al., 2003).

1.2.4 Conjugate vaccines

A conjugate vaccine is created by the chemical coupling of a polysaccharide and a
protein. Many bacteria which cause systemic infection are surrounded by a capsule
composed of polysaccharides, and vaccination using these purified polysaccharides can
protect people from diseases. Polysaccharides are recognized poorly by helper T-cells,
but this is overcome by chemically linking the polysaccharide to a carrier protein such
as diphtheria or tetanus toxoid known to be recognized by T-cells (Goldsby et al.,
2003).

1.3 Adjuvants

1.3.1 Types of adjuvants and vaccine delivery systems available today

A general problem is that the new generation of peptide and protein vaccines alone are
often poorly immunogenic, whereas traditional vaccines contain many components,
some of which can elicit additional T-cell help or function as adjuvants e.g. bacterial
DNA in whole cell vaccines. However, these components have been eliminated from
many new generation vaccines. Therefore, there is an urgent need for the development
of potent and safe adjuvants that can be used with vaccines to enhance their
immunogenicity.

Immunological adjuvants are described as substances used in combination with a

specific antigen that produces a more robust immune response than the antigen alone.
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Adjuvants can be used to improve the immune response to vaccine antigens in several
different ways (Pillai and Panchagnula, 2001):

e Adjuvants can increase the immunogenicity of weak antigens,

e Enhance the speed and duration of the immune response,

e Modulate antibody activity, specificity, isotype or subclass distribution,

¢ Stimulate cellular mediated immunity,

¢ Promote the induction of mucosal immunity,

e Enhance immune responses in immunologically immature individuals,

e Decrease the dose of antigen in the vaccine and reduce costs.

Different classes of adjuvants that are being evaluated for vaccines in humans are:
Mineral salts, immunostimulatory adjuvants, lipid particles, mucosal adjuvants and
particulate adjuvants. The need for improved methods of antigen delivery has spurred
research aimed at developing the next generation of adjuvants to complement, or
replace currently used aluminium salts. Aluminium salts were among the first adjuvants
discovered in 1926 and are together with MF59 and virosomes the only adjuvants
currently approved by the US FDA. They are effective in combination with many
antigens, but repeated administration is necessary to achieve protection against infection
(Hanes et al., 1997).

1.3.1.1 Mineral salts
Mineral salts include aluminium hydroxide, aluminium phosphate and calcium

phosphate, and are described in more detail in chapter 5.

1.3.1.2 Immuneostimulatory adjuvants

Immuno-stimulatory adjuvants include monophosphoryl lipid A which is derived from
bacteria. It is thought to interact with receptors on antigen presenting cells (APC)
resulting in the release of cytokines especially IL-2 and IFN-y which promote the
generation of Th; responses. monophosphoryl lipid A has been formulated into

emulsions to enhance its potency (Ulrich, 2000).

39



Bacterial DNA has been shown to have immunostimulatory effect on immune cells
(Rankin et al., 2002), which was due to the presence of CpG dinucleotides, which is
recognised by cells of the innate immune system, including macrophages and dendritic
cells, and are potent for the induction of cytokines such as IL-1, IL-6 and IL-12. The
Th; adjuvant effect of CpG appeared maximised by their conjugation to protein antigens
or their formulation with delivery systems. (O’Hagan et al., 2001).

A third group of immunostimulatory adjuvants are the saponins. Saponins function
through the induction of cytokines. Quil A has been shown to be a potent adjuvant for
Th; cytokines such as IL-2 and IFN-y (O’Hagan et al., 2001).

1.3.1.3 Mucosal adjuvants

The most potent mucosal adjuvants are the bacterial toxins from vibrio cholerae and
escherichia coli, cholera toxin and heat-labile enterotoxin, respectively. These are the
causes of cholera and diarrhoea and are therefore considered too toxic for human use.
However, after genetic manipulation to reduce toxicity, heat-labile enterotoxins have
been used to induce protective immunity in mice against helicobacter pylori (Marchetti
et al., 1998) and been shown to be potent oral adjuvants for influenza vaccine
(Barackman et al., 2001) and model antigens (Douce et al., 1999). The ability of heat-
labile enterotoxin mutants to induce potent antibody responses following intranasal
immunisation has been demonstrated (Rappuoli et al., 1999) and they have shown
protection against challenge with herpes simplex virus (O’Hagan et al., 1999). It was
also shown that the potency of heat-labile enterotoxin mutants may be enhanced by their
formulation into a bioadhesive microparticle delivery system (Singh et al., 2001).

The adjuvant effect from cholera toxin and heat-labile enterotoxin seem to be from a
subunit binding domain, which interacts with regulatory proteins inside cells (Rappuoli
et al., 1999). Mucosal adjuvants also include polymerised liposomes which have shown
potential in inducing immunity in vivo (Bramwell et al., 2002) and chitosan, which will

be described later.

1.3.1.4 Lipidic particles as adjuvants
Liposomes are vesicles consisting of bilayered phospholipids membranes which have

been used as immunoadjuvant and antigen delivery systems. Liposomes are usually
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composed of phospholipids and cholesterol, and can range in size from 0.01 pm to 150
um. In preparing liposome vaccines, water-soluble substances can be incorporated into
the enclosed aqueous space, whereas lipid-soluble substances can be added to the
solvent during the vesicle formation and incorporated into the lipid bilayer. Water-
soluble substances can be covalently linked to lipid-soluble molecules for membrane
association which may more effectively direct the delivery of test substances to host-
cells. Another feature of the adjuvant properties of liposomes is their ability to protect
the antigen from acids and proteolytic enzymes of the gastrointestinal system (Alving,
1992; Gregoriadis, 1990).

The potential of liposomes as mucosal delivery systems has been investigated by
several groups (Kersten et al., 2003; Bramwell et al., 1999). In addition to
immunogenicity, liposomes have characteristics that are advantageous for the mucosal
delivery of antigens (Alving, 1992). De Haan et al., (1995) showed that physical
association of the antigen with liposomes is not required for immune stimulation by the
intra nasal route. Bramwell er al., (1999) showed that the co-administration of
liposomes with another agent such as chitosan, showed a significant potential for
intranasal delivery, and facilitated enhanced responses to mock challenge following

initial oral dosing.

ISCOMS are immunostimulating complexes consisting of the saponin adjuvant Quil A,
and cholesterol to form the ISCOM matrix. Proteins are incorporated in the ISCOM by
hydrophobic interactions and in conjugation with the addition of phosphatidyl choline, a
less rigid lipid than cholesterol. Quil-A serves as a adjuvant making the ISCOM highly
immunogenic (Sjolander and Cox, 1998).

Oral immunisation of ISCOMs incorporating ovalbumin has shown to prime systemic
IgG, delayed type hypersensitivity, CTL and IgA response (Mowat et al., 1999).
Intranasal immunisation with ISCOMs incorporating influenza antigen showed the
induction a potent antibody response and CTL (Brennan et al., (1999). ISCOMs are able
to prime both Th; and Th; responses following subcutaneous or oral immunisation
(Sjolander and Cox, 1998). They have potential for mucosal delivery of vaccine and in
inducing local and systemic immune response. [ISCOMs are also able to induce CD8+
MHC-class I CTL responses after intranasal, oral and subcutaneous immunisation
(Mohamedi et al., 2001).
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Cochleate vesicles are stable protein-phospholipid-calcium precipitates consisting of a
large, continuous, solid, lipid-bilayer sheet rolled up in a spiral, with no internal
aqueous space and with calcium ions bridging the gaps between successive layers
(Gould-Fogerite and Mannino, 1996). Oral administration of cochleate vaccines has
been shown to induce strong long-lasting circulation and mucosal antibody responses,
and long-term immunological memory to influenza and parainfluenza-type-1-virus
glycoproteins: cell-mediated immune responses were also generated (Mannino and

Gould-Fogerite, 1995; Kersten et al., 2003).

Virosomes are reconstituted lipid vesicles containing viral glycoproteins, that have been
used as experimental vaccines and delivered by mucosal as well as systemic routes.
Advantages of the reconstituted virosome preparations include the fact that the viral
surface glycoproteins possess high affinity for receptors on mucosal surfaces, such as
the respiratory tract, thus providing a mechanism for efficient attachment of antigens to
mucosal surfaces. In addition, vesicles containing specific glycoproteins, such as those
of human parainfluenza viruses, also possess the ability to induce membrane fusion with
cell surfaces, which could provide a mechanism for increasing the efficiency of antigen
delivery (Goldsby et al., 2003; Kersten and Crommelin, 2003).

The absorption enhancer lysophosphatidyl glycerol (LPG) has been tested as a mucosal
adjuvant for intra vaginally administered HIV-2 envelope glucoprotein gp120 in rats
(O’Hagan et al., 1992). Both serum and vaginal wash IgA antibody response were

enhanced when PLG was used as a vaginal adjuvant.

Complete Freund’s adjuvant is a potent, but toxic water in mineral oil adjuvant, which
may contain myco-bacteria (Lindblad, 2000). Incomplete Freund’s adjuvant is an
emulsion without the killed myco-bacterium, that is been used in animal vaccination.
MF59 is a squalene o/w emulsion without presence of additional immunostimulatory
adjuvants which has proved a potent adjuvant (Ott et al., 1995) it is currently tested with
various antigens from HIV to hepatitis C viruses (Aguado et al., 1999).

The adjuavnts monophosphoryl lipid A and QS21 were added in emulsions, and

induced protection in a mouse model of malaria that was comparable or better than the
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levels of protection induced with the vaccine in Freund’s complete adjuvant (Ling ef al.,

1997).

1.3.1.5 Nano- and microparticles as vaccine adjuvants

By using polymeric nano/microparticles for mucosal antigen delivery, the enzymatic
barrier due to the presence of exo- and endopeptidases in the lumen and both the plasma
membrane and cytosol of the mucosal cells, can be minimised, and the induction of both
a mucosal and systemic immune response can be obtained. Particles are adsorbed with
greater efficiency than soluble molecules in the mucosal epithelium, thereby providing a
greater concentration of antigen at the inductive site (Nugent et al., 1998).

The principal mode of action of a range of particulate adjuvants such as nano- and
microparticles, liposomes etc, is to promote uptake of the antigen by APC, or deliver
antigen directly to the lymph node. The use of particulate adjuvants, as immuno-
stimulatory adjuvants has been evaluated by several groups (Eldridge et al., 1991;
O’Hagan et al., 1991, 1993; Alpar et al., 1994). Particulate adjuvants have comparable
dimensions to the pathogens which the immune system evolved to combat.
Nevertheless, the successful delivery of antigen to a lymph node will not necessarily
result in the induction of an immune response. In the event leading to a full immune
reaction, it is necessary to present the antigen in the presence of co-stimulatory
molecules and cytokines, which are normally provided by APC and contribute to the
priming of T helper cells. The role of the T helper cells is to provide antigen specific
help for B-cell proliferation and antibody induction and help for cytotoxic T
lymphocyte responses (O’Hagan et al., 2001).

Typically, a minimum of three antigen immunisations is required to invoke antibody
titers or cellular responses sufficient to combat an infection. In addition, the patient will
have to return several years after the last immunisation for a final booster immunisation.
This poses a problem, especially in developing countries, as many patients do not
understand the importance of additional booster doses, and patient compliance may be
poor. A controlled-release formulation such as a single-immunisation vaccine would
eliminate or reduce the need for patients to receive repeated immunisation, and may also
generate an immune-response which is greater than the multi-dose formulations. A

controlled-release formulation could be developed to mimic a continuous or pulsatile
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release of antigen (Hanes et al., 1997; Alpar et al., 2000). For a non-injected vaccine
administration such as oral and nasal route of delivery, the minimum requirement is that
efficacy must be similar to the existing injected formulation. In addition, as oral and
nasal vaccine delivery can lead to mucosal immunity there is further rationale to
immunize via these routes in order to prevent attack by the 90% of pathogens that
invade via mucosa.

Many different vaccine antigens have been encapsulated in polymeric particles, e.g.
bacterial proteins, H. Pylori (Kim et al., 1999), viral proteins, influenza (Chattaraj ez al.,
1999) and DNA (Jones et al., 1998) and shown to stimulate the elicitation of antigen-
specific serum antibody responses and mucosal IgA. Microparticles have been used as
mucosal carriers for DNA vaccines. Entrapping DNA plasmids in microparticles
combines the concept of mucosal vaccination with that of DNA vaccination. Studies
have shown that plasmid DNA can be encapsulated or adsorbed onto PLG
microparticles with significant retention of biological function, and a single oral dose of
encapsulated DNA can elicit systemic and mucosal antibody responses to the encoded
protein (Jones et al., 1997, O’Hagan et al., 2001). The biodegradable polymer PLGA
has been used for many years in resorbable sutures and bone plates and in several
commercial formulations, such as Lupron Depot, consisting of leuprolide acetate in

PLGA microparticles (Hanes et al., 1997).

1.3.1.6 Live bacterial vectors

The ability of some microorganisms to colonize and infect the intestinal mucosa, and
the potential for including genes from unrelated microorganisms which encode relevant
antigens, represent an attractive possibility for design of novel mucosal vaccines. There
are several advantages of using live bacterial vectors. These include the capacity to bind
and be taken up at mucosal sites, and stimulate local and systemic immune responses.
Also, bacterial strains can be attenuated to delete important virulent genes, creating
bacterial delivery systems that are not able to revert to pathogenicity and serve as
carriers for recombinant protein genes or more recently, plasmid DNA encoding foreign
antigens (Goldsby et al., 2003).

Although several bacterial species are available, most of the experimental work has
been performed with genetically attenuated strains of Salmonella (Curtiss et al., 1989).

The concept of using avirulent salmonella mutants as mucosal vaccine delivery systems
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for antigens of heterologous pathogens began over a decade ago, and was based on
studies of the manner in which salmonella infects the host, and of recombinant DNA
technology. Salmonella typhi and Salmonella typhimurium colonize the intestine of
humans and mice, respectively, initially through the peyers patches (PP), where they
replicate and provide a continual supply of antigen. These bacteria can also migrate to
the spleen and liver and induce systemic immune responses. For use as a vector delivery
system, the bacteria should be completely avirulent and stable, and possess two or more
well-characterised attenuation deletion mutations to preclude loss of the avirulent
phenotype by gene transfer or reversion. Furthermore, they should effectively express
the cloned genes which encode virulence factors of other pathogens for the induction of
immune responses that render the host protected against infection and disease (Cruse et

al., 1999).

1.3.1.7 Live viral vectors

Live, recombinant vectored vaccines have the advantage that they can stimulate both
humoral and cell-mediated immune responses, and have great potential for
immunization, either alone or in combination with a subunit vaccine. However, only
few viruses are employed as delivery systems for mucosal immunisation. Based on their
tropism for mucosa, or respiratory or gastrointestinal tracts, several viruses were used
for delivering antigens at these sites.

Viral vectors that have been studied for mucosal immunisation include adenovirus
(Redman et al., 1994). Adenoviral vectors have shown particular promise for generating
mucosal immune responses to many foreign antigens when administered by the
intranasal and oral routes (Fooks, 2000).

Mucosal immunisation with recombinant adenovirus vectors has effectively induced
serum and T-cell mediated immune responses. Adenovirus vectors have the advantages
of stability, ease of preparation and administration. This makes this delivery system
suitable for vaccination. The potential of vaccinia virus vectors for mucosal delivery has
been studied with antigens including influenza (Kanesaki et al., 1991).

While these studies showed the induction of protective immunity, pre-existing antibody
to the viral vector can inhibit the titre and duration of antibody responses to secondary
or further immunisations. This may adversely affect the widespread use of such vectors

if multiple applications are required (Goldsby et al., 2003).
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1.3.1.8 DNA vaccines

Administration of naked plasmid DNA encoding an antigen results in the synthesis of
the protein by host cells and subsequent development of cellular and humoral immune
responses against the antigen (Tang et al., 1992; Ulmer et al., 1993). An advantage of
this approach compared with the attenuated-vaccine approach, is that the vector is
unlikely to become pathogenic. In addition, antigenic competition with the vector
should not occur.

Advances in the manipulation of the immune system utilising these DNA vaccines has
provided a novel approach which may have application in a variety of human diseases
(Spack and Sorgi, 2001). DNA vaccines have potential advantageous over conventional
protein vaccines, since the plasmid is easy to purify in large quantity and does not
involve complicated and low yield protein purification or viral manipulation. Moreover
it has been shown that DNA can generate CD4+ T-helper cells and CD8+ cytotoxic T-
cells, advantageous for protecting against certain pathogens.

Furthermore, the protein is synthesized inside the host-cells and can undergo proper
post-translational modifications, similar to that in viral infections. This enables the
immune system to be presented with the correct conformation of the antigen. The
mechanism of DNA vaccination in terms of the cells involved and the process of
antigen presentation, is not fully understood but may be dependent upon the delivery
system. Following immunisation with DNA, somatic cells or APC express the antigen
(Gurunathan et al., 2000).

1.4 The immune system

1.4.1 Cells and organs of the immune system

A number of morphologically- and functionally-diverse organs and tissues have various
functions in the development of immune responses. These can be distinguished by
function as the primary and secondary lymphoid organs. The thymus and bone marrow
are the primary lymphoid organs, where maturation of lymphocytes takes place. The
lymph nodes, spleen and various mucosal-associated lymphoid tissues are the secondary
lymphoid organs, which trap antigen and provide sites for mature lymphocytes to
interact with that antigen. In addition, tertiary lymphoid tissues, which normally contain
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fewer lymphoid cells than secondary lymphoid organs, can import lymphoid cells
during an inflammatory response. Once mature lymphocytes have been generated in the
primary lymphoid organs, they circulate in the blood and lymphatic system which is a
network of vessels that collects fluid that has escaped into the tissues from capillaries of

the circulatory system and ultimately return it to the blood (Cruse et al., 1999).

1.4.1.1 Primary lymphoid organs

Immature lymphocytes generated, mature and become committed to a particular
antigenic specificity within the primary lymphoid organs. Only after a lymphocyte has
matured within a primary lymphoid organ is the cell immunocompetent. T-cells arise in
the thymus and in many mammals B-cells originate in bone marrow (Cruse et al.,

1999).

1.4.1.2 Thymus

The thymus is the site of T-cell development and maturation. The function of the
thymus is to generate and select a repertoire of T-cells that will protect the body from
infection. As thymocytes develop, an enormous diversity of T-cell receptors is
generated by a random process that produces some T-cells with receptors capable of
recognizing antigen-MHC complexes. However most of the T-cell receptors produced
by this random process are incapable of recognizing antigen-MHC complexes and a
small portion react with combinations of self antigen-MHC complexes. The thymus
induces the death of those T-cells that cannot recognize antigen-MHC complexes and
those that react with self antigen-MHC and pose a danger of causing autoimmune
disease (Cruse et al., 1999; Goldsby et al., 2003).

1.4.1.3 Bone marrow

The bone marrow produces B-cells, natural killer cells, granulocytes and immature
thymocytes, in addition to red blood cells and platelets. They form through a process
called hematopoiesis. During hematopoiesis, bone marrow-derived stem-cells

differentiate into either mature cells of the immune system or into precursors of cells
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that migrate out of the bone marrow to continue their maturation elsewhere (Cruse et

al., 1999; Goldsby et al., 2003).

1.4.2 Secondary lymphoid organs

Lymph nodes and the spleen are the most highly organized of the secondary lymphoid
organs; they comprise not only lymphoid follicles, but additional distinct regions of T-
cell and B-cell activity, and they are surrounded by fibrous capsules. Less-organized
lymphoid tissue, collectively called mucosal associated lymphoid tissue, MALT, is
found in various body sites. MALT includes PP, the tonsils and appendix, as well as
numerous lymphoid follicles within the lamina propria of the intestines and in the
mucous membranes lining the upper airways, bronchi and genital tract (Cruse et al.,

1999; Goldsby et al., 2003).

1.4.2.1 Lymph nodes

Lymph nodes are the sites where immune responses are mounted to antigens in lymph.
Composed mostly of T-cells, B-cells, dendritic cells and macrophages, the nodes drain
fluid from most of our tissues. As antigen is carried into a regional node by the lymph, it
is trapped, processed and presented together with class II MHC molecules by dendritic
cells resulting in the activation of Th cells. The initial activation of B-cells is also
thought to take place within the T-cell rich paracortex. Once activated, Th and B-cells
form small foci consisting largely of proliferating B-cells at the edges of the paracortex.
Some B-cells within the foci differentiate into plasma cells secreting IgM and IgG.
These foci reach maximum size within 4-6 days of antigen challenge. Within 4-7 days
of antigen challenge, a few B-cells and Th cells migrate to the primary follicles of the
cortex. It is not known what causes the migration (Cruse ef al., 1999; Goldsby et al.,
2003).
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1.4.2.2 Spleen

The spleen plays a major role in mounting immune responses to antigens in the blood
stream. The spleen specializes in filtering blood and trapping blood-borne antigens;
thus, it can respond to systemic infections. Unlike the lymph nodes, the spleen is not
supplied by lymphatic vessels. Instead, blood borne antigens and lymphocytes are
carried into the spleen through the splenic artery or by macrophages and dendritic cells,
which empties into the marginal zone. In the marginal zone, antigen is trapped by
dendritic cells which carry it to periarteriolar lymphoid sheath (PALS) populated mainly
by T lymphocytes. The initial activation of B and T-cells takes place in the T-cell rich
PALS. Here macrophages or dendritic cells capture antigen and present it combined
with class I MHC molecules to Th cells. Once activated these Th cells can the activate
B-cells (Cruse et al., 1999; Goldsby et al., 2003).

1.4.2.3 Mucosal associated lymphoid tissue

The mucous membranes are the major sites of entry for most pathogens. These
vulnerable membrane surfaces are defended by a group of organized lymphoid tissues
known collectively as mucosal-associated lymphoid tissue (MALT). The MALT will be

described in detail later in this chapter.

1.4.2.4 Neutrophils, eosinophils and basophils

The granulocytes are classified as neutrophils, eosinophils, or basophils on the basis of
cellular morphology and cytoplasmic staining characteristics.

Neutrophils are produced by hematopoiesis in the bone marrow. They are released into
the peripheral blood and circulate for 7-10h before migrating into the tissues, where
they have a life span of only a few days. In response to many types of infections, the
bone marrow releases more than the usual number of neutrophils and these cells
generally are the first to arrive at a site of inflammation.

Like macrophages, neutrophils are active phagocytic cells. Phagocytosis by neutrophils
is similar to that described for macrophages, expect that the lytic enzymes and
bactericidal substances in neutrophils are contained within primary and secondary

granules.
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Eosinophils, like neutrophils, are motile phagocytic cells that can migrate from the
blood into the tissue spaces. Their phagocytic role is significantly less important than
that of neutrophils, and it is thought that they play a role in the defence against parasitic
organisms by releasing their contents into the surrounding environment to kill microbes
extracellularly (Cruse et al., 1999; Goldsby et al., 2003).

Basophils are non-phagocytic granulocytes that function by releasing pharmacologically
active substances from their cytoplasmic granules. These substances play a major role in

certain allergic responses.

1.4.2.5 Monocytes

Monocytes are important phagocytes. Monocytes differentiate into macrophages when
they leave the blood and enter the tissue. Macrophages and dendritic cells are very
important in phagocytosis and serve as antigen-presenting cells in the adaptive immune

responses (see below).

1.4.2.6 Lymphocytes

Lymphocytes mediate the adaptive immune responses. Only a small proportion of the
body's lymphocytes are found in the blood. The majority are found in lymphoid tissue.
Lymphocytes circulate back and forth between the blood and the lymphoid system of
the body.

There are 2 major populations of lymphocytes, T-cell and B-cells:

T-Cells, T lymphocytes are usually divided into two major subsets that are functionally
and phenotypically different. The T helper subset, also called the CD4+ T-cell, is a
pertinent coordinator of immune regulation. The main function of the T helper cell is to
augment or potentiate immune responses by the secretion of specialized factors that
activate other white blood cells to fight off infection. Another important type of T-cell is
called the T killer/suppressor subset or CD8+ T-cell. These cells are important in

directly killing certain tumor cells, viral-infected cells and sometimes parasites. Both
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types of T-cells can be found throughout the body. They often depend on the secondary
lymphoid organs (the lymph nodes and spleen) as sites where activation occurs, but they
are also found in other tissues of the body, most conspicuously the liver, lung, blood,
and intestinal and reproductive tracts. B-lymphocytes, B-cells, mediate humoral
immunity and have B-cell receptors on their surface for antigen recognition. Generally
10-20% of the lymphocyte are B-lymphocytes and they differentiate into antibody-
secreting plasma cells (Cruse et al., 1999; Goldsby et al., 2003).

1.4.2.7 Natural Killer Cells

Natural killer cells, often referred to as NK cells, are similar to the killer T-cell subset
(CD8+ T-cells). They function as effector cells that directly kill certain tumors such as
melanomas, lymphomas and viral-infected cells, most notably herpes and
cytomegalovirus-infected cells. NK cells, unlike the CD8+ T-cells, kill their targets
without a prior "conference" in the lymphoid organs. NK cells are lymphocytes that
lack B-cell receptors and T-cell receptors. They kill cells bound by antibody or lacking
MHC-I molecules on their surface (Cruse et al., 1999; Goldsby et al., 2003).

1.4.3 Antigen presenting cells

Three cell types are classified as professional antigen-presenting cells: dendritic cells,
macrophages, and B lymphocytes. The most relevant property of APCs is that in
addition to antigen presentation, they provide co-stimulatory signals (Cruse et al.,
1999).

Macrophages are important in the regulation of immune responses. They pick up and
ingest foreign materials and present these antigens to other cells of the immune system
such as T-cells and B-cells. This is one of the important first steps in the initiation of an
immune response. Stimulated macrophages exhibit increased levels of phagocytosis and
also secrete cytokines. It is at this point that antigen presentation by MHC-II activates
Th-cells (Cruse et al., 1999).
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There are many types of dendritic cells, although most terminally differentiated or
mature dendritic cells have the same major function - the presentation of antigen to Th
cells. Immature dendritic cells are also good APCs that are highly phagocytic. The
dendritic cells are usually found in the lymphoid organs such as the thymus, lymph
nodes and spleen and in the bloodstream and other tissues of the body. The dendritic
cells capture antigen and bring it to the lymphoid organs where an immune response is
initiated.

Four types of dendritic cells are known: Langerhans cells, interstitial dendritic cells,
myeloid cells, and lymphoid dendritic cells. Despite their differences, they all
constitutively express high levels of both class II MHC molecules and members of the
co-stimulatory B7 family. For this reason they are more potent antigen presenting cells
than macrophages and B-cells, both of which need to be activated before they can
function as antigen presenting cells. Dendritic cells acquire antigen by phagocytosis or
endocytosis; the antigen is processed, and mature dendritic cells present it to Th cells.
Following microbial invasion or during inflammation, mature and immature forms of
langerhans cells and intestinal dendritic cells migrate into draining lymph nodes, where
they make the critical presentation of antigen to Th cells that is required for the
initiation of responses by those key cells. The principle mode of action of a range of
particulate adjuvants, such as nano- and microparticles and liposomes, may be to
promote uptake of the antigen by APCs (Cruse et al., 1999; Goldsby et al., 2003; Foged
etal.,2003).

B-cells are the least efficient antigen presenting cells. The major function of B
lymphocytes is the production of antibodies in response to foreign proteins of bacteria
and viruses. Unlike the other two APCs, they posseses specific antigen receptors,
surface immunoglobulins. B-cells ingest soluble proteins by pinocytosis. They also
possess specific uptake receptors in surface immunoglobulins. Antibody production and
binding to a foreign substance or antigen, is often critical as a means of signalling other

cells to engulf, kill or remove that substance from the body.
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To summarize the section,

e Macrophages must be activated by phagocytosis of particulate antigens before
they express class II MHC molecules or the co-stimulatory B7membrane
molecules.

e Dendritic cells are the most effective of the antigen presenting cells. Because
these cells constitutively express a high level of class II MHC molecules and co-
stimulatory activity, they can activate naive Th cells.

e B-cells constitutively express class II MHC molecules but must be activated
before they express the co-stimulatory B7 molecules.

Several other cell types, classified as non-professional antigen presenting cells, can be
induced to express class I MHC molecules or a co-stimulatory signal (Goldsby et al.,
2003).

Since all cells expressing either class I or I MHC molecules can present peptides to T-
cells, they could all be designated as antigen presenting cells. APC have two important
functions: firstly they convert protein antigen to peptides in association with class II
MHC molecules which can then be recognized by Th cells. Antigens taken up by APC
may be up to 1000 times more immunogenic than native antigen. Secondly, APC
stimulate Th cell activity. Th cells serve primarily to activate APC and to assist B
lymphocytes in their production of antibodies. APC phagocytose or pinocytose the
antigen in a process that may range from denaturation and unfolding to proteolysis.
Fragments of antigen becomes associated with class II molecules and is transported to
the cell surface, where it is accessible to the T-cells.

MHC-proteins serve as molecular reference points that permit the body to distinguish
self from non-self, normally T-cells, through their TCRs, interact with proteins or other
potential antigens. The T-cells binds to MHC molecules through its TCR, and can
recognize foreign antigens embedded in the MHC structure; a T-cell cannot recognize a
foreign antigen unless it is presented in the context of an MHC protein. Cells that
display peptides associated with class I MHC molecules to CD8+ Tc-cells are referred
to as T-cells; cells that display peptides associated with class II MHC molecules to
CD4+ Th cells are called APCs. Class I MHC molecules are found on all nucleated
cells, but class I MHC molecules are expressed mainly on macrophages, dendritic cells,
B lymphocytes, and activated T lymphocytes. This means that T lymphocytes can only

recognize foreign antigens on the surface of cells and, unlike antibodies, cannot
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recognize soluble antigens and a foreign antigen is only recognized if the T-cell has the
same MHC haplotype as the T-cell (Cruse et al., 1999; Goldsby et al., 2003).

In the MHC class I antigen presentation pathway, antigens are bound by MHC class I
proteins in the endoplasmic reticulum. Digested peptides then bind to MHC class I and
are expressed on the cell surface, where they interact with TCRs on the surface of T-
cells. The CD8 co-receptor on the Tc-cells also engages the MHC class I resulting in
stronger complex. In the MHC class II antigen presentation pathway, class II proteins
are produced in the endoplasmic reticulum and are assembled with a blocking protein,
which prevents class II from complexing with other peptides made in the endoplasmic
reticulum. MHC class II is then transported to the endosome where the blocking and
foreign proteins are digested. The MHC class II protein then binds to the processed
foreign peptides and the complex is expressed on the cell surface, where it interacts with
TCR and the CD4+ co-receptor on Th cells (Cruse et al., 1999; Goldsby et al., 2003).
The activation of T-cells require at least 2 signals. One signal is provided by the
bonding of the T-cell antigen receptor to the class II MHC-antigen complex on the
APC. The second signal derives from IL-1, a soluble protein produced by the APC.
Together, the 2 signals induce the expression of receptors for e.g. another lymphokine,

IL-2, that is important for triggering B-cells and activating macrophages.

Th cells secrete a molecular signal which causes induction of class II MHC molecules
on APC resulting in more antigen presenting to T-cells. Cooperation between Th and B-
cells is required for the production of antibodies against “T-dependent antigens™ and
also to affect class or isotype switching. The primary antibody response to an antigen by
a B lymphocyte is IgM, but further antigenic stimulation in the presence of Th cell
elicits the secondary response when IgG or IgA are produced (Cruse et al., 1999).

Pathogens may be phagocytosed by macrophages or produce soluble antigens that will
be recognized by B lymphocytes. This results in class II MHC associated antigen
presentation and further co-operation with CD4+ Th cells to produce an enhanced
immune response. Antibody production requires both the activation of B lymphocytes
and their differentation into antibody-producing cells. B-cells also engage immunogen
through their antigen receptors, which are membrane-bound forms of the antibodies
they will later secrete. Antigen binding is followed by endocytosis of the antigen
receptor complex which induces an activating signal. This is however insufficient for

full activation of B-cells, which require additional signals from Th cells. As because B-
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presence of IL-4. If the Th cell secretes IL-4, IL-6 IL-10, and IL-13 it is termed a Th;
cell. Thy induction is considered to be the default pathway. Type 2 Th cells support
IgG1 subclasses and IgE production.

The initial critical stimulators that favour Th; vs. Th; responses are largely unknown.
Some proposed determining factors are:
1. The nature of the antigen: Intracellular viral antigens favour Th; and
extracellular bacterial antigens favour Th;.
2. Concentration of antigen: low concentration favours Th; and high concentration
favours Th,.
3. Presence of NK and macrophage derived cytokines.
Macrophages can secrete IL-12, TGF-B, Th inhibitor. NK cells can produce INF-gamma
(Th;, inhibitor). Different cytokines activate different arms of the immune system. Th;
cytokines activate macrophages, NK cells, and cell mediated immunity, plus the
secretion of certain Ig isotypes, e.g. Th, cytokines tend to favour isotype switching in
the humoral immune response. In addition, Th, cytokines depress macrophage
activation and CMI (Griffen, 2002; Goldsby et al., 2003).

1.4.4 The innate and acquired immune-system

The immune system can mobilize two main lines of defence, innate and acquired
immunity. Innate, or natural, immunity is rapid but non-specific and includes
inflammation, phagocytosis and activation of the complement system. Innate immune
responses are mediated by cells that do not have antigen specific receptors such as NK
cells, macrophages, and neutrophils. These types of cells are also activated in response
to many pathogenic challenges but the replication and differentiation steps that are
common to the acquired immune system are not induced and immunological memory is
not established. Acquired, or induced, immune responses occur later, taking about 3-5
days to develop and are mediated through the specific recognition of foreign antigens
(Cruse et al., 1999). The acquired immune responses are antigen specific and the effects
are mediated directly by lymphocytes or their products, such as antibodies and
cytokines. The specificity of acquired immune responses is determined by antigen
specific T-cell receptor (TCR) or B-lymphocyte expressed antibodies. These types of

responses are classified as acquired since antigen stimulation induces cellular activation,
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multiplication and processing in lymphoid tissue. B-cells, like T-cells, have surface
receptors which enable them to recognise the appropriate antigen, but do not themselves
interact to neutralise or destroy the antigen. On recognition of the antigen they take up
residence in secondary lymphoid tissue and proliferate to form lymphocytes, processed
in the same way. These B-cells then develop into short-lived plasma cells. The plasma
cells produce antibodies and release them into the circulation at the lymph nodes. Some
of the activated B-cells do not become plasma-cells, instead they turn into memory cells
which continue to produce small amounts of the antibody long after the infection has
been overcome.

As with T-cells, millions of B-cells are produced, each with a different antigen binding
specificity. If the B-cell comes into contact with the specific type of antigen to which it
is targeted, it divides rapidly to form a clone of identical cells. This antibody circulates
as part of the gamma globulin fraction of the blood plasma. When the same antigen
enters the body again this circulating antibody acts quickly to destroy it. At the same
time, memory cells quickly divide to produce new clones of the appropriate type of
plasma cell. Antibody molecules are immunoglobulins of defined specificity produced
by differentiated B-cells called plasma cells. There are three major classes of
immunoglobulins, IgG, IgM and IgA, and two minor classes, IgD and IgE. IgG is a Y-
shaped molecule composed of two identical heavy chain and two identical light chain
molecules. One part of the molecule consists of hypervariable regions that are capable
of recognizing antigen and this is responsible for immunological specificity. Another
part is constant and determines the biological properties of the immunoglobulin. IgG
can be divided into four subclasses which differ in their ability to fix complement: IgG
1,2, 3 and 4. A systemic immune response is characterised by an increase in the amount
of IgG in the blood. IgG comprises about 85% of the immunoglobulins in adults. It has
the longest half-life (23 days) of the five immunoglobulin classes, and is the principal
antibody in the booster response and involved in memory. IgG shows a high binding
capacity for antigen, and acts as an opsonin to facilitate phagocytosis (Cruse et al.,
1999; Goldsby et al., 2003).

1.4.4.2 The cell mediated immune response
The cellular immunity is used to describe any immune response in which cells of the

immune response are directly involved, but in which antibody production or activity is
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1.4.5 Common mucosal immune system

Investigations have shown the existence of the common mucosal immune system
(CMIS). The immunologic network operating on external mucosal surfaces the mucosal
associated lymphoid tissue (MALT) consists of the gut-associated lymphoid tissue
(GALT), the bronchus-associated lymphoid tissue (BALT), the rectal-associated
lymphoid tissue (RALT) and the nasal-associated lymphoid tissue (NALT) (Spit et al.,
1989).

The mucosal surfaces of the gastrointestinal and respiratory tracts represent the
principal portals of entry for most human pathogens. Direct inoculation of pathogens
into the bloodstream and sexual contact are other important routes of infection.

The mucosal surfaces represent a critical component of the mammalian immunologic
repertoire. The major antibody isotype in external secretions is secretory
immunoglobulin, S-IgA. The mucosal surfaces have shown to induce effective and
protective systemic immunity against invading pathogens and antigens. Many routes of
mucosal mucosal administration have been tested as potential alternatives to parenteral

delivery of vaccines.

The MALT is composed of lymphoid aggregates that consist of B-cell follicles with
defined areas of T-cells adjacent to them. The mucosal epithelial cells express
polymeric immunoglobulin receptor (pIgR) and secretory component, MHC class I and
IT molecules, other adhesion molecules, and a variety of cytokines and chemokines
(McGhee and Kiyono, 1993). The epithelium overlying the follicles has been named
follicle-associated epithelium. Antigens enter the MALT at the lymphoid aggregates,
being phagocytosed or pinocytosed by the M-cells, and are transported to the lymphoid
tissue that contains the T and B lymphocytes as well as antigen presenting cells,
macrophages, dendritic cells and B-cells. After antigenic stimulation, B and T-cells
migrate to the regional lymph nodes and then, after further differentiation, to the
circulation through the thoradic duct (Almeida and Alpar, 1996; Nugent et al., 1998).
The NALT appears to have better developed lymphoid follicles, with marked
intraepithelial infiltration by lymphocytes. The follicular areas are organized into B-
cells and intrafollicular (T-cell) areas of approximately similar size. The rodent NALT
contains a wealth of dendritic cells. The lymphoid follicles are covered by ciliated

epithelium containing few T-cells and numerous M-cells (Sminia ez al., 1992).
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The dendritic cells are present in different components of the common mucosal immune
system, including the organized lymphoid tissue and the mucosal epithelium. These
cells can be strongly associated with potentiation of immune response and promote
development of active immunity (Liu, 1993). However, other recent studies have
suggested that dendritic cells may also enhance the induction of mucosal tolerance in in
vivo settings (van Ginkel er al., 2000). Recent observations have suggested that
dendritic cells are potent antigen presenting cells and are critical in initiating primary
immune responses, autoimmune diseases and generation of T-cell dependant B-cell
responses.

The M-cells are important in luminal uptake, transport, processing, and to a smaller
extent, presentation of mucosally introduced antigens. The M-cells appear to be critical
in transport of luminal antigens and entry of organisms such as salmonella into the
human host (Neutra et al., 1999). M-cell mediated antigen uptake is characteristically
associated with the development of an S-IgA response (Kerneis et al., 1997). Following
exposure to an antigen and its uptake via the M-cells, there is a variable degree of
activation of T-cells, dendritic cells and B-cells, especially the of the IgA isotype. The
interaction of lymphocytes with mucosal epithelium is important in differentiation of
some segments of mucosal epithelium into M-cells (Kerneis ef al., 1997). Activation of
T-cells results in the release of a number of distinct cytokines or from different T-cell
subsets and recognition of antigenic epitopes involving MHC class I or II molecules.
Both T-cell activation and release of specific cytokines are involved in the eventual
process of B-cell activation, isotype switch, and specific expression on antigen-
sensitized B-cells. Both Th; and Th; cells appear to benefit the development of S-IgA
responses (Kelsall and Strober, 1999). S-IgA antibody response is also enhanced by
immunologic adjuvants such as cholera toxin, which results in polarized Th, cell

response. S-IgA response may also be induced through Th, cytokines.

1.4.5.1 Gut-associated-lymphoid-tissue

Antigen uptake from the intestine is thought to be via two pathways. The first pathway
involves specialised cells known as microfold, M-cells, which overlie the lymphoid
follicles of the gastrointestinal tract. The second pathway involves uptake by the normal
epithelium overlying the diffuse lymphoid and is as yet poorly understood. Following

uptake, intracellular digestion of the antigens occurs, but small quantities of antigen can
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escape to be exocytosed into the interstitial space (Gilligan and Wan Po, 1991). M-cells
are both functionally and morphologically different from the other epithelial cells of the
gastrointestinal tract, characterised by a short, irregular microvilli, small cytoplasmic
vesicles and few lysosomes. They can endocytose and transport protein antigens, inert
particles and microorganisms, including bacteria and viruses into GALT (Lavelle et al.,
1995). Their primary function is to serve as antigen-sampling cells to internalise the
antigen and transport it from the surface luminal membrane to the mucosal inductive
region of the GALT, specifically the Peyers Patches (PP). This leads to the stimulation
of T helper cells and B-cells in the PP.

1.4.5.2 Bronchus-associated-lymphoid tissue

BALT is found between the bronchus and an artery (Nugent, 1998). The non-ciliated
microvilli or short cytoplasmic projections on the epithelial cells of BALT have been
compared to the M-cells covering PP in GALT and these cells function in antigen
uptake in a manner similar to the dome region of the PP (McGhee and Kiyono, 1993,
Sminia et al., 1989). Recent studies have shown that no organized BALT structures
occur in lung tissue of healthy humans, suggesting that human lungs contain large

numbers of lymphcytes in other compartments, such as the bronchoalveolar spaces.

1.4.5.3 Nasal-associated-lymphoid tissue

The nasal cavity is an alternative to the parenteral and oral route for delivery of immu-
nogenic substances. It was shown to induce higher permeability than other mucosal sites
(Ilum et al., 1988) and has been investigated as a potential alternative site for the
delivery of vaccines (Almeida et al., 1993; Baras et al., 1999).

Among the advantages offered by nasal route are the large mucosal surface and
accessibility. Also, simple administration increases patient compliance. The mucosa is a
highly vascularised leaky epithelium of considerable surface area, and after nasal
absorption the blood reaches organs before reaching the liver and thereby avoids first-
pass metabolism. In addition there is a typically rapid onset of pharmacological action
after nasal administration, and it can be an ideal route for the administration of products

that undergo degradation in the gastrointestinal tract or gut wall metabolism since
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conditions in the nasal cavity are less aggressive than those present in the GI tract due to
lower enzymatic activity and less extremes of pH (Almeida and Alpar, 1996).

In humans the nasopharyngeal lymphoid tissue is represented by the salivary glands and
other glandular tissue in the Waldeyers ring, which consists of paired palatine and the
tubal tonsils and unpaired pharyngeal and lingual tonsils. It is not clear how comparable
the functional role of Waldeyers ring in humans is to NALT in rodents. However,
research suggests that humans tonsillar and adenoidal tissues are important components
of mucosal immunity and function in a manner similar to those of GALT or BALT
(Goldsby et al., 2003). The tonsils consist of several lymphoid elements. These include
follicular germinal centres, mantle zones of lymphoid follicles, the extrafollicular areas,
and the reticular crypt epithelium on the surface in constant contact with the external
environment. The tonsillar epithelium contains a significant number of dendritic cells,
M-cells, memory B-cells and scattered B and T-cells. Unlike PP, tonsils exhibit
considerable in situ differentiation to plasma cells. The formation of the germinal centre
takes place shortly after birth. The germinal centre, which arise during T-cell dependent
B-cell responses, generates plasma blasts and plasma cells of both IgG and IgA

isotypes. There is, however, a predominance of IgG isotype (Goldsby et al., 2003).

The nasal cavity of mice, see Figure 1.4 below, of mice is composed of aggregates of B,
CD4+ or CD8+ T-cells, dendritic cells, and macrophages covered by a single epithelial
monolayer in which M-cells are scattered, and is very similar to the PP (Hopkins et al.,
1998).

The T-cell areas contain CD4+ and CD8+ T-cells and numerous macrophages. The B-
cell areas are populated by B-cells predominated by the IgM and IgG isotypes, and T
helper cells are scattered throughout. A few macrophages are also observed.

The mouse nasal-associated lymphoid tissue is covered with a specialized epithelium,
the lymph-epithelium or the follicle-associated epithelium, which differs from the
surrounding respiratory epithelium by the presence of non-ciliated cells and infiltrations
of lymphocytes and macrophages see Figure 1.4 below. The non-ciliated cells are M-

cells, identical to those seen in the bronchus and gut-associated lymphoid tissues.
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or whether it is the antibody-forming cells which migrate from the NALT into the
lymph nodes, is still unclear and whether the systemic immune response is induced by
the antibody-forming cells migrating from the local lymph nodes to the spleen, or
whether it is induced by the antigens passing directly into the blood circulation, remains

to be determined (Lemoine et al., 1998).

The complete mechanism of drug absorption through the nasal mucosa is not known
(Behl et al., 1998). Ghirardelli et al., (1999) identified that the transport of polypeptide-
coated nanoparticle beads over the nasal mucosa in rat is confined to a limited epithelial
areas lying on lymphoid aggregates. The epithelium in these areas consists mainly of
non-ciliated microvillar cells. Further Cremaschi et al., (1999) reported that the
nanoparticle bead transport is dependent on the temperature in the mucosa and the
number of polypeptide molecules adsorbed on the nanoparticle and the binding points
that are formed between nanoparticles and receptors, to complete the receptor mediated
endocytosis. This was supported by Porta et al., (2000) who reported that nanoparticles
are actively transported from lumen to blood by M-cells present in specialized transport

areas of the nasal rat epithelium.

Attempts have been made to explain the mechanism of antigen processing and eliciting
of the immune response via the NALT (Kuper et al., 1992), see also Figure 1.5.
Heritage et al., (1998) and Eyles et al., (2001) concluded that spleenic and serum
antibody responses was observed following administration via the NALT, probably via
the migration of NALT derived IgG commited B-cells through the posterior cervical
lymph nodes (PCLN).
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The interaction between an antigen and the nasal mucosa depends on a variety of
factors, but in particular the physical nature of the antigen, solution or particulate, the

dose and frequency of contact (Smima et al., 1999; Ogra et al 2001)

1.5 Polymers used in nano- and microparticle formulation

The use of polymers for controlled release of antigens was first reported in 1979 by
Langer who demonstrated sustained release from a non-biodegradable polymer and an
enhanced immune response over a period of six months to y-globulin. It has been
established that the sustained release of protein antigens is an effective way of raising
antibodies. By using adjuvants such as nano- and microparticles to give sustained
release of a drug, an adjuvant-induced immunological response can also be induced.
Polymeric-based vaccine carriers that release antigen at a significantly later time than
the primary dosing immunisation, result in sustained titres, possibly due to the
continuous stimulation of the immune system by low levels of antigen released as the
polymer undergoes hydrolysis and bulk erosion (Newman and Powell, 1995). The
capacity of an antigen delivery system to optimally present a protein in its native
conformation directly affects the quantity, quality and possibly the duration of the
antibody response (Pearlmann and Wigzell, 1999). Biodegradable polymeric nano- and
microparticles can extend the antigen availability for uptake by APC.

Several factors must be taken into account when a polymer vesicle for the encapsulation
or association of protein is chosen. A biodegradable polymer is usually preferred to
avoid the need for surgical removal of the polymer after the protein has been completely
released from it. The polymer chosen must not alter the pharmacological, biological or
chemical properties of the protein neither should the protein interact with the polymer in
an irreversible or uncontrolled manner and denature the protein. The polymer and its
degradation products must not produce any adverse side effects, or any local or systemic
toxicity. Biodegradable polymers, either synthetic or natural polymers that are
degradable in vivo, either enzymatically or non-enzymatically, but producing bio-
compatible or non-toxic by-products are the ones that fit these requirements (Jalil and

Nixon, 1990a,b). Other properties of these polymers that make them suited for these
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applications include controlled crystallinity, degradation rates and hydrophobicity. A
variety of synthetic and naturally have been intensively studied, which include natural
and synthetic polyesters, see table 1.3 below.

Polymeric delivery systems are mainly intended to achieve controlled drug delivery.
Surface properties such as hydrophilicity, smoothness and surface energy govern the
biocompatibility with tissues and blood, in addition to influencing physical properties
such as durability, permeability and degradability (Angelova and Hunkeler, 1999).
Surface properties can be improved by chemical, physical and biological means to
increase their biocompatibility (Pillai and Panchagnula, 2001). Table 1.3 below show a
selection of the main synthetic and natural biodegradable polymers used in drug
delivery.

Synthetic polymers Natural polymers

Polyorthoesters Proteins (albumin, globulin, gelatine)

Polyanhydrides Polysaccharides (chitosan, dextran, starch)

Polyamides

Polyalkylcyanoacrylates

Polyesters (lactides/glycolides,

polycaprolactones)

Polyphosphazenes

Polyaminoacids

Table 1.3: Table of biodegradable polymers (Sinha and Trehan, 2003).

Polyorthoesters have been under development since the 1970s. The mechanical
properties of the polymer can be readily varied by choosing appropriate mixture of diols
in their synthesis (Pillai and Panchagnula, 2001). A number of applications have been
found for polyorthoesters and crosslinked polyorthoesters such as delivery of 5-
fluorouracil, periodontal delivery systems of tetracycline and pH-sensitive polymer
systems for insulin delivery. Polyanhydrides are characterised by their fast degradation
followed by rapid erosion of material, but at the same time can be designed to release
drugs over a period of days to weeks by suitable choice of monomers (Gopferich,
1999). By varying the monomer ratio of aliphatic and aromatic polyanhydrides,
polymer-carmustine disks have been fabricated for chemotherapy of brain cancer
(Langer, 2000).
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Polyaminoacids that have good biocompatibility have been investigated for the delivery
of low-molecular-weight compounds. However, their use is limited by their
immunogenic potentials and poor control of release due to dependence on enzymes for
biodegradation. Poly(iminocarbonates) which are ‘pseudo’ polyaminoacids, have been

synthesized from tyrosine dipeptide to overcome these limitations (Gopferich, 1999).

A class of biodegradable polymers belonging to the polyphosphoesters, has a backbone
consisting of phosphorous atoms attached to either carbon or oxygen. The chemical
reactivity of phosphorous, enables a wide range of sidechains to be attached for
manipulating the biodegradation rates and the molecular weight of the polymer (Pillai
and Panchagnula, 2001).

PLA is a non-toxic, biodegradable polymer that is well tolerated by the human body
with minimal inflammatory response. Three different forms of PLA are mainly used as
polymers for drug delivery, namely, poly(L-lactic acid) (PLLA) and poly(DL-lactic
acid) (PLA(DL)), and poly(lactide-co-glycolide) (PLGA) can be formed by adding
glycolic acid to lactic acid. Polylactides are the only biodegradable polymers approved
for use in humans by the US FDA. PLGA polymers are produced by the catalysed ring-
opening polymerisation of cyclic di-esters (lactides and glycolides) using an acidic
catalyst such as SnCl while PLA(DL) is synthesised by the same process as PLGA but
the starting material in this case is a racemic mixture of lactides (Langer and Chasin,
1990). PLA, PGA and their co-polymers PLGA are some of the well defined
biomaterials with regard to design and performance for drug-delivery applications.
Further biodegradability can be tuned by changing the proportion of PLA and PGA in
the co-polymer, however the increased local acidity due to degradation can lead to
irritation at the site of polymer application and also be detrimental to the stability of
protein drugs. PLGA has been approved for commercial use in formulations such as
LUPRON for the continuous release of leuprolide acetate.

PCL is the polymer of a cyclic ester, e-caprolactone, which is prepared by the Bayer-
Villiger reaction for the oxidation of cyclic ketones to lactones, in which cyclohexanone
is reacted with a peroxy acid. The cyclic ester can be polymerized by e.g. using anionic

polymerization (Langer and Chasin, 1990) see Figure 1.6 below:
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Figure 1.6: Bayer-Villiger reaction for the synthesis of PCL (Langer and Chasin, 1990).

PCL is a non-toxic, biocompatible and biodegradable polymer (Jameela et al., 1997).
Moreover it is cheaper than other biodegradable polyesters such as PLGA. It has a
lower degradation rate, thus antigen will be released at a slower rate from PCL particles
(Lemoine et al., 1996). PCL is also a more hydrophobic polymer than PLGA, and may
therefore favour enhanced uptake from mucosa and the APCs, since an increase in
hydrophobicity may induce higher uptake (Kreuter et al., 1988, Alpar and Almeida,
1994).

A major advantage of poly-(lactides) and poly-(caprolactones) beyond their single-dose
immunisation potential, is their stability at room temperature. Thus, if the microparticles
release characteristics are not altered by storage at room temperature, these formulations
may also eliminate the need to refrigerate the vaccine, assuming that the dried antigen is

also stable (Newman and Powell, 1995).

Chitosan has in the literature shown good adsorption-enhancing-, controlled release-
and bioadhesive-properties and have been regularly used in drug and vaccine delivery.

Chitosan is described in detail later in this chapter.

A variety of other biodegradable polymers are also used in drug delivery such as lectins
and dextrans and dendrimers (Pillai and Panchagnula, 2001). Dendrimers belong to a
class of highly branched three-dimensional polymers in which growth starts from a
central core molecule such as ammonia or ethylenediamine (Liu, 1999). Dendrimers
prepared from lysine are biodegradable and are currently being investigated for the
delivery of DNA (Singh et al., 2003).
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1.5.1 Preparation of polymeric particles

Polymeric particles offer the advantage that they can be prepared in a reproducible
manner and that their composition and particle size can be achieved within narrow
limits. Submicron, nanometre-sized, polymeric carrier particles for drugs or antigens are

called nanoparticles.

Different methods of particle preparation result in the formulation of particles with
different structures, and also influence the loading and release profile of the antigen
from the particles. Whichever method of particle formulation is chosen, several factors
are of importance in the preparation of particulates:

e The efficiency of encapsulation of the active ingredient.

o The effect of the encapsulation process on the properties of the encapsulated

agent.

e The presence of potentially toxic residues in the final product.

e The reproducibility of the process.

e The biocompatibility of the encapsulating polymer.

e The properties of the particulate in relation to use, such as size distribution,

porosity and permeability of the wall.

Three different methods of preparation are described below. The nano-precipitation
method is a simple method for the preparation of nanoparticles, which has been used for
the encapsulation of both hydrophilic and hydrophobic drugs (Jain et al., 2000), while
the water in oil in water, w/o/w, double emulsion method is suited to encapsulate water-
soluble drugs like peptides, proteins and vaccines, unlike the o/w method which is ideal
for water-insoluble drugs like steroids. The stability of encapsulated antigen in
biodegradable polymer nano- and microparticles can be divided into at-least three main
areas: processing of polymer into nano- and microparticles containing antigen,
hydration and erosion of the polymer during release incubation, and the intrinsic
stability of the antigen. The use of organic solvents in preparation of microparticles,
sheer of mixing and lyophilization are the main processes that can inactivate antigen
(Jain et al., 2000).
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1.5.1.1 The nanoprecipitation method

In the nanoprecipitation method, nanoparticles are formed by interfacial polymer
deposition. The formation of particles is due to complex interfacial hydrodynamic
phenomena. The addition of an organic solvent such as acetone to the aqueous phase
results in spontaneous emulsification of the oily solution in the form of nanodroplets, as
a result of interfacial tension decrease and migration of the insoluble polymer towards
the o/w interface where it is deposited forming a nanocapsule membrane. The
mechanism of nanoparticle formation can be explained by interfacial turbulence or
spontaneous agitation of the interface between two liquid phases. The presence of a
surfactant such as F-68 (poloxamer 188) suppresses interfacial flow (Fessi et al., 1989).
PLGA, PLA and PCL polymers have all been used for the preparation of nanoparticles
using this method (Fessi et al., 1989; Le-Verger et al., 1998; Govender et al., 1999;
Barichello et al., 1999)

Govender et al., (1999) showed the encapsulation of a water soluble drug procaine
hydrochloride to be increased by increasing the pH of the aqueous phase to 9.3, and
incorporating pH-responsive excipients such as Poly(methyl methacrylate-co-
methacrylic acid) (PMMA-MAA) and lauric and caprylic acid in the nanoprecipitation.
This increased hydrophilic drug encapsulation by decreasing the solubility of the drug,
without affecting particle size, morphology or yield.

1.5.1.2 The single emulsion method

The o/w emulsion is produced by the agitation of two immiscible liquids. The drug
substance is either dispersed or in solution in the polymer/solvent system or is captured
in the oil dispersed phase of the emulsion. Agitation of the system is continued until the
solvent partitions into the aqueous phase and is removed by evaporation. The process
results in hardened microparticles which contain the drug. The o/w emulsion solvent
evaporation system has been successfully employed to encapsulate both protein and
poorly water-soluble drugs such as prednisolone (Smith and Hunneyball, 1996). The
main variables that influence the microencapsulation process and the characteristics of
the final microparticle product are; the nature and solubility of the drug being
encapsulated, the polymer concentration, composition and molecular mass of the
polymer, the drug/polymer ratio, the organic solvent used, the concentration and nature

of the emulsifier used, the temperature and stirring/agitation speed of the emulsification
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process and the viscosities and volume ratio of the dispersed and continuous phase (Jalil
and Nixon, 1990a; Arshady 1991). Encapsulation of water-soluble drugs by the
conventional o/w solvent evaporation method will generally result in rapid partitioning
of the drug from the organic phase and into the aqueous phase, resulting in
microparticles with little or no drug loading. Griffen er al., (1998) successfully
encapsulated antigen into PLLA microparticles using the single emulsion, though higher
loading efficiencies were observed with the double emulsion method.

Wang et al., (1991) reported that larger particles were prepared using the o/w method
than the w/o/w method. Al-Maaiech and Flanagan, (2001) reported that loading
efficiency was increased when dichloromethane (DCM) was substituted with ethyl
acetate, and the use of a co-solvent such as ethanol in the organic phase improved
microparticle drug loading of quinidine in PLA microparticles from 5.2 to 11%, and
resulted in a uniform microparticle drug distribution. The quinidine was soluble in
ethanol, and therefore improved drug solubility in the organic phase and the
homogeneity of drug distribution in the resulting microparticles. The co-solvent,
ethanol, is water-miscible, which improved drug loading by leaving the internal phase
more rapidly. The use of an o/o method was shown by others to increase the loading of
water soluble drug. A water-miscible organic solvent such as acetonitrile in which
PLGA or PLA are also soluble was employed to solubilise the drug. This solution was
then dispersed into a oil such as light mineral oil in presence of an oil-soluble surfactant
such as span 80 to yield the o/o emulsion. Microparticles were obtained by evaporation
or extraction of the organic solvent from the dispersed oil droplets and the oil was
washed off by solvents such as n-hexane (Jalil and Nixon, 1990a,b; Arshady et al.,
1991; Sturesson et al., 1993). The elimination of water significantly reduced the
tendency of the drug to partition into the continuous phase, provided that the drug is

insoluble in the external oil.

73



1.5.1.3 The double emulsion method

This technique was first proposed by Ogawa et al., (1988) for the encapsulation of the
water soluble peptide analogue of leutinizing hormone releasing hormone (LHRH). The
same investigators have demonstrated the crucial role of the viscosity of the primary
emulsion (w/0) in preventing the diffusion of the active principle toward the external
aqueous phase. To this effect, they incorporated an agent — gelatine - capable of holding
the active drug in the primary aqueous phase, while increasing the viscosity of the
primary emulsion. The effectiveness of such a formulation may nevertheless be
compromised by different compatibility between the viscosity-enhancing agent and the
active principle which limits its field of application.

In the w/o/w solvent evaporation method, see Figure 1.7 below, the active principle to
be encapsulated is incorporated in an aqueous solution, which is poured into an organic
solution of the polymer to form a water-in-oil emulsion (w/0). This primary emulsion is
itself emulsified in an external aqueous phase leading to a multiple water-in-oil-in water
emulsion (w/o/w). The organic phase acts as a barrier between the two aqueous
compartments, preventing the diffusion of the medicine toward the external aqueous
phase.

The formation of solid particles is brought about by the evaporation of the volatile
solvent at the water/oil interface. During the course of solvent evaporation, a
partitioning of polymer is produced across the interface from the dispersed phase to the
continuous phase leading to the formation of solid particles. The partitioning across the
interface is, however, not limited to the organic solvent. The active principle may also
partition to some extent at this interface. The rapidity and extent of these different
transfer processes have a direct effect on particle formation (Bodmeier et al., 1989; Jalil
and Nixon, 1990b; Alex and Bodmeier, 1990).

Micro-encapsulation of proteins present a unique problem attributable to their delicate
structural conformation, which may be disturbed or destroyed by slight changes in
temperature, ionic concentration, pH, solvent composition. Most of these changes are
irreversible. Most of these molecules need to retain their native conformation to be
biologically active. These considerations restrict the choice of conditions for designing
a micro-encapsulation process. Further, due to the high cost of these macromolecules,
the method must ensure high efficiency of entrapment. The challenge is thus to develop
a process that would ensure high efficiency of entrapment, possess the desirable product

characteristics and ensure retention of biological activity of the entrapped molecule.
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protein diffusion in the external aqueous phase before particle hardening. Pitt (1990)
reported that since low molecular mass PCL exhibit higher crystallinity, it was found to
be not very efficient for achieving high protein entrapment. Larger molecular mass PCL
exhibits lower crystallinity, and since the crystalline phase of the PCL is essentially
impermeable to water, drug entrapment is likely to occur in the amorphous region of the
polymer. This explains the lower encapsulation efficiency of low molecular mass PCL,

since the amount of available amorphous domain is low. (Pitt, 1990).

1.5.2.2 Influence of organic phase and volume on final particles

The organic-phase volume has also been shown to have a significant effect on the size
of particles (Rafati et al., 1997). A low oil volume was shown to yield a viscous and
concentrated polymer solution, so that it was more difficult for the polymer in the
internal aqueous phase to be broken up into smaller oil droplets during the primary
emulsion formation. Moreover, the oil-phase volume also had a significant impact on
the surface and the inner morphology of the particles. The water droplets trapped at the
interior of particles evaporate and leave empty spaces after drying. In addition, since
water has a high surface energy, it is more likely that the internal water droplets may
coalesce with one another when the 0il volume is low and yield a porous internal matrix
with big holes.

The use of an oil phase as the continuous phase has also shown to increase loading of

protein, since the protein was not able to diffuse out (Viswanathan et al., 1999).

The time required for solidification of the microparticles is critical for the entrapment
efficiency of the double emulsion method. By changing the solubility of the organic
solvent in the external phase, or its volume, the rate of organic solvent removal can be
controlled, in the solvent evaporation method (Bodmeier and McGinity, 1988; Alonso et
al, 1993, 1994). Chen et al., (2002) reported that the formation of PLA particles can be
divided into periods where the organic solvent (DCM), water and antigen (ovalbumin
(OVA)), diffuses out and becomes solid particles. The formation takes up to 90 min.

Rapid polymer precipitation at the droplet surface is of primary importance for the
successful encapsulation of drug. The longer time it takes for precipitation to occur, the
longer time will the drug have to diffuse into the aqueous phase, resulting in low

loading or empty particles. Rapid stabilisation by polymer precipitation was shown by
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Bodmeier and McGinity, (1988). A high rate of precipitation was associated with a
higher affinity of the solvent and of the non-solvent to interact with each other. When a
solvent is employed that has higher water solubility such as ethyl acetate or acetone,
more rapid precipitation occurs. These solvents will rapidly diffuse out of the particles
into the aqueous phase. It was also shown that adding small amounts of methanol,
acetone or ethyl acetate to the DCM phase increased the loading of polymeric
microparticles. Youan et al., (1999) reported that loading efficiency in PCL
microparticles increased 30% when DCM/acetone (1:1) was used, and the particles
produced were more porous compared to when DCM was used. Youan et al also
reported that the higher the solvation power of the solvent, the slower the rate of
precipitation and more non-solvent is required for polymer precipitation. Practically the
solvation power of the solvents for PCL was in the range DCM, DCM/chloroform (1:1),
DCM/acetone (1:1), hence the rate of precipitation of PCL from these solvents was in
the opposite range. Normally, drug partitioning into the aqueous phase occurs during
the initial stages of microparticle formation prior to polymer precipitation. However, the
faster precipitation of PCL in DCM/acetone limited the model protein, bovine serum
albumin (BSA), to diffuse into the external aqueous phase, which explains a increased
encapsulation efficiency. Meng et al., (2003) used ethyl acetate as solvent in the w/o/w
method for the encapsulation of lysozyme and obtained loading efficiencies of around
94% in poly (D, L-lactide)-polyethylene glycol copolymer (PELA) microparticles.
Freytag et al., (2000) showed that use of DCM/ethyl acetate for the encapsulation of
oligo- nucleotides resulted in increased loading efficiencies. When ethyl acetate was
used as an alternative to DCM, as solvent, for the formation of PLA(DL) microparticles,
by the solvent evaporation method, microparticles did not form successfully since the
polymer solution precipitated rapidly into fiber-like agglomerates upon addition to the
external aqueous phase prior to the formation of droplets. This was caused by the partial
miscibility of ethyl acetate with water and, therefore, the rapid partitioning of ethyl
acetate in the external phase with the polymer prior to the dispersion of the polymer
solution into droplets. In order to form an emulsion and microparticles with ethyl
acetate, the rate of polymer precipitation had to be reduced. A non-smooth surface is an
indication of rapid polymer precipitation. Ruan et al., (2002) investigated the use of
acetone and ethyl acetate as solvents and as co-solvents in combination with DCM for
the encapsulation of protein, HSA, in PLGA microparticles and reported that except, for
when DCM-acetone ratio of 30/70% and ethyl acetate, 100%, the use of acetone and
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ethyl acetate resulted in a decrease in loading efficiency. Viswanathan et al., (1999)
prepared BSA and chicken egg containing microparticles using an oil phase as the
continuous phase, w/o/0. This hindered the protein from diffusing out from the polymer
matrix while the solvent left the emulsion droplets, because the protein was not soluble
in this phase. Loading efficiencies of 70% to 90% were obtained. Viswanathan et al.,
(1999) also employed the mixing of an alcohol with aqueous protein solution leads to
the precipitation of the protein within the microparticles. The migration of propanol
happend after the protein had precipitated within the particle.

Carcabosa et al., (2003) used an alcohol for the extraction of DCM from the primary
emulsion droplets. A 2% iso-propanol continuous aqueous phase solution was prepared
for the increased extraction of DCM from the primary emulsion droplets into the

continuous phase.

As has been described, a variety of organic solvents have successfully been employed in
the w/o/w method for the formulation of polymeric particles, including DCM, acetone,
ethyl acetate, chloroform and acetonitrile.

DCM is the most commonly used organic solvent, though not resulting in the highest
loading efficiencies, but has the advantage that it can be used for the preparation of
polymeric particles from polymers such as PCL, while 100% ethyl acetate solution e.g.
cannot be used to dissolve PCL. An alternative to the use of pure solvent solutions
could be, to use blends of solvents to increase the rate by which the solvent diffuses out

of particle-droplets, to increase loading efficiencies of the particles.

1.5.2.3 Influence of polymer concentration on final particles

The polymer concentration in the oil phase has also been shown to influence the loading
of the nano- and microparticles prepared using the w/o/w solvent evaporation method.
Rafati et al., (1997) and Youan et al., (1999) showed using PLG and PCL, that the
loading efficiency of microparticles was increased by increasing the polymer
concentration from 1 to 6%. By increasing the polymer concentration, a polymer-
restricted migration of the inner aqueous phase/protein phase to the external water phase
gives higher loading (Rafati et al., 1997). It was also reported that increased polymer

concentration resulted in increased diameter of the particles formed. This was because
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of an increased viscous polymer solution. Particles prepared from low concentration

polymer are more porous than high polymer concentration particles.

This may be due to two factors:
e Internal water droplets in the low polymer concentration tend to coalesce
together more easily, leading to bigger pores and a less tortous network,
e High polymer concentration solution coagulates faster during the second
emulsion and yields a tighter structure because of chain entanglement.
Consequently, a low polymer concentration yields particles with a more rapid

release rate.

1.5.2.4 Influence of internal and external aqueous phase volume on final particles
The volume of the internal and external aqueous phase has importance for the loading of
the particles formed. Many workers (Cohen et al., 1991; Zambaux et al., 1998; Benoit
et al., 1999; Freytag et al., 2000) have reported that as the volume of internal aqueous
phase decreases, the loading efficiency of the particles increases. This is because the
concentration of the protein in the internal aqueous phase and the primary emulsion
droplets increases, and thus higher entrapment of protein in the polymeric matrix is
obtained. However, the loading efficiency will start to decrease once a optimal ratio has
been reached for protein in the internal phase and the volume of the internal phase.
Once this optimum has been reached and the theoretical loading, and thus protein
concentration is increased, the loading efficiency will generally decrease due to the
decrease in the space available for encapsulation of the protein. By increasing the
protein amount, it diminished down to a plateau. The difference in osmotic pressure
between the internal and external aqueous phase could be responsible for the decrease in
entrapment efficiency. The osmotic pressure increased with higher BSA loading,
leading to rupture of the lipophilic droplets and an exchange between the internal and
external aqueous phase, with a consequent loss of BSA. Lamprecht er al., (2000)
prepared both PCL and PLGA nanoparticles using a w/o/w method. Nanoparticles with
the lowest BSA protein concentration had the highest loading efficiency, 85% and 84%
for PLGA (40K) and PCL (42K), respectively.
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The volume of the internal aqueous phase seem to have the biggest influence on the
loading efficiency, with the smaller the volume, the higher the loading. The volume has
to be large enough for the drug to be dissolved fully. The influence of the external phase
affects the loading efficiency of the particles, though big changes in the volume is
needed to influence the loading efficiency of the particles.

When the volume of the external phase was increased, an increase in the size of the
particles has been reported resulting in increased loading efficiencies (Benoit et al.,
1999).

1.5.2.5 Influence of emulsifiers on size and loading of final particles

As described earlier, the solvent evaporation technique consists of two main stages -
formation of droplets of polymer solution by emulsification in an immiscible aqueous
phase and solvent removal that causes microparticle hardening. During the first stage,
droplets collide, coalesce and re-divide continuously up to a steady state point at which
the droplet size remains stable. The use of stabilizer provides a thin protective layer
around the droplets and prevents coalescence of the droplets (Rafati et al., 1997,
Zambaux et al., 1998). Several publications (Rafati et al., 1997; Blanco and Alonso,
1998; Witcshi ef al., 1999) have stressed the importance of the primary emulsification
stage for increasing entrapment efficiency and for controlling the internal structure of
microparticles prepared using the w/o/w solvent evaporation technique. The continuous
phase also affects the size of protein loaded particles, their morphology and protein
release characteristics. Weert et al., 2000 described how the addition of PVA increased
the lysozyme recovery to >95% in PLGA microparticles, whereas without the PVA as a
emulsifier, lysozyme recovery was only 65-80%. The PVA surfactants exert a dual
effect on microparticle production. In addition to droplet stabilization, increasing the
concentration of PVA as stabiliser in the external aqueous phase to 10% has been
shown to lead to a decrease in particle size by leading to an efficient emulsification
process (Zambaux et al., 1998; Youan et al., 1999). Further increases in PVA
concentration beyond a critical point (>15% m/v) resulted in an increase in particle size
in the w/o system which was considered to arise from non-uniform homogenisation due
to much higher viscosities. Increased concentration of PVA in the external aqueous
phase also resulted in slower release rate of antigen. Rafati et al., (1997) reported that

when the PVA concentration was decreased from 10 to 1% m/v, the entrapment
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increased by a factor of three. Improvement in loading was also obtained by increasing
the time of homogenisation of primary emulsification from 2 to 4 min. The creation of a
fine dispersion of protein-containing polymer droplets rather than agglomerated droplets
in the primary emulsion would lead to an overall improvement in primary emulsion
stability, which would also enhance loading (Nihant et al., 1994). Sahoo et al., (2002)
reported that residual PVA increased with increased solvent miscibility with water. This
may be due to the fact that PVA might have partitioned into the polymeric phase
containing an organic solvent that is more miscible with the aqueous phase, resulting in
higher deposition of PVA on the surface of nanoparticles. The residual PVA in turn
influenced different pharmaceutical properties of nanoparticles such as size, surface
charge, poly-dispersity surface hydrophobicity, loading and the release of protein.
Nanoparticles with higher amount of residual PVA had a relatively lower cellular
uptake despite their smaller size. This could be due to the higher hydrophilicity of the
nanoparticle surface. Conway et al., (1997) reported preparation of PLA microparticles
in which the inner aqueous phase contained methyl cellulose besides PVA or PVP.
They found that particles containing PVP were more hydrophobic, exhibited higher
drug loading and encapsulation efficiency, and showed decreased burst effect as
compared to those containing PVA. Coombes et al., (1998) reported that using the
w/o/w method, the loading efficiency was increased from 30 to 70% when PVA (13-
23K) and PVP (10K), respectively, was used as emulsifier. An increase in the viscocity
of the droplets of polymer solution was observed when PVP was used. The PVP also
reduced the rate of protein release compared to when PVA was used.

Yang et al., (2001) reported that the interaction between BSA and PCL might not be
strong. Therefore, PVA may help to stabilize the water-in-oil emulsion in the PCL-
DCM system. The higher the PVA concentration in the internal and external aqueous
phase, the less coalescence was observed and this resulted in lower BSA release rate
after 9 days, with 80% BSA released when 0.025% m/v PVA was used in the internal
phase, and 15% BSA released when 0.1% m/v PVA was used in the internal phase.
Decreasing the PVA concentration in internal aqueous phase resulted in a decrease in
the encapsulation efficiency. This may arise from a possible interaction between PVA
and BSA, which can protect the BSA from the solvent and prevent BSA diffusion
towards the external aqueous phase. A high PVA concentration in the internal aqueous
phase led to an increase in the viscosity of the primary emulsion (Jeffrey et al., 1993),
although Benoit et al., (1999) reported that the loading of PCL microparticles decreased
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from 8.51 to 2.32% m/v when the PVA concentration in the internal phase was
increased from 0 to 5%. Yang et al., (2001) showed that larger sized PLGA and PCL
microparticles, >98 um, fabricated with low PVA (31-50K, 88%) concentration in the
external aqueous phase had a more rapid BSA release. This may be due to two factors, a
higher PVA concentration which increases the viscosity of the external water phase and
hinders the diffusion of the BSA aqueous solution, or a higher PVA concentration
which yields a more stable emulsion, which in turn hinders the mass transfer of BSA
with the surroundings. Thus the drug is distributed more evenly within the interior of
the particle. The PCL particles do not start degrading even after 60 days of incubation
releasing media. As a result, the predominant mechanism of BSA release in these

particles is diffusion.

The PVA concentration in the external water phase is known to be a key factor to in the
size of particles (Jeffrey et al., 1993; Lamprecht et al., 2000). A significant decrease in
particle size can be obtained by increasing the PVA concentration in the external
aqueous phase. When using PVA with a high molecular weight, the presence of PVA in
the external aqueous phase may increase the viscosity of the double emulsion, resulting
in an increased difficulty in breaking up the emulsion into smaller droplets. On the other
hand the presence of PVA in the external water phase stabilizes emulsion droplets
against coalescence, resulting in smaller emulsion droplets, indicating an optimum PVA
concentration for the preparation of small particles. This also seems the case in relation
to loading of the particles, with the loading efficiency being low when no PVA or when
very high amounts of PVA is used, while reaching an optimum in between at an optimal

PVA concentration related to the polymer concentration, solvents used and ratios.

The use of several hydrophilic stabilizers such as poloxamer 188, PEG, BSA, HSA or
sodium glutamate for protein/peptide drugs has been reported in the literature. The
encapsulation efficiency and release is as described for PVA above, dependent on the
properties of the protein and its affinity for polymer products and emulsifiers. Blanco
and Alonso (1998) reported that the co-encapsulation of surfactant poloxamer 188 or
331 reduced the protein encapsulation efficiency, while Benoit et al., (1999) also
demonstrated that the BSA loading efficiency of the particles also decreased after using
Tween 80 as emulsifier, compared to PVA as emulsifier, probably due to reduced

interaction between Tween 80 and BSA. Positively charged protein could interact with
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PLGA acidic degradation products, thus hindering its release. Results also indicated that
the intensity of the burst release was not influenced by the type of protein or the
molecular weight of the polymer, but was significantly affected by the incorporation of
the poloxamer. Higher release could be due to the destabilising effect of the o/w
primary emulsion, which leads to the coalescence of the aqueous microdroplets and thus
to a more porous structure. When Youan et al., (1999) prepared microparticles using
Tween 80, the microparticles were irregular in form, probably as a result of the rapid
precipitation of the polymer after second emulsification. Those microparticles produced
using Sodium-dodecyl-sulphate (SDS) were porous and agglomerated, probably due to
interaction between the anionic emulsifier and some amino acids of the BSA structure,
while those prepared using PVA were smooth and spherical.

Lipids have been shown both to increase and decrease the loading efficiency of drug
using the w/o/w method. Feng and Huang (2001) reported that
dipalmitoylphosphatidylcholine, DPPC, improved encapsulation efficiency of
paclitaxel, a hydrophobic drug, compared to PVA using the solvent evaporation
method, while Ghaderi et al., (1996) showed that phosphatidylcholine (PC) lowered the
entrapment efficiency of mannitol in the microparticles when using the w/o/w solvent
evaporation method. The presence of PC enhances the emulsification process.
Consequently, the water droplets formed from the inner aqueous phase, or containing
mannitol, decreased. Their diffusion to the external phase was thus relatively fast,
explaining the low entrapment efficiency obtained.

Maa and Hsu, 1997 reported the effect of the primary emulsion on the microparticle size
and protein loading, and reported that the protein loading in the microparticles
decreased with respect to increases in the w/o emulsion droplet size or in protein
powder size.

The choice of emulsifier influences the structure and loading of the particles. It has been
shown that PVA is an efficient emulsifier in many polymeric particle formulations. The
choice of emulsifier must be dependent on the choice of polymer, pH, and temperature

of formulation.

1.5.2.6 Influence of temperature on final particles
Cohen et al., (1991) showed that formulation of antigen loaded microparticles, 55-95

pum, at low temperature (2-8 °C) provided an increased encapsulation efficiency and a
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reduction in the initial burst, and possibly increased antigen stability against thermal
inactivation. Yang et al., (2000) also demonstrated that the temperature during the
formulation process influenced the loading efficiency of microparticles, 40-160 um,
with the highest loading efficiency observed at 33°C and the lowest loading efficiencies
obtained at 5 and 42°C. The antigen burst release incréased from 20% to 61% as the
formulation temperature increased from 5 to 33°C, while the burst release decreased to
around 20% again as the formulation temperature increased to 42°C. The initial burst
release observed in the microparticles, is probably due to the poorly entrapped protein
and protein loosely attached to the internal and outer surface. Initial release depends on
the ability of the polymer matrix to encapsulate the protein, making diffusion difficult
(Mehta et al., 1996). The formulation temperature affects both the entrapment efficiency
as well as the amount of surface proteins available for burst release. Temperature again
has a dual effect on initial release, like in the case of the encapsulation efficiency.
Specifically, high temperature speeds up solidification of the polymer thus improving
entrapment, while at low degrees, such as 5°C, only a low amount of protein is
associated at the particle surface. The highest diffusion of antigen to the surface was
observed at 33°C (Yang et al., 2000).

1.5.2.7 Influence of pH and salt on final particles

Benoit et al., 1999 reported that when the pH of the internal phase increased from 3 to
10, the encapsulation of BSA in PCL microparticles increased from 6.28 to 8.02%,
while Coombes at al., (1999) showed that the highest degree of adsorption at pH 3.9 for
ovalbumin onto PLA microparticles, due to electrostatic interaction.

Incorporation of salts affects the microparticle drug loading by changing the aqueous
solubility of both the drug and the organic solvent. Al-Maaieh and Flanagan, (2001)
reported that quinidine solubility was depressed by either a common ion effect
(Na;SOy) or by formation of new, less soluble drug salts. Chen et al., (2002) reported
that protein leakage from microparticles was reduced upon addition of 5% m/v NaCl to
the continuous phase, which resulted from reducing the solidification time and protein-
leakage. Addition of 5% m/v NaCl to the continuous phase resulted in a higher loading
efficiency, 72.2%, which was due to more protein in the deeper layer and higher
microparticle yield than in the absence of NaCl, 51.8%. This could be due to the

increased osmolarity in the continuous phase restricting the diffusion of antigen from
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the primary emulsion droplets. Whereas Benoit et al., (1999) demonstrated that when
0.9% m/v NaCl was added in the internal aqueous phase the actual loading decreased
from 6.88 to 4.39% m/m.

1.5.3 Surface adsorption of antigen onto polymeric particulates

An alternative to the encapsulation of antigen described above is the adsorption of
antigen to the surface of a particle. The homogenisation process to encapsulate antigens
may inactivate the antigen by chemical alteration, denaturation, and aggregation.
Compared to encapsulation of antigen, loading antigen onto the surface of particles by
adsorption can mean that harsh microencapsulation procedures such as exposure to
organic solvents are avoided and problems concerning denaturation of antigen by acidic
degradation products within the particles, from lactide polymers can be reduced
(Schwendeman et al., 1998). When an antigen is wholly encapsulated within a delivery
system, it remains protected by the matrix until it reaches APC, but the pattern of
protein release is often non-uniform, consisting of a rapid burst release of protein,
followed by a slow rate of release which may be insufficient to stimulate immuno-
competent cells and maintain high antibody levels (Wang et al., 1991).

Adsorption of antigen onto the surface of PLA and PLGA nano- or microparticles
particles was identified by several groups to be effective in inducing prolonged immune
responses following a single dose (Alpar et al., 1994; Coombes et al., 1996).
Adsorption of antigens to polymer surfaces involves a series of interactions, which are
both polymer- and antigen-dependent and therefore are not easily predicted. Antigen
adsorption onto polymeric substrates is known to be influenced by hydrophobic
interactions and changes in antigen conformation (Absolom et al., 1987). However, in
many cases, antigen adsorption to a variety of polymeric surfaces is dominated by
electrostatic interactions. In these cases, a maximum adsorption is typically observed
under pH conditions close to the isoelectric potential of the antigen, where the antigen-
antigen electrostatic repulsion between adsorbed molecules is minimal (Coombes et al.,
1999). Optimally a combination of hydrophobic and electrostatic interaction would
result in high adsorption efficiency, thus, adsorption of antigen onto the surface is
dependent on several factors. Yoon et al., (1998) showed that adsorption by electrostatic
interaction is higher than by any other interactions such as hydrophobic interaction, but

also is the slowest. This was supported by Bousquet et al., (1999) who showed that
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molecular forces which initiate protein-nanoparticle interactions are mainly electrostatic
in nature. Antigens adsorbed onto microparticles have been shown to generate immune
responses following nasal administration (Alpar et al., 1994), parenteral administration
(Jabbal-Gill et al., 2000) and sub-cutaneous injection (O’Hagan 1993; Coombes et al.,
1999; Venkataprasad et al., 1999). Antigen adsorbed onto PLA microparticle, 3-5 pm,
surfaces showed an enhanced immune-response compared to antigen adsorbed onto
PLGA, which was attributed to the irregular shape of PLA which is formed during
precipitation from the stirred solutions. However, both formulations showed better
results than the aqueous control (Coombes et al., 1998). It has been suggested that
higher immune responses obtained after sub-cutaneous injection of antigen adsorbed
onto the surface of particles could be attributed to the presence of surface located
protein rather than controlled release of encapsulated antigen. Comparable levels of
serum IgG were elicited to OVA adsorbed on alum and on PLA lamellae respectively
(Coombes et al., 1999).

The reduction of the initial burst release could be solved by adsorbing the antigen to a
surface which binds the antigen. This could be achieved by surface modification with
positively-charged substances such as chitosans, dextran, polyethylene-imine (PEI) and
cetyltrimethylammonium bromide (CTAB). CTAB and PEI are both positively-charged
substances and have both been used to bind drugs in delivery systems (Boussif et al.,
1995; Godbey et al., 1999; Singh et al., 2000).

1.5.4 Degradation of polymer and release of vaccines and drugs from PLGA and
PCL polymeric particles
Biodegradable polymers find widespread use in drug delivery as they can be degraded
to non-toxic monomers in the body.
Factors influencing degradation of polymers include (Anderson and Shive, 1997):

e Chemical structure and composition

e Physical factors such as shape, size,

e Morphology (amorphous, semi-crystalline, crystalline, microstructure, residual

stress)
e Mechanism of degradation (enzymatic, hydrolysis, microbial)
e Molecular-weight distribution

e Storage history
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The degradation of both PLGA and PCL polyesters follows first order kinetics. The first
stage of the degradation involves non-enzymatic, random hydrolytic ester cleavage, and
its duration is determined by the initial molecular weight of the polymer as well as its
chemical structure while the second stage involves loss of mechanical strength and
weight (Pitt et al., 1979). The biodegradability of other polymers can be manipulated by
incorporating a variety of labile groups such as ester or amide in their backbone.

Polymeric particle erosion and bulk degradation is affected by the rate of erosion and
hydrolysis of the polymer chains, leading to pore formation in the particle matrix. Both
of these possible mechanisms play a part in the release process, depending on the nature
of the core, the physicochemical properties of the polymer and the final particle
structure. The nature of the core material may influence the release kinetics, either by
increasing polymer degradation or by physically binding with the polymer chain. If
there is a drug-polymer interaction, a lower amount of drug will be available than the
actual amount present in the particle. Using additives such as NaCl in the internal
aqueous phase can also change the release kinetics due to increased porosity of the

particles (Jalil et al., 1990a).

It is essential to recognise that degradation is a chemical process, whereas erosion is a
physical phenomenon, which is dependent on a dissolution and diffusion process of the
polymer. Depending on the chemical structure of the polymer backbone, erosion can
occur by either surface or bulk erosion. Surface erosion occurs when the rate of erosion
exceeds the rate of water permeation into the bulk of the polymer and is of zero order.
Bulk erosion occurs when water molecules permeate into the bulk of the matrix at a
faster rate than erosion, thus exhibiting complex degradation/erosion kinetics. Both
nano- and microparticle formulations were shown to result in bulk and surface-eroding

with similar erosion kinetics (Uhrich et al., 1999).

PLGA, PLGA-PCL co-polymer and PCL, see Figure 1.8, are all polyesters that degrade
by hydrolysis of backbone ester groups. The hydrolysis is thought to be auto-catalysed
by carboxylic end groups. PLGA, PLGA-PCL and PCL, see Figure 1.8, degrade to form
innocuous products, hydroxycarboxylic acids such as lactic acid, glycolic acid and
capric acid, which are eliminated from the body through the Krebs cycle, primarily as

carbon dioxide and in the urine. The acidic degradation products of the polymers can
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reduce the antigenicity of the antigen by changing the antigen structure. This may be
due to decreases in pH down to 2-3 (Gopferich, 1996).

The crystallinity and hydrophobicity of the polymer are both key factors in determining
the rate of in-vitro degradation. The more crystalline and hydrophobic polymers exhibit
the slowest degradation rates e.g. PCL<PLGA. For semicrystalline polyesters such as
PCL, degradation first occurs in the amorphous domains and later in the crystalline
regions (Anderson and Shive, 1997), so that during the degradation process, the
crystallinity gradually increases, resulting in a highly crystalline material which is more
resistant to hydrolysis than the starting polymer.
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Figure 1.8: Structure of (a) PLGA, (b) PCL and (c) PLGA-PCL co-polymer polymer.

PCL is a semi-crystalline polymer, and when compared to the amorphous PLGA
polymers, the greater rate of ester-hydrolysis of PLGA may be attributed partly to the
absence of crystallinity, which will result in an increased concentration of accessible
ester groups in PLGA (Lemoine et al., 1996). The PLGA is however only an amorphous
polymer when the glycolide content of PLGA is less than 70% (Langer and Chasin,
1990).

Panyam et al., (2003) demonstrated that PLGA (120K) polymer degradation was found
to be biphasic in both nano- and microparticles, with an initial rapid first order
degradation rate for 20-30 days followed by a slower degradation phase. The
nanoparticles demonstrated relatively higher polymer degradation rate during the initial

phase as compared to the larger sized microparticles. Depending on the particle
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structure, the initial release of drugs from the particle surface consists of drug which is
either loosely bound to the surface or embedded in the surface, followed by release
through the pores existing within the particle. Diffusion through a water-swollen
polymer barrier is dependent on the polymer hydrophobicity, which in turn depends on
the polymer molecular mass. As the polymer molecular mass of the polymer increases,
the duration of the erosion phase increases since more extensive hydrolysis is required
to achieve complete degradation. The physicochemical and degradation properties of
the polymer are dependent on the molar ratio of e.g. the two monomers, PLA and PGA,
in the polymer chain, as well as on the polymer molecular mass (Jalil and Nixon,
1990a). The longer hydrocarbon chain in the PCL backbone makes it more hydrophobic
than PLGA. Thus the difference in the melting points, glass transition temperature
properties and the hydrophobicity of these polymers could explain the differences
observed in their stability (Lemoine et al., 1996). Bodmeier et al., (1989), Alonso, et al.,
(1993), Park et al., (1995) and Lemoine et al., (1996) have all shown that the initial
molecular mass of polymer has an effect on the stability of polymeric microparticles,
with high molecular mass polymers leading to more stable microparticles than low
molecular mass polymers. Adding low-molecular mass PLA(DL) to high molecular
mass PLA(DL) for the preparation of microparticles, increased encapsulated drug
release via diffusion, due to more rapid water penetration into the particles. Water
penetration occurred more rapidly with increasing ratio of the low molecular mass
PLA(DL), due to a concomitant decrease in glass transition temperature (Tg). Hence
high molecular mass polymers degrade more slowly and hereby give slower release of
drug than low molecular mass PLA(DL).

Lemoine et al., (1996) showed that the diameter of PCL particles did not change
significantly with time, confirming results obtained by Vert et al., (1994), who showed
that the degradation of these polymers was heterogeneous, i.e. the interior of the
delivery system degrades faster than the outer zone. The heterogeneous degradation
may be caused by aqueous media diffusing inside the particle and hydrolysing
polymers, producing a high local concentration of carboxylic end groups. The interior
of the particle in contact with this high concentration of carboxylic groups will then
degrade faster than the outer zone of the particle. The stability properties of the particles
can be changed by altering the composition of the particle. Singh er al., (1998)

suggested that the optimal approach for delivery of a single dose vaccine would appear
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to involve the combination of microparticles prepared from several different polymers,
in that different releases would be obtained and optimal controlled-release kinetics
could be obtained. Roy er al., (1992) reported that drug release was inversely
proportional to the size of the microparticles due to decreased diffusional path length

and increased effective surface area of the microparticles.

1.5.5 Use of polymeric nano- and microparticles in mucosal vaccine delivery
Mucosal administration of antigen encapsulated or adsorbed onto biodegradable
polymeric particles prepared from e.g. PLGA or PCL both offer an attractive approach
for enhancement of local and systemic cell mediated and humoral immune responses.
Polymeric delivery systems can be designed to enhance the efficacy of mucosally
administered vaccines in a number of ways: They can protect antigens from
degradation, concentrate them in one area of the mucosal tissue for better uptake, extend
their residence time in the body, as well as targeting them for specific sites of antigen
uptake, if certain specific ligands are present on their surface, e.g. NALT.

The ideal vaccine would be administered orally. Therefore, many researchers have
focused on the development of systems which may be delivered to oral mucosal sites.
However, another attractive mucosal route for the administration of vaccines is the nasal
route. Many infections start at mucosal sites suggesting that mucosal delivery would be
an advantage.

Apart from the advantages described above, the potential of e.g. PLGA and PCL nano-
and microparticles as a delivery system relies on their capacity to release entrapped
antigen over extended periods of time and on their ability to deliver antigen directly to
phagocytic APC. Following mucosal administration, nano- and microparticles are taken
up mainly by M-cells and allow exogenous antigen to gain access to the endogenous
route of processing for presentation to class I restricted T-cells (Moore et al., 1995).
Entrapment of protein in particles allows the CD4+ T-cell responses induced with
soluble protein antigens to switch from a predominant Th, to a Th; subtype (Moore et
al., 1995; Conway et al., 2001).
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1.5.6 Effect of particle characteristics and antigen presentation on immune
responses

It is possible to influence the antigen presentation and consequently the immune
response induced following mucosal delivery by altering the microparticle size,
hydrophobicity, physicochemical properties of the polymer and antigen-release profile.
By modifying the surface of a particle, the profile of the particulate may be changed in
such a way that a more efficient uptake of particles will take place at the mucosa.
Alternatively, they can be altered such, by stealthing them, that the particles will have a
decreased uptake by APC and thereby a longer half-life and a longer duration of action
(Bazile et al., 1995; Coombes et al., 1997; Alpar et al., 1998; Tobio et al., 1999).

The effect of antigen release profile on immune response is controversial. Spiers et al.,
2000) reported that the antigen release profile did not influence the immune response
obtained, whereas others such as Tabata and lkada (1988) reported an influence of
release profile on the Th, immune response. It was reported that the ideal vaccine
release pattern should mimic the profile of antigen concentration seen during the course
of natural infection, namely, a high dose of antigen within a few days followed by a
period of delivering decreasing amounts of antigen. The initial high load of antigen is
expected to influence the extent of memory T-cell formation, while the subsequent
steady decrease in antigen load would be expected to enhance the development of
antibody affinity maturation (Powell and Newman, 1995).

The induction of immune response is the result of many different factors such as

polymer, particle-size, particle-charge and particle-hydrophobicity.

Mucosal administration of vaccines offers a number of advantages over the traditional
approach to vaccine delivery, which normally involves injections using a needle and
syringe. Mucosal delivery of vaccines would avoid the pain and discomfort associated
with injections, and would also eliminate the possibility of infections caused by
inadequately sterilised needles, or needle re-use. Also, mucosal vaccines would be less
expensive to produce, since they would not need to be manufactured under such
stringent aseptic conditions as parenterally delivered vaccines. Mucosal administration
of vaccines might also improve vaccine efficacy, since the majority of infections affect
or start from mucosal surfaces, leading to the concept that active immunisation against

these infective agents may depend on the successful induction of mucosal immunity.
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Studies in mice have shown that mucosal immunity does not undergo age-associated
immune dysfunction (Nugent ef al., 1998), and that mucosal immunity appears to
develop earlier in life than systemic immunity (O’Hagan, 1998). Furthermore,
parenteral immunisation does not normally result in induction of mucosal immunity,
whereas mucosal immunisation results in the stimulation of both a mucosal and
systemic immune response (Challacombe et al., 1992; Maloy et al., 1994; Almeida and
Alpar, 1996). Wu et al., (1997) showed that the mucosal application of vaccines with an
appropriate adjuvant could induce immune responses at both systemic and mucosal sites
and as a consequence, may prevent not only infectious diseases but also colonisation of
pathogens at mucosal surfaces. Carcaboso et al., (2003) administered particles with
diameters of 0.49 to 1.59 pum. i.n. administration of PLGA vaccine formulations
improved and maintained higher IgG antibody levels compared to the conventional
alum adjuvant and to the administration of the PLGA particles by s.c. and oral route.

Both micro and nanoparticles of biodegradable polymers can be used for delivery of
vaccine antigens. The effect of size on the immune responses seems to be a key factor
and has been intensively investigated. The targeting of vaccines to macrophages by
utilising nano- and microparticles may be expected to lead to enhanced antibody
responses and to a decrease in the required antigen dose for immunisation. It has been
hypothesized that the enhanced systemic immunogenicity of small diameter particles,
<Sum, is due to increased uptake into lymphatics and greater access to antigen
presenting cells (Kreuter 1988; Eldridge et al., 1990, 1991). The enhanced
immunogenicity of particulate antigens is not surprising, since pathogens are particles
of similar dimensions, nano and micro range, and the immune system has evolved to
deal with these. Particulate delivery systems present multiple copies of antigens to the
immune system, and promote trapping and retention of antigens in local lymph nodes.
However, Powell and Newman, (1995) reported that the difference in adjuvanticity
could be partly due to the different release kinetics in vivo, since small microparticles,
which are phagocytosed by macrophages, and large microparticles which are not
phagocytosed by macrophages, are certain to have different antigen release kinetics.
Jani et al., (1989, 1990) observed that particles with mean diameters of 50 and 100 nm
showed a higher uptake in the rat intestine than larger particles. The nanoparticle uptake
was followed by its appearance in the systemic circulation and distribution to different
tissues. After administration of equivalent doses 33% of the 50 nm and 26% of the 100

nm nanoparticles were detected in the intestinal mucosa and GALT. In the case of 500
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nm particles, only 10% were localized in intestinal tissues. Particles larger than 1 pm
yielded only little uptake and exclusive localization in PP while only particles smaller
than 500 nm reach the general circulation. Similar findings were reported, that
demonstrated that GALT uptake for small particles, 100 nm, was greater than for larger
particles, 10 pm (Desai et al. 1996). McClean et al., (1998) also reported a higher
uptake by Caco-2 cells of nanoparticles with diameter around 500 nm, than for
microparticles with diameter around 2-5 pm.

In the early 1980s the use of polymeric particulate adjuvants for the oral delivery of
vaccines was described (Cox and Taubman, 1984). A haptenated model antigen, bovine
gamma globulin, was conjugated to the surface of polyacrylamide microparticles (1-3
pm) and induced better salivary IgA antibody responses than soluble antigen following
oral immunisation in rats. A step further was taken when ovalbumin was encapsulated
in polyacrylamide microparticles, to provide better protection of the antigen during
intestinal transit and to target the antigen to the PP (O’Hagan et al., 1989).

Maximal phagocytosis was reported to take place when the diameter of the
microparticles was in the range 1-2 pm by Tabata and Ikada (1988), while O’Hagan et
al., (1991) reported that microparticles smaller <10 pum were taken up by macrophages
to promote antigen presentation, while larger microparticles >10 pm were not taken up
by macrophages and were more effective as controlled drug release delivery systems.
O’Hagan et al., (1992, 1993, 1994) demonstrated oral immunisation in mice with OVA
entrapped in PLG microparticles, and that administration of microparticles containing
OVA induced IgG serum antibody titres higher after s.c. administration of OVA in
microparticles than after administration of free OVA. The immune response peak was
observed at 10 weeks, and entrapped antigen in microparticles evoked better humoral
immune response than surface adsorbed antigen. Eldridge et al., (1990) demonstrated
that PLG microparticles <5 pm in diameter were endocytosed and transported through
efferent lymphatics to systemic lymphoid tissue and stimulated a serum antibody
response following oral administration. Particles > 5 pm in diameter remained in the
PP, leading to the sustained release of antigen and an IgA immune response. Alpar et
al., (1989) reported that 1.1 um diameter latex particles were detected in blood within
10 min of oral administration, with maximum absorption observed after 45 min.
Brooking et al., (2001) reported on the transport of '*I-radiolabelled latex nanoparticles

across the nasal mucosa of rats using a range of particle sizes and surface coatings.
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Particles were detected in the blood after 5 min. The number of particles in the blood
peaked at 60 min, and then remained constant for a further 2h. The smallest particles, 20
nm, showed greater uptake than the largest particles investigated, 1000 nm. The total
maximum uptake seen for the smallest particles was in the order of 3.25% of
administered dose. 100 nm particles coated with chitosan showed an increase in both
the extent and rate of uptake, with the concentration in the blood peaking at 15 min
rather than at 60 min. It is suggested that transport of the particles across the nasal
membrane is due mainly to a transcellular transport mechanisms by the NALT,
especially the M-cell like cells. However, some paracellular transport cannot totally be
ruled out for the smallest particles, especially if coated with chitosan.

Nakaoka ef al., (1996a,b) observed the influence of particlesize in the peritoneal cavity,
and their interaction with immune cells after s.c. and intra peritoneal (i.p.)
administration. As the amount of ovalbumin loading was fixed, the number of particles
increased with the decreasing size. Microparticles between 3 and 30 pm were prepared.
An increase in the amount of particles promoted more interaction with immune cells,
resulting in an enhanced antibody production after i.p. injection. Tabata et al., (1996)
reported enhanced uptake into lymphatics and greater access to APC for smaller size
particles <5 pm. Uchida and Goto (1994) determined serum IgG antibody levels after
administration of microparticles, and the rank of immune response was as follows: 4
pum>1.3 pm=7.5 um>14 pum. Better immune responses were obtained after oral
inoculation than those after s.c. inoculation. Makino et al., (2003) showed that in vitro
particle uptake of polystyrene particles by alveolar macrophages was higher for 1 pm
polystyrene particles than for smaller particles, 0.2 and 0.6 um, or larger particles, 6 and
10 um. Nanoparticle adsorption ranged from 1% to 5% (Kukan et al., 1989 and Le Ray
et al., 1994), with differences arising from the selected polymeric material and from the
intestinal model and species selected. Takeuchi et al., (2001), reported that
microparticles remained in the PP while nanoparticles were disseminated

systematically, after oral administration.

Consensus has not been reached on the mechanism of particle uptake by intestinal
epithelia. Most evidence suggests that the favoured site for uptake is the PP lympho-
epithelial M-cells (Lefevre et al., 1995; Eldridge et al., 1990; Jani et al., 1992). Whereas
paracellular transport of particles has been favoured by others (Aprahamian, 1987),
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there is also evidence for nanoparticle endocytosis by intestinal enterocytes (Kreuter,
1991). Florence et al., (1995), and Hillery et al., (1994) showed that nanoparticles were
adsorbed by intestinal enterocytes through endocytosis, mainly by PP. Uptake by the
intestinal epithelia of nanoparticles prepared from hydrophobic polymers seems to be
higher than from particles with more hydrophilic surfaces. Poloxamer coating of
polystyrene nanoparticles caused a decrease of gastrointestinal uptake in vivo (Hillery et
al., 1996). Moreover, hydrophobic polystyrene nanoparticles seems to have a higher
affinity for M-cells than for adsorptive epithelia, whereas less hydrophobic
biodegradable PLGA nanoparticles show interactions with both cell types (Jepson et al.,
1993).

In gastrointestinal particle absorption, an inverse relationship between absorbed amount
and particle size seems to be the case. Compared to the oral route, the nasal route
permits lower doses to be used and does not have the instability issues related to the GI.
Moreover, there appears to be access to NALT by particles in the absence of M-cell
targeting, although definitive evidence of nasal M-cells remains controversial. The
efficacy of polymeric particles in increasing systemic and mucosal immune responses
after intranasal administration is of interest to many researchers. Eyles et al., (1999)
reported that the optimal volume of vaccine for nasal administration was between 10
and 20 pl, whereas if larger volumes were added, they would be deposited in the lungs.
Many mouse studies show data in which the immune response to nasally applied
vaccine particles are almost equivalent to parenteral injections (Uggezzoli et al., 1998;
Greenway 1998), although the dose would still be 2-10 fold higher by the former route.
Moreover, intranasal vaccination can be more effective than oral immunisation at
generating earlier and stronger mucosal immune responses.

Lemoine et al., (1999) observed a decrease in IgG serum antibody titre using PLGA
nanoparticles as compared to free antigen when delivered i.n. In contrast, many others
reported that the encapsulation of antigen in microparticles provided a stronger immune
response than soluble antigen alone (Almeida et al., 1993; Alpar et al., 1994; Moore et
al., 1995; Eyles et al., 1998, 1999). This could be due to the protection the particulate
provides, and the more efficient uptake by M-cells. Shahin et al., (1995) reported that
i.n. administration of PLG microparticles with Bordetella pertussis antigen induced
protective immunity in mice while Ray et al., (1993) also demonstrated an higher

immune responses after i.n. administration with microparticles containing vaccine
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against para influenza type 3 than after administration of free vaccine. Almeida et al.,
(1993) adsorbed TT onto PLA microparticles and administered these intranasally.
Results showed that microparticles induced higher systemic and local antibody
responses than those obtained after oral administration. Shephard et al., (2003)
demonstrated after i.n. administration of PLGA and PMMA (polymethylmethacrylate)
nanoparticles with entrapped bovine parainfluenza type-3 virus (BPI-3), that PLGA
induced immune response levels of virus specific antibody which were higher than mice
immunised with the PMMA vaccine or with soluble viral proteins alone. Somavarapu et
al., (1998) showed that i.n. administration of entrapped OVA in PLGA microparticles,
induced primary immune responses which were significantly higher for particles less
than 500 nm than for microparticles around 4 pum, which was no better than free antigen
alone. The reason for the nanoparticles inducing a higher immune response than the
microparticles could be that for a fixed amount of antigen, the number of antigen loaded
nanoparticles which cross the intestinal epithelium or nasal epithelium is greater than
the number of antigen loaded microparticles (Jung et al., 2000; Desai et al., 1996;
McCleas et al., 1998). Alpar and Almeida, (1994) reported that microparticles with
diameters of 0.51 um, were administered i.n. and following blood collection after 10
min, particle concentration equivalent to 0.96% of the administered dose was measured.
When 0.83 um particles were administered i.n., 1.90% of the administered dose was
measured in the blood after 10 min following the administration, while Brooking et al.,
(2001) reported on the transport of '**I-radiolabelled latex nanoparticles across the nasal
mucosa of rats was studied using a range of particle sizes and surface coatings.
Translocation of the particles into the blood stream was examined by means of
monitoring the radiolabel associated with the particles. Particles were detected in the
blood after 5 min, while the number of particles in the blood peaked at 60 min, and then
remained constant for a further 2h. The smallest particles, 20 nm, showed greater uptake
than the largest particles investigated, 1000 nm. The total maximum uptake seen for the
smallest particles was in the order of 3.25% of administered dose. 100 nm particles
coated with chitosan showed an increase in both the extent and rate of uptake with the
concentration in the blood peaking at 15 min rather than at 60 min. It is suggested that
transport of the particles across the nasal membrane is due mainly to a transcellular
transport mechanisms by the NALT, especially the M-cell like cells. However, some
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paracellular transport cannot totally be ruled out for the smallest particles, especially if
coated with chitosan.

Baras et al., (1999) found that single dose intranasal immunisation with biodegradable
microparticles prepared from both PLGA and PCL, were more effective than free
antigen. Several antigens from Bordetella Pertussis were entrapped in microparticles,
and following intranasal immunisation, induced protective immunity against aerosol
challenge with the bacteria (Shahin et al., 1995; Cahill et al., 1995). Intranasal
immunisation in mice with ricin toxoid in microparticles also induced long lasting
protection against aerosol challenge with the toxin (Yan et al., 1996). Gutierro et al.,
(2002) showed that 1000 nm PLGA particles, loaded with BSA gave higher IgG
immune responses than 500 and 200 nm particles after i.n., oral and s.c. administration,
whereas 500 nm particles gave higher IgG, antibodies after i.n. delivery.

Vila et al., (2002) reported that uptake and recovery in the blood of TT loaded
PLA/PEG nanoparticles was higher than of TT loaded PLA nanoparticles following
nasal administration, indicating that combination of hydrophilic/hydrophobic
formulations may be optimal for mucosal uptake.

To summarise, particles smaller than 5 pm in diameter seem to recognised by APC,
while particles between 1-2 pm seem to have the highest uptake by APC, though
nanoparticles have also shown to induce higher immune responses than microparticles
below 5 pm. The advantage of using nanoparticles for vaccine delivery is the amount of

particles that cross the mucosal membrane and are being recognised by APC.

1.5.6.1 Effect of surface charge on immune response induced

Surface charge of nano-and microparticles has been recognized as an important
determinant of particle clearance from the blood (Tabata and Ikada, 1988). Stolnik et
al., (1995) reported that a negative surface charge increased the clearance of particles
from the circulation compared to neutral or positively charged ones, whereas both
Tabata and Ikada (1988) and Roser et al., (1998) observed no difference in phagocytic
uptake for both anionic and cationic particles. Albumin particles with a zeta-potential
close to 0 mV showed reduced phagocytic uptake in comparison with positively
charged chitosan particles in vitro, which induced macrophage activation. Rafati et al.,

(1997) investigated the use of several surfactants (PVA, bile salts and non-ionic
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surfactant (Tagat)) in combination with different surface charge and reported that the
increase in surface charge led to a increase in the serum IgG antibody response, while
the difference in hydrophoicity of the surfactants did not lead to a corresponding
difference in the scale or pattern of the serum IgG antibody response. Microparticle
uptake by macrophages was shown to be highest to microparticles with a primary amine
group>carboxyl group>>hydroxyl, sulphate-groups. All were negatively charged at pH
7.4. The amine group and carboxyl group were softer than the other microparticles and
were more effectively engulfed by macrophages (Makino ef al., 2003). The affinity of
charged non-biodegradable colloidal carriers to intestinal tissues has also been the
subject of much discussion. Carboxylated polystyrene nanoparticles show significantly
decreased affinity to intestinal epithelia, especially M-cells, compared to positively
charged and uncharged polystyrene nanoparticles (Jani et al., 1989). On the other hand,
Mathiowitz et al., (1997) observed highly-increased particle adhesion to the cell surface
by negatively charged polyanhydride nanoparticles. This was in accordance with results
obtained by others (Kriwet et al., 1996).

Uncharged- and positively-charged nanoparticles consisting of hydrophobic
poly(styrene) provide an affinity to FAE as well as to adsorptive enterocytes, whereas
negatively charged poly(styrene) nanoparticles show only low affinity to any type of
intestinal tissues. Negatively-charged nanoparticles from more hydrophilic polymers
show highly increased bioadhesive properties and are adsorbed by both M-cells and
adsorptive enterocytes. Negative charges on the nanoparticle surface are not the only
requirement; a combination of both nanoparticle surface charges and increased
hydrophobicity of the matrix material seem to affect the gastrointestinal uptake in a

positive sense.
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1.5.7 Use of mucoadhesive delivery systems

Particle uptake over the mucosa can be enhanced by using mucoadhesive agents. For a
mucoadhesive agent to be useful for mucosal delivery it should have the desired release
profile, a sufficient residence time at the mucosal surface and be biocompatible. By
adding a mucoadhesive agent to the composition of the particle, the mucoadhesive agent
may achieve an increased residence time within the nasal cavity, in addition to an
intensified contact between the mucosa and the particle, an increase in the concentration
at the site of disposition, and/or facilitated particle drug permeation through the mucosa
by opening the tight junctions between the epithelial cells. All these effects can increase
the bioavailability of the particles (Jung et al., 2000).

Chitosan was found to exert a marked permeabilising effect for peptide drugs. The
positively-charged chitosan binds to negatively-charged sites in the mucosa and has
been shown to cause minimal membrane and cellular damage (Aspden et al, 1996).
Literature has shown chitosan to be an effective enhancer of drugs onto mucin and over
the mucosa (Illum et al., 1994; Senel et al., 2000). He et al., (1998) observed a strong
interaction between chitosan microparticles and mucin, which was proportional to the
absolute values of the positive zeta potential of chitosan microparticles and negative
zeta potential of mucus glycoprotein. Factors leading to a reduction or a reversal of
these absolute values led to a reduction in the amount adsorbed. Tengamnuay et al.,
(2000), showed with in situ nasal perfusion studies, that chitosan enhanced nasal
absorption of peptide and that only mild to moderate irritation was produced. In vitro
tests with chitosan showed that mucoadhesion was inversely proportional to the particle
diameter, with small microparticles providing a more highly mucoadhesive system (El-
Hameed and Kellaway, 1997). Witschi and Mrsny (1999) showed that positively-
charged chitosan microparticles were more adhesive to calu-3 cells than negatively-
charged alginate microparticles. Dextran microparticles with a swollen diameter of 45
pm, have been used for the nasal delivery of drugs (Illum et al., 1987). DEAE-dextran
adsorbs water and forms a gel-like layer which is only slowly cleared from the nasal
cavity and promotes drug absorption by opening tight junctions. Dextran also binds to
positively charged groups such as Ca”* (Morath, 1998), while Russel-Jones et al.,
(1999) reported increased uptake by caco-2 cells when vitamin B12 was associated to
the particles to be taken up.
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Cho et al., (1998) showed that both mucosal and systemic immunisation was induced
following oral administration of antigen encapsulated in alginate microparticles, while
Suckow et al., (2002) demonstrated that PTE (a thiocyanate extract of Pasteurella
multocida) incorporated into alginate microparticles evoked protective immunity after
oral administration, while after i.n. administration, significant increased in IgG
responses were observed. Singh et al., (2001) prepared a bioadhesive delivery system
which comprised esterified hyaluronic acid (HYAFF) microparticles. Following i.n.
administration in pigs, significant by enhanced serum IgG in comparison to other
groups, and significantly higher than after i.m. were observed.

Surface modification of nanoparticles has been shown (Labhasetwar et al., 1998), to
enhance the arterial drug-levels. PLGA nanoparticles which had been surface-modified
using positively-charged agents such as DMAB, lipofectin and DEAE-dextran
displayed considerably greater arterial uptake than the corresponding unmodified
PLGA/PVA nanoparticles. The cationic nature of the surface-modified nanoparticles
may have caused increased ionic interactions with the negatively charged
glycosaminglycan-enriched arterial wall, thus facilitating their arterial uptake and
retention. However, it was reported that other factors could also be contributing, such as
the effect on the transient increase in the permeability of the arterial wall due to the use
of these agents or an enhancement in the adhesive properties of the nanoparticles that
could increase the drug uptake and retention in the arterial wall. Moreover, smaller
diameter nanoparticles were shown to have enhanced arterial uptake. By adding PEI, a
positively-charged agent, to the particle surface, Klemm et al., (1998) hypothesised that
an enhanced uptake at the mucosa by endocytosis should be observed. In addition, a
positively-charged surface could potentially increase half-life in the blood compared to
a negatively-charged surface. Park et al., (1992) used a blend of PLLA and PEI, which
exhibited a decrease in the burst release of protein at the initial stage and a significant
extension in the protein release period by binding the negatively charged antigen. Singh
et al., (2000) also showed that incorporation CTAB into PLGA microparticles and later,
followed by the adsorption of DNA onto the surface, resulted in enhanced serum

antibody responses in comparison to naked DNA when injected i.m..

Lectins and lectin-like molecules of plant or microbial origin as well as
biotechnologically generated derivatives of such molecules, have interesting

characteristics to control the binding, uptake and intracellular routing of
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macromolecules as well as colloidal carrier systems (Lehr et al., 2000). In contrast to
other mucoadhesive polymers, lectin binds directly to epithelial cells rather than to the

mucus gel layer.

1.5.8 Effect of surface hydrophobicity of nano- and microparticles on uptake by
APC and mucosal surfaces

Following i.v. administration, hydrophobic nanoparticles are rapidly cleared from the
systemic circulation by APCs, ending in the liver or spleen (Kreuter et al., 1994).
Advances in prolonging circulation time and reducing APC uptake have been achieved
by modification of the surface characteristics of particles which determine the
interaction with the APC. Uptake by the APC can be reduced by coating the particle
with a hydrophilic agent, since this will reduce the rate of opsonization. Hydrophobic
polymeric nanoparticles have been shown to be efficiently cleared from circulation after
30 min following i.v. injection, with 60-90% of the particles reaching the liver, and 2-
20% reaching the spleen (Kreuter, 1994), while more hydrophilic nanoparticles remain
in circulation for longer times. It should be noted however, that hydrophilicity alone is
not the only characteristic to reduce APC uptake, but is also influenced as earlier
described, by the size of the particles and the surface charge of the particles.

The capture and removal of foreign particles by APCs is believed to be mediated
initially by the adsorption of plasma proteins, such as immunoglobulins, fibronectin or
the complement proteins, opsonins, leading to recognition by phagocytic cells (Cruse et
al., 1999). Hydrophobic particles are taken up more rapidly by APC than hydrophilic
particles due to higher amount of plasma protein being adsorbed onto the particle
surface thus it is possible to increase particle phagocytosis by macrophages by altering
the particle surface characteristics (Tabata and Ikada, 1988 ; Gessner et al., 2000).
Kreuter et al., (1988) demonstrated that the immuno-adjuvant effect of particulate
acrylic nanoparticles, whose surface had been altered, increased with increasing
hydrophobicity. The superiority of more hydrophobic polymer particles in improving
immunogenicity of polymer entrapped antigen has also been reported by others in the
literature (Singh et al., 2001; Hilbert et al., 1999; Rafati et al., 1997).

It is also generally accepted that hydrophobic particles have enhanced uptake from the
mucosa, since the mucosa itself is hydrophobic (Alpar and Almeida, 1994; Jung et al.,
2000). However, Tobio et al., (1998) showed that hydrophilic PLA-PEG particles
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administered nasally led to a higher permeability than the more hydrophobic PLA
particles. It was suggested that PLA-PEG was taken up partially by the M-cells of the
MALT, but also that they could be transported by a transcellular or paracellular pathway
to the submucosa layer and be drained to the lymphatics and blood, while Huang ef al.,
(1997) reported on the transport of fluorescent labelled polystyrene latex nanoparticles,
0.01 and 0.2 pum, across rabbit nasal mucosa. It was also observed, that the more
hydrophobic the particle surfaces, the lower the percentage of transport of nanoparticles
regardless of the particle size over the mucosa was obtained. Results showed that peanut
oil, which gave the particle a hydrophobic surface, did not increase nanoparticle uptake
compared to saline, whereas particles with a more hydrophilic surface had a greater
uptake in the gastrointestinal tract (Araujo et al., 1999). Other groups did not observe a
difference in uptake of different polymeric particles after mucosal administration. Baras
et al., (1999) did not observe higher uptake by PCL microparticles than for PLGA after
mucosal administration. In contrast, both Eldridge et al., (1989, 1990) and Alpar and
Almaida, (1994) showed that more hydrophobic preparations induced higher immune
responses following both oral and nasal administration, due to enhanced uptake by the
MALT and transport to systemic tissue. Raguvanshi et al., (2002) reported that antibody
titres from PLA were twice as high as PLGA particles. This was explained on the basis
that PLA is more hydrophobic compared to PLGA due to the presence of an more —CHj3
group in lactic acid. Because of this hydrophobicity factor, APCs attract to PLA

particles preferentially and this helps in eliciting improved immune responses.

1.5.9 PCL nano- and microparticles in drug and vaccine delivery

While PLGA nano- and microparticles have been intensively investigated and endorsed
as a delivery systems for different drugs and vaccines, PCL has not yet been
investigated as thoroughly as a drug delivery system as PLGA, and certainly not as a
delivery system for vaccines. PCL nano- and microparticles are more difficult to
prepare than PLGA nano- and microparticles, since emulsifiers used to stabilise the
particles, such as PVA, do not associate as well to the PCL as to the PLGA. They are
therefore more difficult to stabilise and aggregate more easily, and for example higher
concentrations of PVA are needed to obtain the same stabilising effect (Yang et al.,
2000). Also, the melting point of PCL is around 40-60 °C, complicating the formulation

procedures. Different methods, w/o/w, o/w, nano-precipitation and spray-drying, have
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been employed for the preparation of PCL nano- and microparticles, though they have
been used mainly for the encapsulation of hydrophobic drugs, see table 1.4 below. Due
to their semi-crystalline nature, which complicates the aim of high loading efficiencies
of water-soluble drugs, PCL or PCL containing polymeric nano- and microparticles
have only recently been investigated and optimised for the sustained delivery of
vaccines in vitro: Lamprecht et al., (1999, 2000), Benoit et al., (1999), Youan et al.,
(1999, 2001), Lin and Huang, (2001a,b), Lin and Yu, (2001), Murillo et al., (2002).
PCL nano- and microparticles were shown to encapsulate the antigen and release it over
an extended period of time. Different parameters were investigated for the optimisation
of the particles, which were very similar to the conditions required for optimisation of
PLGA polymeric particles. The PCL polymeric particles generally had an lower
encapsulation efficiency than PLGA, but release the antigen over a longer time period.
Murillo et al., showed that PCL microparticles had higher uptake by macrophages than
did PLGA microparticles. PCL nano- and microparticles has also been investigated in
vivo: (Jameela et al., 1997; Baras et al., 1999; Singh et al., 2001). Jameela et al., (1997)
demonstrated that PCL microparticles administered i.m. induced immune response
equivalent to a 3-injection conventional schedule. PLGA has been used extensively for
mucosal delivery for vaccines, whereas the potential of PCL as a vaccine delivery
system need too be further investigated. PCL is also more hydrophobic than PLGA and
this may influence an increased association to and uptake from the mucosa and M-cells.
Singh et al., (2001) showed that PCL containing nanoparticle formulations induced
higher immune responses after i.m. administration that when PCL was not present in the
formulation. Polymer blend formulation also offers a variety advantages over mono
polymers. They have surface properties which may combine hydrophilic and
hydrophobic polymer properties and can therefore result in increased uptake and
adjuvanticity. The co-polymer offers the advantage of two polymers in one single
formulation e.g. the surface properties will be a blend of two polymers.

Baras et al., (1999) demonstrated the potential of PCL as a nasal delivery system, but
did not report increased immune responses after either oral or nasal administration of
PCL antigen containing microparticles compared to PLGA antigen containing
microparticles. PCL polymers have shown potential as vaccine carrier, but PCL and
PCL containing particulates as vaccine delivery system is area that needs more detailed

investigation.
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Year Reference Formulation Size of particles Antigen Investigation Conclusion
Method encapsulated
1997 | Jameelaetal., Melt Microparticles BSA Loading, release. PCL microparticles
encapsulation containing. Melt
encapsulation led to
100% incorporation
efficiency of BSA, 3%
m/m. 20% release after
2 weeks.
1999 | Lamprechter | Modified w/o/w 276-308 nm BSA Size, loading, A higher release was
al., release obtained at the end of
the dissolution study for
PLGA than for PCL.
1999 Benoitet al., W/o/w 5-10 pm BSA Size, loading, Protein remained
morphology, unaltered after
release encapsulation process.
1999 Youanetal, W/o/w <10 pm BSA Size, loading, Optimisation of
morphology, different factors could
release result in loading
efficiency up to 50%.
2000 | Lamprecht et W/o/w 275-310 nm BSA Size, loading, BSA conc. in internal
al., release phase increased loading,
and encapsulation
efficiency decreased
with higher protein
conc.
2000 Baras et al., Spraydrying 9.56-24.31 ym BSA Size, loading, Solvent influenced
integrity, solvent, loading of particles.
Encapsulation between:
0.8-24.21% m/m.
2001 Youan et al., Olo 42-157 um BSA Loading, release Release from PCL was
irregularly pulsatile
compared to PLGA. No
significant degradation
of protein was observed
in PCL particles.
Encapsulation efficiency
between 13 and 96%
was observed.
2001b Lin and W/o/olo Microparticles BSA Surface Release of BSA was not
Huang morphology, influenced by pluronics.
release, loading Loading was increased
and pluronics prevented
aggregation and reduced
crystallinity of PCL.
2001 Lin and Yu Hot melt 12.7-16.9 um BSA Size, loading, Size, Loading and
technique release release affected by BSA
and size of BSA.
2001a Lin and W/olo/o Microparticles BSA Release Influence of
Huang homogeniser. Influence
of porous/non-porous
particles on release.
2001 Singh et al., W/olw Nanoparticles Diphtheria Size, loading, PCL containing
Toxoid release, nanoparticles induced
hydrophobicity, higher antibody titers
i.m. administration than PLGA
nanoparticles.
2002 | Murilloetal., Spraydrying <5upum Brucella ovis Loading, release, PCL had higher uptake
phagocytosis and than PLGA by
toxicity macrophages.
2003 Singh et al., W/olw 250 nm Diphtheria Size, loading, PCL nanoparticles
Toxoid release, induced higher antibody
hydrophobicity, titers than PLGA
i.m. administration nanoparticles.

Table 1.4: Table of work carried out using PCL nano- and microparticles containing antigens in in vivo

and in vitro experiments carried out to date.
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1.6 Aims and objectives of the present study

Current research into the development of a novel nano- and microparticle drug delivery

system has mainly been concentrated around PLGA polymers. In the search for a novel

drug delivery system, it is important to investigate other potential polymers as drug

delivery vehicles, and among these PCL is one good candidate, which has shown

potential as a drug and vaccine delivery system.

The aim of this study was to prepare and investigate PCL nano- and microparticles as a

vaccine delivery system. In order to achieve this aim, the following main objectives

were set:

To prepare and characterise the antigen loading efficiency of PCL and PLGA
nanoparticles using co-solvents in combination with DCM as the organic phase
in the w/o/w solvent evaporation method, and investigate the effect of the
solvents on antigen integrity, particle hydrophobicity, antigen release profile and
to investigate the immunogenicity of selected antigen loaded nanoparticle
formulation after encapsulation of antigen using different co-solvents in the

organic phase of the w/o/w solvent evaporation method.

To prepare and characterise PCL, PLGA, PLGA-PCL blend and co-polymer
polymeric nanoparticles and assess their potential as a vaccine delivery system.
The uptake by Caco-2 cells as model epithelial cells will be determined, and the
induction of a systemic IgG immune response and cytokine production
following intra-nasal and intra-muscular administration would also be

determined.

To prepare and characterise PCL and PLGA microparticles containing alum
with regard to size, loading, antigen release profile, particle hydrophobicity and
moreover investigate the effect of alum incorporated in PCL microparticles on

the induction of a systemic IgG immune response and cytokine production.
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CHAPTER 2



2 Materials and Methods

2.1 Determination of nanoparticle sizes by photon correlation spectroscopy (PCS)
method

The size of nanoparticles was determined using PCS, Malvern Instruments 1000
(Malvern Instruments, Malvern, UK). PCS is a useful technique for particle size
analysis of submicrometer particulates between 3 to 1000 nm. 5 mg of the nanoparticles
were dispersed in 1 ml of 0.22 um filtered ddH,0, and all samples passed the minimum
criteria set by Malvern instruments with regard to polydispersity, count rate, merit
(signal to noise ratio). Values were represented as z-average diameter. Before
measuring sample sizes, a 1 um polystyrene standard dispersed in filtered ddH,O
solution was measured. In PCS method the Brownina motion of sub-micron particles is
measured as a function of time. A laser beam is diffracted by particles in suspension.
The diffusion of particles causes rapid fluctuations in scattering intensity around a mean
value at a certain angle. These intensity fluctuations depend on the particle size. The
calculated correlation function results in a diffusion coefficient for a given temperature
and viscosity which can be converted to particle size. The mean radius, R, is obtained

from the Stokes-Einstein equation:
R=(ks* T)/ (6 * = **D)

Where xp is the Boltzman constant, T the temperature, n the shear viscosity of the
solvent and D is the diffusion coefficient of the particles (Malvern PCS instrument
guidelines).

2.2 Determination of microparticle sizes by laser diffraction

Microparticles were sized by laser diffractometry using Malvern Mastersizer E
(Malvern Instruments, Malvern, UK) and a flow cell which gives a size-distribution
over the range 0.1 — 80 um.

Microparticles, 10 mg, were suspended in ddH,O (0.22 pum filtered to remove dust),
then further diluted to 20 ml. All samples passed the minimum criteria set by Malvern
instruments with regard to polydispersity, count rate, merit (signal to noise ratio).

Particle sizes were determined using the monomodal analysis and analysed by the
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presentation for polystyrene in water. Results were expressed as volume diameter,
which is the diameter of particles that would have the same volume as the particles. The
instrument was checked using 1 pm polystyrene standard dispersed in filtered ddH,O
solution.

The mean particle size in this project represents the volume mean diameter of the
particles. Each preparation was analysed three times to give an average value for

particle volume diameter. Both mean volume and mean number diameters are given.

When particles are illuminated by a bean of light, they will scatter the beam in all
directions. The intensity of the scatter in any particular direction is calculable using a
number of approximate theories and depends on the size of the particles and their
optical properties. This scattering is referred to as diffraction of light by the particles.
Since the light beam illuminates many particles simultaneously, the instrument provides
a distribution of particle sizes, but does not accurately measure the number or amount of
particles. The main difficulty using this approach is the complexity of the calculations
to find the particle distribution, why the use of different instruments will lead to
different results, since they use different algorithms (Washington, 1992).

Different light scattering theories for the calculation of particle distributions are
available, including Mie theory, Rayleigh, Rayleigh-Gans-Debye (RGD), Fraunhofer
and anomalous scattering (Washington, 1992).

The Mie theory is the most exact of the theories. It is dependent on the size of the
particles and their optical properties, though the exact distribution of scattered light can
only be calculated for particles of simple shape, such as spheres and long cylinders. To
simplify the calculations it is assumed that the particles are spheres and provide
corresponding equivalent diameters.

The Rayleigh scattering model is used for the determination of particles, when the
particles are small compared to the wavelength of light, they can then be treated as point
scattereres into which the light does not penetrate, leading to a pattern that is identical to
that obtained from Mie theory for particles of small diameter. The scattering pattern and
intensity from small particles will be independent of particle shape, since the particles
are treated as point scatterers.

The RGD scattering is an extension of the Rayleigh scattering theory which makes the

assumption that the particle refractive index is close to that of the medium in which it is
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suspended. This allows the scattering pattern to be calculated for particles slightly larger
than in the Rayleigh scattering. The RGD scattering predicts that the diffraction pattern
is independent of the particle shape.

Frauhofer scattering allows the scattering patters to be derived for large particles
without reference to the optical properties of the material. The theory assumes that light
that has penetrated the particles does not contribute to the scattering pattern.
Consequently it is increasingly in error for smaller particles, but is useful for rapid
calculations of the scattering from particles of several micrometers and larger.
Anomalous scattering is normally used to describe effects due to light which has
penetrated the particle. Consequently it requires an knowledge of the optical properties
of the material from which the particle is made. It can be considered a modified
Fraunhofer that can analyse data from particles smaller than those measured by
Farunhofer alone, but it does, however, not cover the whole range of sizes that can be
examined by the Mie theory, and generates increasing errors for particles of diameter
near to, or smaller than, the wavelength of light (Washington, 1992).

In this study, the Mie theory algorithm was used, since this theory seem to best describe

the particles measured.

2.3 Measurement of zeta-potential of nano- and microparticles

Determination of zeta-potential was carried out by laser anemometry, using a Malvern
Zetamaster (Malvern Instruments, UK) following dilution of the samples in 0.001 M
potassium chloride solution that acts as a weak electrolyte. Samples for determination of
zeta-potential was done by dispersing 5 mg of formulation in distilled water and diluted
to obtain a sample of appropriate concentration for the measurement of the

electrophoretic mobility.

The surface of a particle will be composed of chemical constituents that are likely to be
ionisable, so electrons and positive ions can be lost into the solution until some
equilibrium level of ionisation is reached.

In general a charged surface tends to gather counter ions close to it. The ions closest to
the charged surface are strongly bound and are carried along with the movement of the
particle, while the more loosely bound ions are replaced with particle movement. This

gives rise to an electrical double layer, consisting of the inner which may include
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colloidal dispersion. Surface charge and therefore zeta-potential are influenced by the
pH of the medium as well as the ionic strenght.

The movement of charged colloidal particles in an electric field is termed
electrophoresis. The measurement can be used to determine the charges on the particles
and also their eletrophoretic mobility, which is related to the surface charge and zeta-
potential. When the charged solid surface is fixed, the electric field causes a movement
of the liquid called electroosmosis. The velocity in electrophoresis and the difference of
pressures between two ends of capillary or porous plug in electroosmosis is proportional
to the applied field strength. The streaming potential is proportional to the applied
pressure. The sedimentation potential is proportional to the velocity of the particles. The
electrokinetic phenomena often accompy one another, e.g., electrophoresis is always
accompanied by electroosmosis due to electric charge of the wall of electrophoretic
cells.

The Smoluchowski equation, is used to calculate the zeta-potential from electrokinetic

mobility (Washington, 1992):
p=C*/n

Where p is the electrophoretic mobility, { is the zeta-potential, £ is the electric
permitivity of the medium, 0.001 M potassium chloride, and n is the viscosity of
measurement medium, 0.001 M potassium chloride.

Smoluchowski equation does only give good results when the zeta-potential is not too
high and for large colloidal particles and high ionic strengths (Malvern zetasizer
instrument guidelines).

2.4 Freeze-drying of polymeric particles

Aliquots of diluted solutions of washed polymeric particles were dispersed into
universal glass containers and frozen at -70 °C for 2h. After freezing, the microparticle
samples were freezedried using a Virtis advantage (EL), for 48h at a shelf temperature
of 4 °C.

Dried polymeric particles with encapsulated antigen were stored at room temperature in

a desicator.
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2.5 Determination of glass transition temperature of polymeric particles by
differential scanning calorimetry (DSC)

DSC analysis of PLGA polymers and antigen-loaded nano- and microparticles was
performed in order to characterise the physical state of the polymer after formulation
into particles and encapsulation of antigen.

As the polymer is heated or cooled according to a predetermined programme, the energy
difference between the sample and the reference is measured. The sample and a
reference are heated at a fixed rate by the same furnace and the difference in the

temperature of the sample and reference are measured.

A number of technologically important materials do not possess crystalline order, but
are instead glasses. A material which cannot crystallize before it vitrifies will form a
glass. This can include both organic and inorganic materials. All glasses share the
characteristic of having a glass transition temperature. Above this temperature, the
coefficient of thermal expansion suddenly increases and the material begins to flow. At
the same time, the rate of increase of the heat capacity suddenly increases. The glass
transition temperature is of importance because these materials can be molded when
heated above this transition and it sets the upper use temperature of glasses. Polymers

typically are heated above 200 °C to exceed the glass transition temperature.

An indium standard with a known endotherm at 156.9 °C was used as a temperature
calibrator. Samples of 2-4 mg were accurately weighed out and sealed into aluminium
pans and heated from -50 °C to 150 °C against an empty aluminium pan. The Tg
temperature of PLGA particles was determined by running the heating rate 300 °C/min.
All samples were quench-cooled before running the sample, by heating to 150 °C, then
cooling it to -50 °C to remove the effect of the previous thermal history of the polymer
such that comparisons depended only on the microparticle formulation. The melting
temperature and glass transition temperature was taken as the midpoint of the transition

curve.
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2.6 Scanning electron microscopy (SEM) for the determination of particle shape.

Scanning electron microscopy was used to analyse the size, morphology and surface of
nano- and microparticles prepared. A thin layer of nanoparticles was put onto
aluminium subs using carbon discs. The surface was then coated with a gold film under
an argon atmosphere in a sputter couture Emscope SC500. Nano- and microparticles
were analysed under magnification by scanning electron microscope (Cambridge

Instruments Stereoscan 90B, 25 kV, Cambridge, UK).

2.7 Transmission electron microscopy (TEM) for the determination of alum
structure.

Transmission electron microscopy is often used to determine the morphology and
structure of nano-materials. TEM provides a much higher spatial resolution than SEM,
and can facilitate the analysis of features at 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.

A Philips, CM 120 Biotwin was used in this study. Alum was added onto carbon-coated
copper grids (300 mesh). Excess alum on the surface was filtered off and a 1 %
phosphor-tungstick-acid stain was added to provide a contrast. A high voltage (80-200
keV) finely focused electron beam is passed through a thin (50-200 nm) solid sample.
Contrast is derived by electrons scattering from atoms in the material. Electrons
undergo diffraction from lattice planes in crystalline materials yielding phase

identification.
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2.8 Determination of ovalbumin or diphtheria toxoid amount in polymeric

particles by bicinchioninic acid protein assay (BCA)

The encapsulation efficiency of model antigen was calculated by comparing the actual
antigen load to the theoretical load of the antigen used in the preparation of the nano- or

microparticles, as follows:

% Particle loading efficiency = (actual loading/theoretical loading) x 100 %

The amount of actual antigen loading of peptide encapsulated per unit weight of
particles was determined using the bicinchioninic acid assay. The measurement of
loaded protein is possible using the copper reduction/Bicinchoninic acid reaction.
Copper II (Cu®) (reagent B) is reduced to copper I (Cu'*) by protein under alkaline
conditions. The copper (I) ion generated forms a soluble, intensely coloured complex
with BCA (reagent A) containing 4,4’-decarboxy-2,2’-biquinolone, whose presence can
be measured spectrophotometrically at 570 nm. The two reagents solutions were mixed

together in a ratio of A:B, 50:1.

10 mg of particles was dissolved in 1 M NaOH at 37°C overnight until the polymer
membrane was dispersed. The solution was then neutralized to pH 7 with HCL, and 20
pl of the neutralised solution was added to 4 wells. To each well was then added 200 pL.
of BCA reagent. A series of calibrated protein standards were prepared in the same
medium as the samples for each assay run. One set of standards was run on each
microtitre plate as a control measure. Reproducibility and accuracy of protein
determinations were checked by use of a minimum of four absorption determinations
for each standard, blank or test sample. After colour development proceeded at 60° C
for 30 minutes and after cooling to room temperature, the absorbance of the contents of
each well was determined at 570 nm using a microtitre plate reader (Dynax MRX
microplate reader (Dynax technologies, Billingshurst, UK). BCA standard curves are
shown in Figure 2.2 and 2.3 for OVA and DT.
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Ovalbumin standard curve
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Figure 2.2: Ovalbumin standard curve. The range of linearity of the ovalbumin was determined using

increasing amounts of the ovalbumin, using a microtitre plate reader.

Diphtheria toxoid standard curve
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0 0.0416 0.0833 0.166 0.333
Diphtheria toxoid, mg/mli

Figure 2.3: Diphtheria toxoid-BCA standard curve. The range of linearity of the diphtheria toxoid was

determined using increasing amounts of the diphtheria toxoid, using a microtitre plate reader.

115



2.9 Hydrophobicity determination of polymeric particles by Rose Bengal method
Hydrophobicity of the formulations was determined using a Rose Bengal dye. 1, 2 and 4
mg of particles were weighed out and 1 ml of a 10 pg/m 1 of a Rose Bengal solution was
added and was left to shake overnight.

The formulation was centrifuged and the supernatant was measured at 547 nm for the
content of Rose Bengal.

Surface hydrophobicity was quantified by measuring the adsorption of the hydrophobic
dye Rose Bengal on the particles at increasing surface area in the suspension, using a
Spectrophotometer (Beckman, DU 650, US). Suspensions with constant Rose Bengal
concentration 10 pg/ml, but increasing particulate concentration were prepared. The
aqueous phase and the surface of the particles are considered as two phases and the
Rose Bengal undergoes partitioning between these phases. At each particle
concentration the particle quotient was calculated and plotted versus the increasing
particle concentration. The slopes of the obtained straight lines are a measure of the
degree of surface hydrophobicity. The value of the slope increased with increasing
surface hydrophobicity.

2.10 Determination of antigen integrity by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE)

The integrity and stability of the antigen encapsulated in the nano and microparticles
was analysed by SDS-PAGE.

Electrophoresis is the movement of colloidal particle with respect to the liquid when a
potential difference is maintained across the solution. Electrophoresis techniques are
based on the differences in the electrically induced migration of a protein in a sieve-like
gel based on the molecules size and/ or net charge. SDS is an anionic detergent which
binds to proteins in a mass ratio of 1.4:1. In doing so, the SDS confers a negative charge
to the protein in proportion to its length, so that the protein becomes a negatively
charged, with equal charge per unit length. When a constant state of ionisation is
maintained, and a uniform charge to mass ratio is produced, separation is achieved

solely on molecular size.

The separating gel was made up according to the formula and poured between the two

glass plates. The Stacking gel was then made up and poured on top of the separating gel
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and was placed in fridge overnight. Next day comb was removed from plates and and all

water was removed before proceeding.

Antigen was extracted from the different preparations dissolved in PBS-SDS 5 % with
dichloromethane, DCM, 2 x 0.3 ml and 1 x 0.4 ml. The samples were prepared by
adding 40 ul sample and 40 pl loading buffer to an eppendorff tube and vortexed. The
samples are heated at 100°C for 5 min. The running buffer, approx. 1 litre, was added
first to the outside and then inside. Prepared samples, 20 ul, were put onto the gel while
Mw marker was treated the same way as the samples, and the lid was closed.

The machine was put on current and to an instant voltage of 60 volts. The timer was set

to 190 minutes using a bio-rad 300 power pack (Biorad, Hercules, Ca., USA).

2.11 Determination of release of antigen from polymeric particles

In vitro release of antigen from particles was performed to determine the release time of
the antigen.

The release of antigen from particles was performed by incubation of 7-10 mg of
particles in 1 ml of phosphate buffered saline, PBS, pH 7.4, containing 5 mM SDS and
0.01 % sodium azide as a bacteriostatic agent, in eppendorf tubes. The particles were
incubated at 37°C and shaked. Samples were removed at appropriate time intervals,
centrifuged and the amount of ovalbumin or diphtheria toxoid in the samples analysed
using a BCA assay. Fresh buffer was added to replace the volume removed. Separate
samples were incubated under the same conditions, and were monitored throughout the

experiment.

2.12 Determination of BSA-FITC fluourescence from polymeric particles
FITC-BSA fluorescence from polymeric nanoparticles was determined using a Perkin
Elmer, LS 50 B, luminescence spectrometer.

The fluorescence from the nanoparticle solution was determined before and after uptake
by Caco-2 cells, and the amount of nanoparticles taken up by Caco-2 cells was
determined as the fraction of fluorescence in the final measurement as compared to the

initial determination.
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2.13 Cell work

2.13.1 Caco-2 Cell culture maintenance

Caco-2 cells are derived from human colonic adenocarcinoma, and exhibit
morphological as well as functional similarities to intestinal enterocytes.

Caco-2 cells, passage 97, were maintained in 75 cm’ vented tissue culture flasks, in
Dulbecco’s Modified Eagles Medium with Glutamax plus 10% fetal calf serum, 1% non
essential amino acids, 1% sodium pyruvate, 50 U/ml penicillin, 50 pg/ml streptomycin.
The Caco-2 cells were harvested with trypsin-EDTA and seeded in 12 well plates at
200.000 cells/well and allowed to grow until about 70% confluency.

2.13.2 Uptake studies of BSA-FITC loaded polymeric nanoparticles by Caco-2 cells
Following cell growth to 70% confluency, growth-media was removed from wells using
glass pipette. 1 ml of HBSS media, (pH 7.4) (containing penicillin/streptomycin) was
added to wash the cells, and removed straight away. 900 pl of serum free media HBSS
was added into each well followed by a sample of BSA-FITC loaded polymeric
nanoparticles. 100 pl of a 5 mg/ml BSA-FITC loaded nanoparticles solution was added
up to a total volume of 1 ml, gently shaken, and left for incubation for 2h at 37°C in a
5% CO;, and 90% relative humidity atmosphere. After incubation the culture medium
was collected, and the cells were washed twice with HBSS. The cells were lysed with
900 pl of hypotonic media and left for 2 minutes. A further 100 pl of lysis solution was
added and left for 2 minutes. The solution was removed and saved. The study
determined which nanoparticles interacted with the Caco-2 cells. The percentage uptake
was determined by measuring the percentage of fluorescence in the final media
compared to the initial fluorescence measurements in the sample of nanoparticles.

Results were expressed as the percentage of fluorescence associated with the cells. The
fluorescence was determined using spectrophotometry at wavelenght 535 nm. The

experiments were done in triplicates.

118























































































































































































































































































































































































































































































