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Abstract

In this work the potential of chitosan nanoparticles (CNP) and thermosensitive chitosan hydrogels as
particulate and sustained release vaccine delivery systems was investigated. CNP and chitosan
hydrogels were prepared, loaded with the model protein antigen ovalbumin (OVA) and characterised.
The immunostimulatory capacity of these vaccine delivery systems was assessed in-vitro and in-vivo.
Particle sizing measurements and SEM images showed that optimised OVA-loaded CNP had a size of
approximately 200 nm, a polydispersity index < 0.2, and a positive zeta-potential of approximately
18 mV. The amount of OVA adsorbed onto CNP was high with an adsorption efficacy of greater than
96%. Raman spectroscopy indicated conformational changes of OVA when adsorbed onto the surface
of CNP. Uptake of the dispersions and immunological activation of murine dendritic cells in-vitro could
be demonstrated. Investigation of the release of fluorescently-labelled OVA (FITC-OVA) from CNP and
chitosan hydrogels in-vitro showed that approximately 50% of the total protein was released from CNP
within a period of ten days; release of antigen from chitosan gel occurred in a more sustained manner,
with < 10% of total protein being released after 10 days. The slow release from gel formulations
may be explained by the strong interactions of the protein with chitosan. While OVA-loaded CNP
showed no significant immunogenicity, formulations of OVA in chitosan gel were able to stimulate
both cell-mediated and humoral immunity in-vivo.

Introduction

Nanoparticles are versatile delivery systems that have been used to administer a wide range
of bioactives by a number of different routes. Small drug molecules, therapeutic peptides
and proteins, antigens, oligonucleotides and DNA have all been formulated as
nanoparticulate systems, with intravenous, oral and mucosal administration of such
systems being documented (Pinto Reis et al 2006). Nanoparticles have shown many
advantages in the areas of drug protection, transport and delivery (Soppimath et al 2001).
Such advantages include the capacity to cross biological barriers, to protect macro-
molecules from degradation and to deliver drugs or macromolecules to a target site with
subsequent controlled release of the bioactive material (Kayser et al 2003). As well as their
application and considerable advantages in the area of drug delivery, nanoparticles can also
be utilised for the delivery of vaccines. As vaccine delivery systems, nanoparticles allow
for more effective delivery of antigen to antigen-presenting cells (Perrie et al 2004;
Demana et al 2005; Mohammed et al 2006; White et al 2006), and provide a mechanism for
the combined delivery of antigens and adjuvants and the potential for targeting to specific
immune competent cells (Kreuter 1996; Clements et al 2004; Saupe et al 2006; Vangala
et al 2007). Modern peptide and protein subunit vaccines are frequently poorly immune-
stimulating, hence the need for use of adjuvants (O’Hagan et al 2001; Avramidis et al 2002;
Bramwell & Perrie 2005; Saupe et al 2006). Also for this reason, a degree of intrinsic
nanoparticle immunogenicity is desirable.

Hydrogels are another promising class of delivery systems for biomedical applications
(Ishihara et al 2006). They contain only small amounts of polymeric material (1-20% in aqueous
solvent), have a high molecular permeability, low interfacial tension and mechanical properties
that resemble physiological soft tissue (Gupta et al 2002). These properties, combined with the
ability of hydrogels to facilitate sustained release, make them interesting for both drug and
vaccine delivery. In the case of vaccines, delivery of antigen in a sustained manner has been

1591



1592 Sarah Gordon et al

shown to be advantageous, as the resulting prolonged antigen
presentation and extended interaction time with cells of the
immune system can increase the likelihood of an effective
immune response being generated (Lofthouse 2002). Addition-
ally, sustained release vaccine delivery systems may enable a
reduction in multiple immunisations, leading to a decrease in the
cost of immunisation programmes and an increase in compliance
with immunisation courses (Zhao & Leong 1996).

Chitosan is a polymer of glucosamine and N-acetylglucos-
amine derived by the partial depolymerisation of chitin, a
natural component of crustacean shells. It is an inexpensive,
biodegradable, non-toxic polysaccharide, demonstrated to be
compatible with soft tissue in a range of toxicity tests (Qin et al
2006). Chitosan is approved by the US Food and Drug
Administration (FDA) for both internal consumption and
injection and has been used in a variety of foods, cosmetics,
personal care products and pharmaceuticals (Dufes et al 2004;
Chae et al 2005; Silva et al 2005; Qin et al 2006). Chitosan has a
positive charge due to the weakly basic amino groups of the N-
acetyl-p-glucosamine monomers. This is an advantage in that it
can interact with negatively charged sites on cell surfaces. It is
also able to alter tight junctions, thereby enhancing the
paracellular uptake of peptides and proteins (Prego et al
2005; Amidi et al 2006). Chitosan can be formulated into
micro- or nanoparticles by precipitation (Agnihotri et al 2004).
Chitosan suspensions and chitosan micro- and nanoparticles
have been reported to exhibit immune-stimulating activity,
such as increasing accumulation and activation of macrophages
and polymorphonuclear cells, suppressing tumour growth, and
enhancing cytotoxic T lymphocyte (CTL) responses and
delayed type hypersensitivity (DTH) (Nagamoto et al 2004;
Vila et al 2004; Foged et al 2005; Luzardo-Alvarez et al 2005;
Porporatto et al 2005). Antigens co-administered with, or bound
to, the polysaccharide showed improved mucosal and systemic
humoral immune responses, although the mechanism for this is
poorly understood.

In addition to being able to be formulated as micro- and
nanoparticles, chitosan can be formulated as hydrogels, either by
self-association or by covalent cross linking (Agnihotri et al
2004). As well as having the general advantages of this class of
delivery system mentioned above, chitosan hydrogels have
the additional benefit of a positive charge. This can facilitate
the entrapment of anionic moieties, such as most antigens and
adjuvants. It has been found that the addition of polyol salts (such
as glycerol 2-phosphate disodium hydrate) can cause conversion
of purely pH-dependent, gel-forming chitosan solutions into
temperature-controlled, pH-dependent gel-forming solutions
(Shu & Zhu 2000; Cho et al 2005; Lopez-Leon et al 2005;
Mao et al 2006). This allows solutions of chitosan to remain
liquid at room temperature and transform into gels when heated
to body temperature, creating an injectable depot system for
sustained release of drugs and vaccines in-vivo (Berger et al
2005; Obara et al 2005; Han et al 2006). The injectability and
biodegradability of such a depot system has the further benefit of
eliminating the need for additional surgery to insert and remove
the vaccine carrier (Jeong et al 2002).

In light of the advantages associated with administering
vaccine antigen in either a particulate form or a sustained
manner, the aims of this study were, firstly, to prepare and

characterise both a particulate delivery system with a high
antigen loading capacity and strong immunogenicity and a
depot system that demonstrated both sustained release of
antigen and immune-stimulating ability and, secondly, to
compare the efficacy of these systems as vaccine delivery
systems. Formulations consisted of chitosan nanoparticles
(CNP) and thermosensitive chitosan hydrogels both loaded
with the model protein ovalbumin (OVA).

Materials and Methods

Mice

Male C57Bl/6 and OT-I and OT-II transgenic mice were bred
and housed under specific pathogen-free conditions at the
HTRU, Dunedin, New Zealand. OT-I transgenic mice
primarily express H-2K" restricted CD8" T cells, which
recognise the OVA peptide SIINFEKL (OVAjs7_264),
whereas OT-II transgenic mice have a high proportion of
CD4" T cells with a T cell receptor (TCR) specific for the
OVAj53_330 peptide (Barnden et al 1998). All mice were 6—8
weeks of age, and had free access to food and water. All
animal experiments were approved by the University of
Otago Animal Ethics Committee.

Preparation of chitosan nanoparticles (CNP)

CNP spontaneously formed by a precipitation/coacervation
method facilitated by sodium sulfate. Briefly, 100 mg chitosan
(MW 50 000-190 000 Da (based on viscosity), degree of
deacetylation 75-85%; Sigma, Australia) was dissolved in a
4% v/v glacial acetic acid solution containing 2% w/v
polyoxyethylene sorbitan monooleate (Tween 80) and the
resulting solution filtered through a 0.22-um filter. Nanopar-
ticles were formed by adding a 10% w/v sodium sulfate solution
drop-wise to the chitosan solution under stirring and sonication
for 2 h. Before use or loading, CNP were centrifuged twice at
approximately 3400 g for 20 min at 25°C (Heraeus Multifuge
3L; Kendro Laboratory Products, Germany).

Loading of CNP

Chitosan particles were loaded with fluorescein isothiocyanate-
coupled OVA (FITC-OVA) prepared as described previously
(Konnings et al 2002) or OVA (Grade V, purity approximately
98%; Sigma, Australia) by incubating 100 mg chitosan in a 20%
(w/w of chitosan) aqueous FITC-OVA or OVA solution at 4°C
for 12 h. Unbound FITC-OVA or OVA was removed by
centrifuging the particles twice as described above. The
resulting FITC-OVA-CNP or OVA-CNP dispersions were
frozen and freeze-dried for 48 h (Freezone 6 freeze-dryer;
Labconco, MO, USA).

Determination of entrapment efficiency

Percentage adsorption of FITC-OVA onto nanoparticles was
calculated from the difference between the total amount of model
protein incubated with CNP and the unbound amount of protein.



Unbound FITC-OVA was quantified by subjecting the clear
supernatant of centrifuged nanoparticles dispersed in phosphate-
buffered saline (PBS, pH 7.4) to fluorescence intensity
measurements (RF540, Shimadzu, Japan) using an excitation
and emission wavelength of 498 nm and 519 nm, respectively.

Particle size and zeta-potential measurements

Particle size, polydispersity index and zeta-potential were
measured by photon correlation spectroscopy (PCS) and
electrophoretic mobility in 1 mm NaCl (Zetasizer 4; Malvern
Instruments Ltd, UK). Values were calculated as the average
of 20 measurements of each of three independent samples.

Cryo-field emission scanning electron microscopy
(Cryo-FESEM)

Morphology of both CNP and chitosan hydrogels was
examined using cryo-FESEM. A drop of dispersion was
filled into brass rivets and plunge-frozen in a nitrogen slush.
Samples were then stored in liquid nitrogen and transferred
into the cryo-stage (Alto 2500; Gatan, UK) of the microscope
(JSM-6700F; JEOL, Japan). Samples were fractured on the
cryo-stage and coated with platinum. Images were acquired
at a temperature of —140°C and a voltage of 2.5-3.0 kV.

Raman spectroscopy

Raman spectroscopy was used to obtain further information
on the binding of OVA onto the surface of CNP by
comparing OVA-loaded CNP to physical mixtures of CNP
and OVA. FT-Raman spectra were collected using a Bruker
IFS-55 interferometer with an FRA/106 S attachment. The
excitation source was an Nd:YAG laser with an excitation
wavelength of 1064 nm. A liquid-nitrogen-cooled Ge diode
(D-418) was used to detect Raman photons. All spectra were
taken with a laser power of 300 mW, over a 1-h period at a
resolution of 4 cm™'. Spectra were analysed using GRAMS
5.0 (Galactic Industries, NH, USA).

In-vitro immunological characterisation of the
immune-stimulating capacity of OVA-loaded CNP

Murine bone-marrow-derived dendritic cells (bmDC) were
generated as previously described (White et al 2006).
Following 48 h of pulsing bmDC with titrated amounts of
CNP loaded with OVA labelled with a fluorescent tag (FITC)
and unloaded CNP with no fluorescent tag, uptake of
formulation and activation of bmDC was measured by flow
cytometry. Cells were stained with antibodies directed against
the dendritic cell marker CD11c and the activation markers
CD86 and MHC class II (BD Pharmingen, Franklin Lakes, NJ,
USA) before carrying out flow cytometry (FACScalibur;
Becton Dickinson, NJ, USA). Data gained was analysed using
CellQuest Pro (Becton Dickinson).

Preparation of thermosensitive chitosan hydrogels

Hydrogels were made by dissolving different concentrations
of chitosan (2-3% w/v) in dilute aqueous hydrochloric acid

Chitosan particles and gels for vaccine delivery 1593

(0.05-0.1 m). While in an ice bath, an aqueous solution of
glycerol 2-phosphate disodium hydrate (GP, 5.6-6% w/v)
was added drop-wise to the chitosan solution. FITC-OVA
or OVA was then dissolved in the chitosan solution. The
chitosan/GP solution was transformed into a hydrogel by
increasing the temperature to 37°C.

Viscosity

Viscosity of the hydrogels was measured using a Brookfield
DVIII viscometer (Brookfield Engineering Laboratories,
MA, USA) fitted with a CP-42 cone spindle. Measurements
were carried out in triplicate at 25°C and 37°C.

Determination of in-vitro release

Release of FITC-OVA from both CNP and 2.4% chitosan
hydrogels, each containing 20% FITC-OVA, was determined.
Samples consisting of 250 ug of CNP and 1 mL of chitosan
hydrogel both in 2 mL of PBS (pH 7.4) were covered and
incubated at 37°C for 10 days. At various time points, 100 uL.
of buffer was removed from each sample (replaced with an
equal volume of fresh buffer) and centrifuged. The fluor-
escence intensity of the resulting supernatants was then
determined as described above. FITC-OVA release (%) at
each time point was calculated from the measured fluor-
escence intensity using an FITC-OVA standard curve.
Standard curves were constructed at each time point from
a FITC-OVA stock solution stored together with the samples
at 37°C. The pH of release samples and FITC-OVA stock
solution was monitored over the course of the release study
and showed no significant deviation from pH 7.4.

In-vivo immunological characterisation of
OVA-loaded CNP and chitosan hydrogels

Adoptive transfer of OT-I and OT-II transgenic T cells into
C57BI/6 mice was performed on day —1 of experimentation.
Briefly, the spleen, axial and brachial lymph nodes were
harvested from OT-I and OT-II transgenic mice. Single-cell
suspensions (8 x 10° cells/mL) were prepared in sterile PBS
and 500 pL of mixed OT-I and OT-II cells were injected via
the tail vein into C57Bl/6 mice.

On day 0, mice were immunised with thermally-sensitive
chitosan solution containing 20 ug OVA, resulting in the
formation of a gel depot, or 50 ug CNP loaded with 10 ug
OVA, in sterile PBS. Control groups received either 10 pug
OVA in sterile PBS or 10 g OVA in alum. Control and CNP
groups were given further booster immunisations on day 14.
All formulations were 200 pyL in volume and were
administered subcutaneously in the scruff of the neck. On
day 28, all mice were pulsed with 10 ug OVA to maximise
the observed immune response.

Mice were culled on day 30. Draining lymph nodes were
collected and the cells isolated and stained for analysis by
flow cytometry. Cells were incubated firstly with anti-CD16/
CD32 antibody (to block non-specific binding to cell
surfaces), followed by antibodies directed against either the
cytotoxic T cell marker CD8 or the helper T cell marker
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CD4, as well as the transgenic T cell markers Va2 and V5.1
(BD Pharmingen). OV A-specific IgG titres were determined
by ELISA (Myschik et al 2008).

Statistical analysis

Where applicable, results are expressed as mean * s.d.
Statistical analysis was carried out using a one-way analysis
of variance using SPSS 14.0, release 14.0.0 (SPSS Inc.,
Chicago, IL, USA) followed by a post-hoc analysis using
Tukey’s pairwise comparison.

Results and Discussion

Optimisation of particle formation

To achieve optimal nanoparticle formation and antigen loading
it was necessary to titrate the concentration of sodium sulfate
added to the chitosan solution. Different amounts of sodium
sulfate were added drop-wise during the precipitation step to
a final concentration in the range 0.1-0.4%. Concentrations
higher than 0.4% led to gel formation at room temperature as
observed macroscopically and by cryo-FESEM (Figure 1A,
Table 1). Microparticles were formed using 0.15-0.4% sodium
sulfate (Figure 1B, Table 1). Addition of 0.1% sodium sulfate
resulted in nanoparticles with an average diameter of 102 +
13 nm and a zeta-potential of 28.8 £ 0.1 mV (Figure 1C,
Table 1). The polydispersity index of all samples measured
directly after preparation was consistently < 0.2, indicating a

uniform size distribution of the chitosan nanoparticles. A
concentration of 0.1% was therefore considered as the optimal
sodium sulfate concentration for CNP formation. Long-term
stability investigation suggested that the dispersions remained
in the nanometre range over the investigated period of 30 days
(particle size at day 30: 132 £ 36 nm).

Adsorption of FITC-OVA to CNP

The adsorption efficacy of FITC-OVA to chitosan particles
was > 90% for salt concentrations of < 0.2% sodium sulfate,
independent of particle size (Table 1). Adsorption of FITC-
OVA to CNP was rapid, occurring within 30 min, and can be
attributed to ionic interactions between the negatively
charged protein and the cationic CNP. The amount of
FITC-OVA adsorbed onto nano-sized chitosan particles was
high (most likely reflecting the larger surface area of such
particles), with an adsorption efficacy of > 96%. This value is
similar to that seen in the study of Amidi et al (2006).
Adsorption of antigen onto CNP gave the particles a rough
surface (Figure 1D), increased the size of the particles to
226 + 38 nm (with no observed increase in polydispersity
index) and decreased the zeta-potential of the particles
to + 18.3 £ 1.8 mV. Aggregation of particles as a result of
this decrease in surface charge led to an increase in particle size
over time (size of FITC-OVA-loaded particles at day 14:
1449 £ 155 nm). The addition of FITC-OVA to particles
therefore resulted in a reduction in long-term stability relative
to that of unloaded chitosan nanoparticles.

3.0kV  X15,000 Tum WD 6.0mm

SEl  25kV X45000 100nm WD 8.1mm

Figure 1 Cryo-FESEM images of chitosan formulations made with titrated concentrations of sodium sulfate and after loading with antigen.
Representative micrographs of formulations made with greater than 0.4% sodium sulfate (A), formulations made with 0.15-0.4% sodium sulfate (B),
formulations made with 0.1% sodium sulfate (C) and formulations made with 0.1% sodium sulfate and loaded with FITC-OVA (D).
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Table 1 Particle size, zeta-potential and amount of adsorbed FITC-OVA as a function of final % w/v sodium sulfate concentration

Na,SOy4 (final % w/v) Unloaded

Loaded

Average diameter (nm)

Zeta-potential (mV)

Adsorbed OVA (%) CNP:OVA ratio

0.4 Gel - - -

0.3 3182 £ 217 25103 537 2:1
0.2 1660 £ 195 25.7+0.1 90 £ 1 2:1
0.2 1660 * 195 25.7+0.1 95103 4:1
0.15 905 + 67 246 +0.2 97£0.5 5:1
0.1 102 £ 13 28.8 £ 0.1 9% £ 1 5:1

Data are shown as the mean * s.d. of 3 experiments.

Raman spectroscopy

Raman difference spectroscopy is a sensitive tool for
detecting structural changes in large macromolecular com-
plexes (Tuma 2005). The Raman spectrum of a protein is
dominated by bands associated with the peptide main chain,
and aromatic and sulfur-containing side chains. In this study,
Raman spectroscopy was carried out to determine whether
adsorption of OVA to CNP resulted in conformational
changes to the protein. Such changes may affect the ability of
the vaccine to generate protective antibody responses
(Ulbrandt et al 2001; Paster et al 2002).

Raman spectra were obtained from chitosan, CNP, OVA
bulk material, physical mixtures of CNP and OVA powders
(5:1 w/w mixtures of chitosan to OVA in the solid state), and
OVA-loaded CNP (5:1 w/w of CNP to OVA) (Figure 2). If
two macromolecules interact physico-chemically, the Raman
spectra will be different from the addition spectra of the two
pure components or of a simple physical mixture. These
differences can originate from interactions such as hydrogen
bonding as well as ion—ion and ion—dipole interactions,
indicating conformational changes in the protein structure.
These changes result in band shifts, intensity changes and
line broadening (Yamasaki et al 2003).

Spectra were analysed for changes in the OV A-specific bands
that occurred when OVA was physically mixed with CNP and
when it was loaded onto CNP. The spectral region around

1665 OVA loaded CNP 1000 —
-

MW

physical mixture
5 CNP 1 OVA
v—\/'/

'/W

CNP

M_,/H_.\_./\/\’\/\——/—/J\'—\

chitosan

Raman intensity (arbitrary units)

T

1400 1200
Raman shift (cm71)

1600 1000 800

Figure 2 Raman spectra of OVA-loaded CNP (5:1 ratio of CNP to
OVA), physical mixture of CNP and OVA (5:1 ratio), OVA, CNP and
chitosan. Spectral regions around 1665 cm™' and 1001 cm™ where
differences were observed between the OVA-loaded CNP and the
physical mixture of CNP with OVA have been indicated with a line.

1665 cm™! (Figure 2) is dominated by the conformation-sensitive
amide I and amide II bands. OV A-specific bands were visible in
the pure OVA sample and in the physical mixture spectra. The
intensity of these bands was lower in the physical mixture, as only
20% of this sample consisted of OVA. In contrast, no amide bands
were observed in the Raman spectrum of the OVA-loaded CNP,
indicating the occurrence of conformational changes to OVA
when adsorbed onto the surface of CNP.

Furthermore, the phenylalanine band at 1001 cm_l, which
was visible in the pure OVA sample and the physical mixture
(again at a lower intensity), was absent in the OVA-loaded
CNP sample.

These results indicate that indeed a conformational
change is taking place when OVA is loaded onto the CNP.
As it has been shown that conformational changes may affect
the quality of the immune responses generated by a vaccine
(Wang 1999), immunological studies of T- and B-cell
responses to OVA-loaded CNP will be required to discover
if this is true for the current formulation.

In-vitro immunological characterisation of the immune-
stimulating capacity of FITC-OVA-loaded CNP

Previous studies have shown that CNP are immunostimulatory
both in-vitro and in-vivo (Seferian & Martinez 2001; Read et al
2005). CNP loaded with FITC-OVA and unloaded CNP were
incubated with murine bmDC to determine whether dendritic
cells could take up CNP and subsequently become activated.
When murine bmDC were incubated with increasing amounts
of CNP loaded with FITC-OVA, significant uptake of
FITC-OVA-loaded CNP could be demonstrated (P < 0.01,
Figure 3A). Activation was then determined by examining
expression of the activation markers CD86 and MHC class II on
bmDC incubated with either CNP or FITC-OVA-loaded CNP
(Figure 3B, C). Expression of the activation markers increased in
a concentration-dependent manner on cells when incubated with
both CNP and FITC-OVA-loaded CNP, although this increase
was only significantly higher than background levels for bmDC
incubated with high concentrations of unloaded CNP. The
immunostimulatory effect of unloaded CNP was not observed to
be significantly augmented by coating the particles with antigen.

Gelation behaviour of chitosan solutions

The optimal conditions for preparing temperature-dependent
chitosan hydrogels were determined. Desired properties used
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Figure 3 Uptake into and activation of murine bmDC by CNP loaded with OVA labelled with a fluorescent tag (FITC) (triangles) and unloaded
CNP with no fluorescent tag (squares). Uptake of the formulations as measured by a fold increase in cell fluorescence (A), and expression of the
activation markers CD86 (B) and MHCII (C) is shown. Data are shown as the mean * s.d. from three experiments. *P < 0.05, **P < 0.01.

to define such optimal preparation conditions were being a
low viscosity injectable solution at room temperature and
rapid induction of gelation upon heating to body temperature.
A chitosan solution was prepared in dilute hydrochloric acid
and the pH maintained by varying the concentration of
hydrochloric acid in which the chitosan was dissolved. The
optimal conditions for gelation were 2.4% w/v chitosan
dissolved in 0.1 M hydrochloric acid with the addition of
5.7% w/v GP (concentrations in final solution; data not
shown). The effect of chitosan concentration and pH on
gelation at either 25°C or 37°C was then analysed by
determining the viscosity (Figure 4).

At 25°C and pH 6.5 (Figure 4A) the viscosities of both the
2% and 2.4% chitosan solutions were less than 1800 mPa s.
The solutions flowed easily and were injectable through a
20-gauge needle. The viscosity of both solutions increased only
slightly over 30 min. Increasing the pH to 6.8 (Figure 4C) led to
a considerable increase in the viscosity of both solutions.
However, this increase was not sufficient to induce gelation of
either the 2% or 2.4% chitosan solutions.

At a chitosan concentration of 2.4%, a pH of 6.8 and a
temperature of 37°C (Figure 4D), the sol—gel transformation
occurred within 2 min. Decreasing the pH of the solution to
6.5 (Figure 4B) or using a lower polymer concentration of

2% (Figure 4D) meant that gelation was not achieved at 37°C
within 30 min.

As mentioned above, optimal characteristics for an in-situ
gelling system would be stability at room temperature and
fast gelation following injection, to avoid diffusion of the
antigen from the site of vaccination. Therefore the 2.4%
chitosan solution formulated at a pH of 6.8 was used in all
further experiments.

Physical characterisation of chitosan hydrogels

The release of active ingredients from gels is generally
diffusion controlled, with diffusion being determined by the
porosity of the gel and volume of the water present (Mi et al
1999; Kofuji et al 2004; Subramanian & Hommerding 2005).
The shape, size and distribution of pores are also important
parameters for the release of the antigen. The morphology of
chitosan hydrogels (2.4% polymer) was examined by cryo-
FESEM after 24 h and 24 days in PBS at 37°C (Figure 5). The
hydrogel had a very fibrous structure with large interconnected
areas between the fibres (Figure 5A). After 24 days of
immersion in PBS, pore size had increased and the gel had a
more open structure (Figure 5B). However, macroscopically
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Figure 4 Viscosity of solutions containing 2% (squares) or 2.4% (triangles) chitosan following addition of glycerol phosphate (GP). The effect of
pH and temperature was analysed: pH 6.5, 25°C (A), pH 6.5, 37°C (B), pH 6.8, 25°C (C), pH 6.8, 37°C (D).

the systems did not lose their gel character and remained solid
over the investigated time period of 24 days.

Comparison of FITC-OVA release from CNP
and chitosan gels

Release profiles of FITC-OVA from chitosan hydrogel and
from FITC-OVA-loaded CNP were analysed over 10 days
(Figure 6). Release of FITC-OVA from chitosan gel was
seen to occur more slowly than release from CNP. At day
10, approximately 50% of the initially incorporated total
protein had been released from CNP, whereas less than
10% of total protein was released from chitosan gels. The
observed release of protein from the gels in fact occurred
over the first 4 days, following an initial burst release in the
first two days, and was not seen to increase further over the
remaining duration of the study.

Such a low level of release is most likely due to soluble
FITC-OVA becoming tightly bound in the chitosan hydrogel
matrix due to strong electrostatic interactions. This hypothesis
is supported by the aforementioned Raman data (Figure 2),
which indicates the occurrence of a physico-chemical
interaction between OVA and chitosan. Furthermore, the
possibility of this tightly bound protein being released through
erosion-controlled mechanisms is prevented, as gel degrada-
tion did not occur in this in-vitro system (Figure 5B). This
explanation is supported by the findings of Ruel-Gariépy et al
(2000) who observed incomplete in-vitro release of FITC-
albumin from chitosan gel. In that study, a release of 50%
FITC-albumin was reached at 3 days, after which a plateau in

A _Jd -

SEI 30KV X43,000 100nm WD6.1mm

Figure 5 Cryo-FESEM images of 2.4% chitosan hydrogels containing
OVA 24 h (A) and 24 days (B) after immersion in PBS at 37°C. The
scale bar is 100 nm.
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Figure 6 Cumulative release of FITC-OVA from CNP (circles) and
chitosan hydrogel (squares) over 10 days, as determined by fluorescence
intensity measurements. Data are shown as the mean *+ s.d. of three
experiments.

release occurred. A similar hypothesis of protein entrapment
within the chitosan gel matrix was made, and further
investigated by the addition of lysozyme to the release
media to facilitate gel degradation. This resulted in release of a
further 25% of FITC-albumin; 100% release was stated to be
unachievable due to the inability of lysozyme to completely
degrade the chitosan gel.

While erosion-controlled release of antigen does not seem
to play a role in the in-vitro situation, in-vivo a number of
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factors, such as the action of enzymes (including lysozyme
and N-acetyl-glucosaminidase) that have been shown to
cause chitosan gel degradation (Koping-Hoggard et al 2001),
will affect release of antigen from chitosan gels. The low
release of protein observed in-vitro is therefore not regarded
as a prohibitive issue with respect to the study of the in-vivo
behaviour of these systems.

In-vivo immunostimulatory ability of OVA
incorporated into chitosan formulations

Investigation of the immunostimulatory ability of OVA in
chitosan gel formulations in-vivo showed that a single admin-
istration of such a formulation resulted in higher percentages of
both CD8" and CD4" transgenic T cells in the lymph nodes of
immunised mice in comparison with the prime and boost
administered OVA in PBS; however this difference was only
significant in the case of CD4" T cells. The antigen-specific
expansion of both CD8" and CD4" transgenic T cells in response
to OVA in gel was significantly higher than that induced by a
prime and boost regimen of OVA in alum (Figure 7A, B). In
addition to cell activation, the ability of OVA in chitosan gel to
stimulate a humoral immune response was examined through
assessment of antibody production (Figure 7C). Administration
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Figure 7 Activation of CD8" (A) and CD4" (B) T cells isolated from lymph nodes determined using flow cytometry (chitosan gel experiments are
shown on the left, CNP experiments on the right), and production of OVA-specific IgG antibody as determined by ELISA (C). Investigation of the
immunostimulatory ability of OVA gel and OVA CNP formulations was carried out in separate experiments. In both cases, T-cell activation data is
from one representative experiment with n = 3 mice per group. Antibody data were pooled from three independent experiments; diamonds represent
results of individual mice, bars represent mean antibody titres. *P < 0.05, **P < 0.01.



of OVA in chitosan gel was seen to result in production of
significantly higher OVA-specific IgG antibody titres in
comparison with the negative OVA + PBS control, and
approximately equivalent titres to OVA in alum. These results
are promising, as alum is known to be an effective inducer of
CD4 and antibody responses but not CD8 responses (Gupta
1998). In-vivo results in general are also in accordance with the
findings of Zaharoff et al (2007) who reported that administration
of a viscous, depot-forming formulation of chitosan containing
the model antigen (-galactosidase induced both cell-mediated
and humoral immune responses.

In contrast, no significant immune activation was
stimulated by OVA-loaded CNP (Figure 7A, B; IgG data
not shown). This lack of observed immunostimulatory
activity was unexpected, as CNP have been shown by a
number of researchers to generate an effective immune
response. In most of these cases, however, CNP formulations
were delivered via mucosal routes (Seferian & Martinez
2001; Nagamoto et al 2004; Vila et al 2004; Porporatto et al
2005; Read et al 2005). Previously mentioned properties of
chitosan, such as the ability to adhere to mucosal surfaces,
may be responsible for this observed efficacy following
mucosal administration; however, administration of CNP-
based formulations via the subcutaneous route, as in this
study, would negate this property, and may therefore explain
the observed lack of immune stimulation in response to CNP
administration (Zaharoff et al 2007).

As chitosan hydrogels were immunostimulatory while CNP
were not, it therefore appears that chitosan can effectively
induce an immune response when delivered subcutaneously if
formulated to provide a sustained-release depot. This is in
agreement with existing literature, which has shown that by
facilitating increased exposure to antigen presenting cells, slow
release of an antigen from a depot is able to enhance in-vivo
immune stimulation (Zinkernagel et al 1997; Lofthouse 2002;
Myschik et al 2008). It is unlikely that the lack of reactivity
to antigen-loaded CNP was due to the interactions between
OVA and chitosan identified in the Raman studies, as these
would also have occurred in the gels.

Conclusion

Properties of CNP and chitosan-based hydrogels, loaded
with the model protein antigen OVA, were studied to
determine their potential for vaccine delivery applications.
Optimised methods were developed for the reproducible
manufacture of CNP with a defined size range. The CNP
had a high loading capacity and were able to activate
antigen presenting cells in-vitro. However the loading of
antigen onto CNP resulted in conformational changes to the
protein. The bound protein released only slowly with less
than 50% being released from CNP after 10 days in-vitro
incubation. In the second part of the study, an injectable
thermosensitive chitosan hydrogel was prepared. The
model protein OVA could be incorporated into the chitosan
solution before gelation, making this an attractive system
for vaccine delivery. Release of protein from chitosan gel
formulations in-vitro was even slower than from CNP with
less than 10% being released after 10 days. However,
release in-vivo, where gel degradation can occur as a result
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of several factors including enzymatic hydrolysis, may be
very different. In-vivo investigations showed negligible
immune responses to OVA-loaded CNP formulations,
possibly reflecting the fact that non-mucosal administration
of such a system may not result in maximal immune
responses. OVA in chitosan gel formulations resulted in the
expansion of CD8* and CD4" T cells and in OV A-specific
antibody production.
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