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Abstract

BSA-loaded chitosan nanoparticles were prepared and encapsulated in vesicles (liposomes and nio-
somes) to make them acid resistant upon oral administration. Prepared systems were characterized in-
vitro for shape, size, entrapment efficiency and stability in simulated gastric fluid (SGF, pH 1.2) and sim-
ulated intestinal fluid (SIF, pH 7.5). The immune stimulating activity was studied by measuring serum
IgG titre and secretory IgA (sIgA) levels in mucosal secretions following oral administration of various
formulations in albino rats. Significantly higher (P<0.05) serum IgG titres were achieved following oral
administration of novel nanoparticulate vesicular formulations as compared with unmodified chitosan
nanoparticles. Further, high slgA levels in mucosal secretions advocated a possible application of chi-
tosan nanoparticle encapsulated in vesicles as an oral vaccine delivery carrier-adjuvant system.

Introduction

Traditional needle-based, invasive, parenteral vaccination methods suffer from various
drawbacks, like the need for trained personnel to administer vaccines, expense, patient
inconvenience and the associated risk of needle-borne infections (AIDS, hepatitis, etc.) due
to the use of contaminated needles. Further, parenterally administered vaccines mainly
stimulate a systemic response and antibodies generated in this manner do not always reach
the mucosal surfaces, which is the predominant entry site for most infectious pathogens.
Mucosal immunization provides the first line of immunological defence (i.e., induction of
secretory IgA (sIgA)) that prevents the attachment of infectious pathogens to the mucosa,
thereby preventing any possible damage to the host (Medina & Guzman 2000).

Oral immunization offers the safest and most convenient way to induce mucosal immunity.
However, it has not been successful to date because of the inefficient presentation of antigens to
processing sites and their instability in the gastrointestinal tract. Orally administered antigens are
mostly degraded by the acidic environment and inactivating enzymes of the stomach before
reaching the M-cells of the Peyer’s patches in the gastrointestinal tract. Also, sufficient uptake of
the antigen by the Peyer’s patches could not be achieved, so an immune reaction may not be elic-
ited. To circumvent these problems, encapsulation of antigen and delivering it in a safer way has
been proposed over the years. Among the various proposed delivery vehicles, vesicular systems
(liposomes and niosomes) offer a number of potential advantages and have attracted consider-
able interest as mucosal delivery systems (Michalek etal 1989, 1992; Jackson etal 1990; Rentel
etal 1999; Conacher etal 2001). However, the susceptibility of conventional vesicles (both lipo-
somes and niosomes) to bile-salt-caused dissolution and enzymatic degradation in the gastroin-
testinal tract remains the main barrier for their effective oral delivery and warrants the
development of some alternative versions of vesicles capable of protecting the contents to make
them available intact at the site of their capture and uptake. In our laboratory, polysaccharide-
coated vesicles (liposomes and niosomes) that remain stable in the gastrointestinal tract have
been developed for oral immunization (Venkatesan & Vyas 2000; Jain etal 2005). We have also
reported cholera toxin B subunit (CTB)-conjugated and bile-salt-stabilized niosomal vesicles
(bilosomes) for protective and targeted delivery of antigen by the oral route (Singh etal 2004).

Chitosan, a natural polymer obtained by alkaline deacetylation of chitin, is cheap, non-
toxic, biocompatible and biodegradable. It also serves as an excellent candidate for vaccine
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delivery because of its bioadhesiveness, high protein-binding
efficiency and absorption-enhancement ability. Due to its poly-
cationic nature it readily adheres to negatively charged surfaces,
such as mucus and proteins, and promotes drug absorption
(Ilum 1998; Janes etal 2001; Thanou etal 2001; van der Lubben
etal 2001; Hejazi & Amiji 2003). However, despite the excellent
mucoadhesion and absorption-enhancement properties, oral vac-
cine delivery using chitosan-based formulations suffers from the
high solubility of chitosan in the acidic pH of the stomach. It has
been reported that in acidic medium (pH 1.2-2.0), tetracycline-
loaded chitosan microspheres dissolved and the entire entrapped
drug was released instantaneously, while 60% of the entrapped
drug was released in 2h when the pH of the medium was raised
to 3.5 (Hejazi & Amiji 2002).

To overcome this drawback, we propose here the encapsu-
lation of nanoparticles within lipid vesicular systems (lipo-
somes and niosomes). Though phospholipids or surfactants in
vesicular form are thought to be unstable in the gastrointestinal
environment, it has been reported that gastric lipases do not
hydrolyze phospholipids or lipoidal surfactants. The digestion
of these lipids takes place mainly in the small intestine by pan-
creatic lipase, colipase, phospholipase A2 and cholesterol este-
rase, and by the action of bile salts (Thomson etal 1993). Thus,
vesicular systems may apparently provide protection to chi-
tosan nanoparticles in the stomach, while in the intestine the
particles will be released from the vesicles, which ultimately
may promote the absorption of loaded antigen through M-cells
of the Peyer’s patches due to its bioadhesive nature.

In this study, chitosan nanoparticles loaded with model
antigen bovine serum albumin (BSA) were prepared and
characterized. They were further encapsulated in liposomes
and niosomes and the immunological response following
their oral administration was measured.

Materials and Methods

Materials

Chitosan (practical grade, 75-85% deacetylated, MW 150kDa)
was obtained as a kind gift from M/s, Panacea Biotec Ltd
(India). Soya phosphatidylcholine (PC), cholesterol, Sephadex
G-100, BSA, Triton X-100, anti-rat IgA, and horse radish per-
oxidase (HRP)-labelled anti-rat IgG and anti-rat IgA were pur-
chased from Sigma Chemicals Co. (USA). Surfactants; sorbitol
mono stearate (Span 60) and polysorbates (Tween 20 and
Tween 80) and glutaraldehyde were procured from Fluka
(Switzerland). Substrate tetramethyl benzidine-hydrogen per-
oxide (TMB-H,0,) and bicinchoninic acid (BCA) protein esti-
mation kit were obtained from Genei Bangalore (India). All
other chemicals and solvents used were purchased from local
suppliers and were of analytical grade unless mentioned.

Preparation of chitosan nanoparticles

Chitosan nanoparticles (CSP) were prepared by the coacerva-
tion/precipitation method, using sodium sulfate as precipitant,
following the method described by Berthold etal (1996) and
Tian & Groves (1999), with appropriate modifications as
per laboratory setup. Chitosan was dissolved in an aqueous

solution of acetic acid (1% v/v) containing 1% v/v Tween 80
to produce a 0.25% w/v solution of chitosan. A solution of
sodium sulfate in distilled water (20% w/v) was added drop-
wise to 100 mL chitosan solution with sonication using a
probe sonicator (Soniweld, India) operated at 50% frequency.
Sonication was continued for 15min after the addition of
sodium sulfate, followed by mechanical stirring at
1000rev min~! for 30 min. Glutaraldehyde solution (25%,
1.0mL) was added and stirring was continued for another
hour, after which cross-linking was stopped by addition of
sodium meta-bisulfite solution (12% w/v, 20 mL). The nano-
particles were purified by centrifugation at 5000 rev min~! for
15min and washing twice with double-distilled water. The
purified nanoparticles then were lyophilized (Vacuubrand;
Heto Dry Winner, Wertheim, Germany).

Optimization of sodium sulfate concentration

The concentration of precipitating agent for the formation of
nanoparticles depends upon the molecular weight of the chi-
tosan used. To optimize the sodium sulfate concentration, a
solution of sodium sulfate (20% w/v) was added dropwise dur-
ing the precipitation step to a final sodium sulfate concentration
range of 0.1-1.0% w/v and the formation of nanoparticles was
monitored by turbidity, examined by transmittance measure-
ment at 500 nm. Percent transmittance was plotted graphically
against the final concentration of sodium sulfate and the opti-
mum concentration was determined from the graph at the point
after which no significant change was observed in transmit-
tance upon increasing the sodium sulfate concentration.

Antigen loading

Antigen was surface adsorbed onto the preformed nanoparticles
following the method reported in the literature (Berthold etal
1996; Tian & Groves 1999) with appropriate modifications.
BSA solutions in phosphate-buffered saline (PBS, pH 7.4) were
added in different concentrations to 2% w/v dispersion of chi-
tosan nanoparticles in PBS (pH 7.4). The mixture was shaken at
room temperature for 3h using a wrist action shaker (Yorco,
India). BSA solution without chitosan nanoparticles was used as
control. After 3h the samples were centrifuged at 7000 rev min~!
for 10min and the supernatants recovered were analysed for the
protein content using the BCA method. The amount of loaded
protein was calculated as the difference between results from the
loaded media and from the control solution.

In-vitro characterization

Shape, size and zeta-potential

The shape and morphology was investigated by transmission
electron microscopy (TEM) (Philips, Japan). Particle size and
zeta-potential of the nanoparticles before and after antigen
loading were determined using a particle size analyser
(CILAS, 1064, France) and zetameter (Zetasizer 3000 HS;
Malvern Instruments Co., UK), respectively.

In-vitro antigen release

About 50 mg of the prepared nanoparticles were dispersed in
10mL PBS (pH 7.4) and incubated at 37 +2°C with constant
shaking in a metabolic shaking bath (Indian equipment
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corporation, Bombay). After appropriate time intervals the
samples were centrifuged at 7000revmin~! for 10min and
supernatant (1 mL) was taken for protein assay using the
BCA kit. The removed supernatant was replaced with fresh
PBS and the process was repeated for up to 24 h. The cumula-
tive amount of BSA released was calculated and plotted
against time.

Preparation and characterization of chitosan
nanoparticle-loaded vesicles

Liposomes composed of soya lecithin (PC) and niosomes
composed of Span 60 were prepared by the reverse-phase.
For niosomes evaporation technique as described by Szoka &
Papahadjopoulos etal (1978) for liposomes and Kiwada etal
(1985) for niosomes. Briefly, nanoparticles (5 mg of optimized
formulation) were suspended in 2 mL PBS (pH 7.4) and used
as the aqueous phase for the preparation of vesicles. Principal
constitutive lipids of the vesicles (PC or Span 60) and choles-
terol in different molar ratios were dissolved in 5 mL diethyl
ether, followed by sonication with 2 mL aqueous phase (nan-
oparticle suspension) using a probe sonicator (Soniweld,
India) for 5min at 40% frequency. This led to the formation
of a reverse (w/o type) emulsion. The reverse phase (organic
solvent) of this emulsion was evaporated in a rotary flash
evaporator at 37°C under reduced pressure (260-400 mmHg).
The lipid gel so formed was collapsed and transformed into a
fluid with continual vigorous mechanical agitation using a
vortex mixer. To this, 3 mL of warm PBS (pH 7.4) was added
to hydrate the vesicles. Unentrapped particles were removed
by size exclusion chromatography by passing the niosomal
suspension through a Sephadex G-100 mini column and cen-
trifugation at 2000 rev min~! for 3 min (Fry etal 1978; New
1990). The vesicles so obtained were observed under a phase
contrast microscope (Leitz-Biomed, Germany) and transmis-
sion electron microscope (TEM; Philips, Japan) after negative
staining. A fraction of 0.2 mL vesicles was lysed using min-
imum amount of Triton X-100 (0.5% v/v) and the liberated
antigen (BSA) was estimated using the BCA method after
suitable dilution to calculate the entrapment efficiency. Mean
vesicle size was also determined using a particle size analyser
(CILAS, 1064, France).

Stability in simulated gastric fluid and simulated
intestinal fluid

This study involved the delivery of developed formulations
by the oral route. Hence, it was necessary to study the stabil-
ity of the formulations in simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF). SGF (pH 1.2) was prepared
by dissolving 2 g of sodium chloride in water followed by
addition of 3.2 g pepsin dissolved in 7mL of concentrated
hydrochloric acid. Water was added to make up the volume
up to 1L and the pH of the resultant solution was adjusted to
1.2. SIF (pH 7.5) was prepared by dissolving 6.8 g monobasic
potassium phosphate in 250mL water. Sodium hydroxide
solution (190 mL, 0.2 N) was added along with 400 mL water,
followed by the addition of 10 g pancreatin. To simulate the
effect of bile, sodium deoxycholate in 20 mM concentration
was also added. Water was then added to make up the volume
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upto 1L and the pH was adjusted to 7.5 with 0.2N sodium
hydroxide solution. A 2-mL volume of the vesicular formula-
tions or 10 mg of nanoparticles were added to 10 mL of SGF
(pH 1.2) or SIF (pH 7.5) and were continuously shaken on a
wrist action shaker in a water bath maintained at 37+ 1°C for
2h. The number of intact vesicles remaining and residual
antigen content was determined.

Immunization experiments

Animals and inoculations

Wistar albino rats, 100-150 g, were used for in-vivo studies.
The study was carried out under the guidelines compiled by
CPCSEA (Committee for the Purpose of Control and Super-
vision of Experiments on Animal, Ministry of Culture, Gov-
ernment of India) and all study protocols were approved by
the institutional Animal Ethics Committee. Rats were housed
in groups of 5 and had free access to food and water. They
were, however, deprived of food 3 h before oral immuniza-
tion. For immunization, various formulations (alum-adsorbed
BSA, unmodified antigen-loaded chitosan nanoparticles and
nanoparticles encapsulated in liposomes/niosomes) in a dose
equivalent to 100 ug of BSA were administered orally using a
feeding cannula for three consecutive days followed by a
booster dose 3 weeks after the first dose. The rats were also
immunized using a single intramuscular injection of alum-
adsorbed BSA followed by booster dose after 3 weeks to
serve as a standard for comparison.

Sampling

Pre-immune samples of serum and mucosal secretions (saliva
and intestinal lavage) were obtained on day 0 before immuni-
zation. Blood samples were collected from the retro-orbital
plexus of rats at biweekly intervals for 8 weeks after immuni-
zation. Serum was obtained by centrifugation of blood sam-
ples and kept at —40°C until tested by ELISA. Mucosal
secretions (salivary and intestinal) were collected 2 weeks
and 4 weeks after primary immunization and tested for secre-
tory IgA (sIgA) antibodies. For collection of saliva, rats were
injected with 0.2mL of a sterile solution of pilocarpine
(10mg mL™") intraperitoneally to increase salivary secretion.
The rats began to salivate after approximately 20 min and the
saliva was collected by capillary tube. Intestinal lavage was
performed following the technique reported by Elson etal
(1984). Briefly, four 0.5-mL doses of hyperosmotic lavage
solution (NaCl 25 mMm, Na,SO4 40 mMm, KCI 10 mM, NaHCO4
20mM and polyethylene glycol-MW 3350 48.5mm) were
administered intragastrically at 15-min intervals using a
blunt-tipped feeding needle. Half an hour after the last dose
of lavage solution, the rats were given 0.2 mL of pilocarpine
(10mgmL™") intraperitoneally to increase intestinal secre-
tion. A discharge of intestinal contents occurred regularly
over the next 20 min, which was collected carefully. These
fluids were also stored at —40°C until analysed by ELISA for
sIgA levels.

Analysis of immune response

Estimation of IgG levels in serum. Antibody responses in
immunized rats were monitored using a microplate ELISA
procedure. Microtitre plates (Nunc-Immuno Plate Fb 96;
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Mexisorp, NUNC) were coated with 100 puL/well of 1% BSA
solution in PBS (pH 7.4) and incubated overnight at 4°C. The
plates were washed three times with PBS-Tween 20 (0.05%
v/v) (PBST). The serum samples were serially diluted with
PBS and 100 pL of each sample was added to each well of the
coated ELISA plates. The plates were incubated for 1h at
room temperature and washed three times with PBST. A 100-
uL volume of peroxidase-labelled goat anti-rat IgG was added
to each well. The plates were covered and after incubation for
1h at room temperature, washing was repeated. Substrate
solution (TMB-H,0,, 100 @L/well) was added followed by
addition of 50 L of 2N H,SO, after 20 min to stop the reac-
tion. The intensity of the developed colour was measured at
450 nm within 15 min using a plate reader (Labsystems, Fin-
land). End-point titres were expressed as the logl0O of the
reciprocal of last dilution that gave an optical density (OD) at
450 nm above the OD of negative controls.

Estimation of sIgA levels in mucosal secretions. For  esti-
mation of sIgA levels, the same procedure as described above
was followed. In this case, the wells were coated with goat
anti-rat IgA (100 pL/well) and incubated overnight at 4°C. The
plates were washed three times with PBST followed by addi-
tion of 100 pL/well blocking solution (1% w/v BSA) to prevent
non-specific adsorption of antibodies. Appropriately diluted
sample fluid (100 uL/well) was then added after the washing
step. Subsequently, HRP-conjugated anti-rat IgA was added
followed by addition of substrate (TMB-H,0,) and H,SO, to
develop colour and stop the reaction. Absorbance was read at
450 nm using a microtitre plate reader (Labsystems, Finland).

Statistical analysis

All the results were expressed as mean = standard deviation
(s.d.). One-way analysis of variance followed by post-hoc test
(Tukey’s test) was used to evaluate the effect of sodium sul-
fate concentration on the percentage transmittance for nano-
particle formation and also the effect of antigen to
nanoparticle ratio (BSA:CSP w/w) on loading efficiency of
the nanoparticles (n=6). Analysis of serum IgG titres and
sIgA titres in mucosal secretions, achieved after different
time intervals following immunization using different formu-
lations, was performed using two-way analysis of variance
followed by post-hoc test (Tukey’s test) (n=35). Statistical
significance was designated as P <0.05.

Results and Discussion

Preparation of chitosan-based nanoparticles

Chitosan nanoparticles could be spontaneously formed as a
result of ionic interaction between the positively charged
amino groups on the chitosan molecules and negatively
charged multivalent counter ions, such as phosphate,
polyphosphate and sulfate. The attractive features of these
techniques include the spontaneous formation of chitosan
nanoparticles by use of a relatively mild process, the homoge-
neous and adjustable resultant particle size and there being no

need for organic solvents (Berthold et al 1996; Tian & Groves
1999). The emulsion-based techniques, such as solvent
extraction and solvent evaporation techniques (Thanoo etal
1992; Akbuga & Bergisadi 1996), use organic solvents that
are problematic for the stability of antigens. For this reason,
the sodium sulfate-based precipitation technique, reported by
Berthold etal (1996) and Tian & Groves (1999), was chosen
for nanoparticles formation in this study.

In the preparation method, chitosan was used at a concen-
tration of 0.25% w/v. Higher concentrations were not prac-
tical for viscosity-related reasons. In a highly viscous
solution, homogeneous distribution of sodium sulfate was not
possible, and would have resulted in the formation of
agglomerates. Addition of polysorbate 80 (Tween 80) was
necessary to stabilize the suspension, without which the
formation of agglomerates occurred.

Optimization of sodium sulfate concentration

For optimization of sodium sulfate concentration for the
formation of nanoparticles, a solution of sodium sulfate (20%
w/v) was added dropwise during the precipitation step to
reach a final concentration of 0.1-1.0% w/v, and the change
in transmittance at 500 nm was recorded. It was observed that
on increasing the final sodium sulfate concentration, the per-
centage transmittance fell down steeply initially and, after
attaining a minimum value at 0.4% w/v sodium sulfate, no
significant change (P>0.05) in transmittance was recorded
on further increasing sodium sulfate concentration. Thus,
0.4% w/v was considered as the optimum sodium sulfate con-
centration for the formation of chitosan nanoparticles by this
novel precipitation method.

Antigen loading on to chitosan nanoparticles

In this study, antigen BSA was adsorbed onto the previously
manufactured empty chitosan nanoparticles. The extent of
loading (adsorption) was dependent on the initial amount of
antigen employed. Formulations using five different BSA-to-
chitosan nanoparticle (CSP) weight ratios, 1:5, 2:5, 3:5, 4:5
and 5:5, were prepared and for identification purpose these
formulations were coded as BSA-CSP1, BSA-CSP2, BSA-
CSP3, BSA-CSP4 and BSA-CSP5, respectively. Antigen
loading efficiency and zeta-potential were the basis for opti-
mization of BSA-to-CSP ratio. It was observed that loading
(adsorption) of BSA was rapid and efficient and could be
attributed to ionic interaction between negatively charged
BSA and cationic chitosan particles. On increasing the BSA-
to-CSP ratio from 1:5 to 3:5, loading efficiency slightly
decreased from 98.4 to 94.7% but this difference is minute
and statistically insignificant (P>0.05) (Table 1). However,
the particle size tended to increase on increasing antigen
amount, which might be ascribed to antigen adsorbed onto
the particle surface aiding the weight and subsequent size of
the particles. On increasing BSA-to-CSP ratio, the zeta-
potential decreased, possibly due to the charge neutralization
effect exerted by adsorption of anionic BSA on cationic chi-
tosan particles’ surface. At a BSA-to-CSP ratio of 3:5 w/w,
particles having 94.7+5.1% loading efficiency with
220+35nm average particle size and lowest positive zeta-
potential (+5.61+0.7 mV) were obtained (Table 1). On further
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Table 1 Effect of antigen (BSA)-to-nanoparticle weight ratio on load-
ing efficiency, particle size and zeta-potential of the particles

BSA-to-CSP Loading Particle Zeta-potential
ratio (w/w) efficiency (%) size (nm) (mV)

0:5 0 13515 +38.6+£2.1
1:5 98.4+7.6 155+22 +24.4+1.9
2:5 96.1£6.5 180+32 +13.7+£1.2
3:5 94.7£5.1 220+35 +5.6+0.7
4:5 76.3+£6.7 38042 -6.8+0.8
5:5 60.8+5.8 435+51 -20.3+£1.7

Values are expressed as mean*s.d., n=6.

increasing the BSA-to-CSP ratio (i.e. 4:5 and 5:5), the colloi-
dal suspension became aggregated and flocculated, and the
overall charge of the nanoparticles was reversed and the zeta-
potential became increasingly negative. At the same time,
antigen loading was significantly reduced, which might be
attributed to the saturation of cationic amino groups of the
chitosan nanoparticles at higher antigen ratios. Moreover, the
already adsorbed BSA might cause charge-induced repulsion
and prevent further adsorption of BSA. At these higher ratios,
due to aggregation and flocculation, particle size was also
increased to a greater extent. On the basis of these observa-
tions, an antigen-to-CSP ratio of 3:5 w/w was considered to
be optimum.

In-vitro characterization of chitosan
nanoparticles

The shape and surface morphology of the nanoparticles was
studied by transmission electron microscopy (TEM). The
plain nanoparticles made exclusively of chitosan displayed a
solid and consistent structure, whereas those loaded with anti-
gen (BSA adsorbed onto their surface) exhibited a compact
core surrounded by a thick but fluffy coating, presumably of
BSA.

The in-vitro antigen release profiles of different BSA-
loaded formulations were determined in PBS (pH 7.4)
(Figure 1). Results demonstrated that formulations BSA-
CSP1 to BSA-CSP3 showed a sustained release profile,

|+ BSA-CSP1—#—BSA-CSP2 —&—BSA-CSP3 ——BSA-CSP4—e—BSA-CSP5 |

se

a

—
o
o

Cumulative % antigen rele

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Time (h)

Figure 1 In-vitro antigen release profile of different chitosan nanopar-
ticles formulations. Values are expressed as mean+s.d., n=06.
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although the release rate increased with an increase in BSA-
to-CSP ratio in the formulation. An initial burst release fol-
lowed by sustained release pattern was exhibited by formula-
tions BSA-CSP4 and BSA-CSP5 with BSA to CSP ratio of
4:5 and 5:5 w/w, respectively (beyond the optimum ratio, 3:5
w/w). BSA was ionically adsorbed onto the nanoparticles’
surface by forming an ion-pair between negatively charged
BSA and positively charged amino groups of chitosan. As the
concentration of BSA increased, especially beyond the opti-
mum limit, the cationic amino groups of the chitosan mole-
cules might have become saturated and were not available for
ion-pair formation. Thus, on increasing BSA concentration,
the ionic interaction with chitosan might have become weak
and excess BSA might have resulted in initial burst release,
although a slow release pattern was achieved after 4 h.

Chitosan nanoparticle-loaded vesicular systems

The prepared antigen-loaded chitosan nanoparticles were
encapsulated within the vesicular carriers (liposomes and nio-
somes) to overcome the stability problem of unmodified par-
ticles in the acidic pH of the stomach. Optimization of the
phospholipid/surfactant-to-cholesterol ratio was performed
on the basis of microscopic evaluation and entrapment effi-
ciency. Vesicular formulations with different PC/Span 60 and
cholesterol ratios (9:1, 8:2, 7:3, 6:4 and 5:5 mole ratio) were
prepared. The liposomal formulation (coded as Lip-CSP)
having a PC-to-cholesterol mole ratio of 6:4 showed the max-
imum entrapment efficiency of 34.6+3.1%, with a resultant
mean vesicle size of 3.68£0.32 ym (Table 2). On the other
hand, the niosomal formulation (coded as Nio-CSP) that had
a Span 60-to-cholesterol mole ratio of 7:3 exhibited a max-
imum entrapment efficiency of 35.7+3.3% with an average
vesicle size of 3.8410.35 um (Table 2). These formulations
were also found to be free of artifacts and aggregates on
microscopic evaluation. Thus, based on these observations,
these optimized formulations were selected for further char-
acterization and other studies.

The shape and morphology of these nanoparticle encaps-
ulated vesicular systems was determined by TEM. Both

Table 2 Entrapment efficiency and vesicle size of nanoparticle-loaded
vesicles

PC/Span Entrapment Mean
60-to-cholesterol efficiency (%)  vesicle size (um)
molar ratio

Liposomes  9:1 28.2+2.1 4.36+0.38
8:2 30.7+2.8 4.17£0.33
7:3 329+2.7 3.92+0.30
6:4 34.6+3.1 3.68+£0.32
5:5 31.5+£24 4.24+0.41

Niosomes 9:1 304127 4.45+0.41
8:2 33.6+3.1 4.12£0.37
7:3 35.7+£3.3 3.84+0.35
6:4 33.1+£3.2 4.21+0.38
5:5 29.5+24 4.53+£0.42

Values are expressed as meants.d., n=6.
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Figure 2 TEM image of chitosan nanoparticles encapsulated in lipo-
somes (X 5500) (A) and niosomes (x 6000) (B).

vesicular formulations were spherical in shape and encapsu-
lated nanoparticles could be clearly seen as dense black zones
inside the vesicles in TEM images of the formulations
(Figures 2A, B).

Stability in SGF and SIF

Since in this study the developed carrier systems were also
used for oral delivery of antigens, their stability in SGF and
SIF was realized to be of prime importance. The percentage
of vesicles remaining, vis-a-vis percent antigen remaining
after 2h of incubation with SGF (pH 1.2) and SIF (pH 7.5),

Table 3  Stability of developed formulations in SGF and SIF

was determined (Table 3). The unmodified chitosan nanopar-
ticles displayed a marked decrease in residual antigen content
after incubation with SGF as only 36.4% residual antigen
load was found on nanoparticles after incubation with SGF
(pH 1.2) for 2 h. This may be attributed to the reported insta-
bility of chitosan at acidic pH where it tends to dissolve; this
can be prevented by encapsulating the nanoparticles within
vesicular systems. However, vesicular formulations also
showed a significant decrease in vesicle count (vesicle loss of
about 25-30%) after 2 h incubation with SGF, which may be
attributed to aggregation of the vesicles in acidic medium.
Despite this they could retain more than 65% of encapsulated
content (chitosan nanoparticles) and offered significant pro-
tection against dissolution by the acidic pH of the stomach.

In SIF (pH 7.5) the nanoparticles remained stable and
intact as a 76.9% residual intact antigen content was calcu-
lated. About 25% loss in antigen content might be attributed
to the digestive effect of proteolytic enzymes present in SIF
on the surface-adsorbed antigen on the nanoparticles, which
can also be reduced by encapsulating the nanoparticles within
vesicular formulations. In SIF, pancreatin lipase and bile salts
causes destabilization/dissolution of the vesicles and released
the encapsulated nanoparticles. This is reflected by a signifi-
cantly lower vesicle count and antigen content of vesicles
encapsulating chitosan nanoparticles (Lip-CSP and Nio-CSP)
after incubation with SIF (Table 3).

Immunological response

Serum IgG levels

The serum IgG profile was determined for all experimental
groups after 2, 4, 6 and 8 weeks of primary immunization to
evaluate the systemic immune response elicited by the
developed formulations (Figure 3). The serum IgG titre
(log10) achieved after 4 weeks of oral immunization using
native antigen (alum-adsorbed BSA), unmodified chitosan
nanoparticles (BSA-CSP) and those encapsulated in lipo-
somes (Lip-CSP) and niosomes (Nio-CSP) were 1.3%0.2,
344104, 50%0.6 and 5.3+0.7, respectively. Unmodified
nanoparticles (BSA-CSP) displayed a significantly lower IgG
titre in serum after 4 weeks of oral immunization (P <0.05),
which can be attributed to the susceptibility of chitosan to the
highly acidic pH of the stomach, resulting in dissolution of
chitosan and subsequent exposure of the liberated antigens to
the acidic pH and digestive enzymes. This limitation of

Parameter(s) In SGF (pH 1.2) In SIF (pH 7.5)
CSP Lip-CSP Nio-CSP CSP Lip-CSP Nio-CSP
Vesicle count (x 10%)
Before incubation — 37.8+4.2 41.2+4.1 — 37.814.2 41.2+4.1
After incubation — 265134 290.8+3.2 — 20.6+2.7 23.4£25
% Vesicles remaining — 70.1+£6.3 723174 — 54.616.5 56.8+5.8
% Residual antigen content 36.4+3.1 65.8+4.2 67.4+£5.7 76.9+6.3 52.7+£5.6 55.3+£6.3

Values are expressed as mean*s.d., n=6.
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Figure 3 Serum IgG profile of rats immunized with different formulations. End-point titres were expressed as the log10 of the reciprocal of last
dilution that gave an optical density (OD) at 450 nm above the OD of negative controls. Values are expressed as mean £s.d., n=5.

chitosan was circumvented by encapsulating the antigen-
loaded nanoparticles within vesicles (liposomes and nio-
somes). It has been well established that gastric lipase does
not hydrolyse phospholipids or surfactants and their digestion
takes place in the small intestine by pancreatic lipases in the
presence of bile salts. Therefore, encapsulation of chitosan
nanoparticles into vesicles protects the chitosan particles
from dissolution in the acidic pH of stomach, whereas in the
small intestine they are liberated from the vesicles in their
native unmodified form due to digestion of the lipoidal (phos-
pholipid/surfactant) coat by the action of bile salts or pancrea-
tin lipases. The liberated unmodified particles remained stable
in the small intestine and might have been better absorbed
through the M cells of Peyer’s patches due to the strong
mucoadhesive and absorption-enhancement properties of chi-
tosan, which is reflected in the better immunological response
produced by these novel systems. Thus, the enteric functioning
can be implicated by using vesicular carrier systems.

Secretory IgA level in salivary and intestinal

secretions

Figure 4 depicts sIgA levels in intestinal and salivary
secretions of rats after 2 and 4 weeks of immunization
using various formulations. It can be inferred from the
data that the developed vesicular formulations more effi-
ciently elicited a mucosal immune response (sIgA level)
than unmodified nanoparticles. It has been well accepted
that direct exposure of antigens to the mucosal membrane
can cause a significant increase in antigen-specific secre-
tory IgA response at intestinal and other mucosal sur-
faces. Compelling evidence has shown that stimulation of
IgA precursor B cells in gut-associated lymphoid tissues
(GALT) with orally administered antigens leads to the
dissemination of B and T cells to mucosal effector tissues,
such as the lamina propria regions of the intestinal, respi-
ratory, genitourinary and various secretory glands for
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Figure 4 Secretory IgA (sIgA) level in intestinal and salivary secre-
tions of rats immunized with different formulations. End-point titres
were expressed as the log10 of the reciprocal of last dilution that gave an
optical density (OD) at 450 nm above the OD of negative controls.
Values are expressed as meants.d., n=5.

subsequent antigen-specific sIgA antibody responses
(Mestecky 1987; McGhee et al 1989, 1992).

Negligible sIgA response (statistically insignificant,
P>0.05) was observed with intramuscularly adminis-
tered alum-adsorbed BSA. This may be attributed to the
fact that parenterally administered antigen lacks ability to
stimulate the mucosal immune system. Thus the orally
administered system can provide the additional advant-
age of mucosal immunity (i.e. neutralizing the antigen at
first exposure).
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Conclusion

It can be concluded from the results that the prepared
nanoparticulate vesicular systems (i.e., liposome- and
niosome-encapsulated antigen-loaded chitosan nanoparticles)
could be used as effective carrier and adjuvant for non-inva-
sive, non-parenteral mucosal immunization through the oral
route. The proposed systems are capable of eliciting both sys-
temic and mucosal immune responses and can prove as
promising carrier systems for a number of antigens other than
BSA. They can overcome the disadvantages of classical inva-
sive methods of vaccination and are simple, economical, stable,
painless and potentially safe. With the identification of such
types of carrier systems that have potential to elicit systemic
immunity following oral administration, a new way of low-cost
administration of potential vaccines may be developed, particu-
larly for use in developing countries. However, more studies
concerning T lymphocyte proliferation assays and cytokine pro-
duction should be conducted to demonstrate the possibility of a
cell-mediated immune response elicited by these systems. The
practical utility can only be realized following elaborative stud-
ies and clinical trials taken up especially with selected antigens.
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