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ABSTRACT

Context: Nasal mucosa is a desirable route for mucosal vaccine delivery. Mucosal co-administration of chi-
tosan nanoparticles with absorption enhancers such as cross-linked dextran microspheres (CDM,
Sephadex®) is a promising antigen delivery system.

Objective: In the current study, the chitosan nanospheres loaded with tetanus toxoid (CHT:TT NPs) was
prepared and characterized. The immune responses against tetanus toxoid after nasal administration of
CHT:TT NPs alone or mixed with CDM were also determined.

Materials and methods: Chitosan nanospheres were prepared by ionic gelation method. Particle size,
releasing profile and antigen stability were evaluated by dynamic light scattering, diffusion chamber and
SDS-PAGE methods, respectively. Rabbits were nasally immunized with different formulations loaded with
40 Lf TT. After three times immunizations with 2 weeks intervals, sera IgG titres and nasal lavage slgA
titres were determined.

Results: Mean size of CHT NPs and CHT:TT NPs were 205+42nm and 432+85nm, respectively. The
release profile showed that 42.4+10.5% of TT was released after 30 min and reached to a steady state
after 1.5h. Stability of encapsulated TT in nanospheres was confirmed by SDS-PAGE. The antibody titres
showed that CHT:TT NPs-induced antibody titres were higher than TT solution. CHT NPs mixed with CDM
induced the systemic IgG and nasal lavage slgA titres higher than intranasal administration of TT solution
(p < 0.001).

Discussion and conclusion: As the results indicated, these CHT:TT NPs when co-administered with CDM
were able to induce more immune responses and have the potential to be used in mucosal
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Introduction

Nasal immunization is a mucosal administration route which
shows considerable potential for vaccine delivery. Nasal vaccin-
ation provides all the prerequisites for a successful needle-free
vaccine delivery and also for better vaccine efficacy (Amorij et al.
2012). Nasal cavities are also common sites for entrance of
pathogens. Furthermore, nasal administration of vaccines can
lead to local production of antigen specific sIgA, which are able
to prevent pathogens from colonizing at mucosal sites (Amorij
et al. 2012). Protection of antigen from enzymatic digestion, the
improvement of antigen uptake by relevant cells and immune
stimulation are listed as other advantages of nasal vaccine deliv-
ery (Barhate et al. 2014).

For mucosal administration of antigens, mucoadhesive poly-
mers, such as chitosan, could be used as delivery system/adjuvant.
Encapsulation of antigens with these mucoadhesive polymers
could protect them from degradative enzymes, increase their pres-
ence time in the nasal cavity because of their mucoadhesive prop-
erties, and increase their interaction and uptake by microfold cells
(M cells) located in the nasal-associated lymphoid tissue (NALT)
(Sajadi Tabassi et al. 2008). There are several studies on the appli-
cation of chitosan in mucosal delivery of vaccines (Amin et al.

2009; Arthanari et al. 2016; Barhate et al. 2014; Khameneh et al.
2014). Despite the advantages of chitosan, this polymer suffers
from low solubility at physiological pH (Elsabee et al. 2009).
Different approaches were suggested to overcome these limitations
such as derivatization or preparation of its nanoparticles (Yoksan
& Chirachanchai 2008; Elsabee et al. 2009; Mohajer et al. 2014).

Cross-linked dextran microspheres (CDM, Sephadex®) have
been successfully used as absorption enhancer for macromolecu-
lar drugs such as insulin (Chandler et al. 1991). They also could
act as an absorption enhancer adjuvant to increase transepithelial
absorption of antigens. However, there are limited reports on
adjuvant potential of CDM (Sajadi Tabassi et al. 2008).

Dry powder form of vaccines have more chemical and micro-
biological stability, which could eliminate the need for cold chain
and result in easier and more economical storage, distribution
and mass vaccination, compared with liquid-based vaccines
(Garmise et al. 2007; Tafaghodi & Rastegar 2010). Therefore,
microspheres encapsulated with antigens are better to be used in
dry powder form.

In the present study, chitosan nanospheres loaded with
tetanus toxoid (CHT:TT NPs) were prepared and character-
ized. CDM powder as an absorption enhancer was added to
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the nanospheres. Rabbits were nasally immunized with this
dry powder and mucosal and systemic immune responses
against tetanus toxoid (TT) were evaluated.

Materials and methods
Materials

Tetanus toxoid (TT) solution (1700 Lf/mL) was from Razi Inc.
(Hesarak, Iran). Anti-rabbit IgA was prepared from Bethyl
Laboratories Inc. (Montgomery, TX). Anti-rabbit IgG was
obtained from Sigma (St. Louis, MO). Chitosan was purchased
from the Fluka (Singapore). All other used chemicals were of
analytical grade. White albino rabbits weighing 1.5-2kg were
provided by Pasteur Institute (Tehran, Iran). All experiments
were conducted according to the guidelines of ethics committee.

Preparation of blank and antigen-encapsulated CHT NPs

CHT NPs were fabricated using an ionic gelation method (Xu &
Du 2003; Dehghan et al. 2013). Briefly, 5% w/v solution of tripo-
lyphosphate (TPP) in purified water, as a hardening agent, was
emulsified in paraffin oil containing Span 80 and Tween 80 (3%
v/v, 1:1 ratio) as emulsifier. The ratio of TPP aqueous solution to
oil solution was 3% v/v. Aqueous solution of chitosan (1% w/v)
was prepared in acetic acid (0.1 M) and then was emulsified in
paraftin oil. The ratio of chitosan solution to oil solution was
20% v/v. This emulsion was added dropwise into the first emul-
sion under gentle stirring. The nanospheres were formed by join-
ing chitosan and TPP droplets and by solidification of chitosan
droplets by TPP. After stirring for about 1hour, nanospheres
were rinsed with acetone and separated by centrifugation.
Nanospheres were finally vacuum-dried. For the preparation of
CHT:TT NPs, TT was added to the TPP solution before emulsifi-
cation. The amount of antigen was adjusted to achieve 40 Lf of
antigen/5 mg of powder.

Characterization of nanospheres

Particle size and distribution were evaluated by dynamic light
scattering (DLS) method (Zetasizer nanoseries, Malvern, UK). To
measure the amount of entrapped antigen in nanospheres, 5mg
of nanospheres were dissolved in 1ml of a solvent mixture con-
sisting of 1% (w/v) sodium nitrate and hydrochloric acid (1 N).
After 1h of incubation at 37 °C, the supernatant was analyzed by
Bradford’s protein assay method.

The release profile of TT from nanospheres was studied with
a diffusion chamber, which mimics the hydration conditions of
the nasal mucosa (Tafaghodi et al. 2006b). The donor compart-
ment contained air saturated with water vapour and the receiver
contained 25mL of PBS (pH 7.4), working at 37 °C. The nano-
pheres (25mg) were laid on a filter paper in contact with the
liquid phase of the receiver compartment. During 4h, every
30 min, 400 pL samples were drawn from the receiver compart-
ment and amount of the released TT was quantified. Each
experiment was performed in triplicates.

The amount of antigens liberated from formulations in each
time point was evaluated kinetically in order to find out the best-
fit kinetic model of release profiles. To this end, the following
models were used:

Zero-order model: M,/M,, =K,

First order model: M/M_,=1—e ('kt)

Higuchi square root of time model: M/M,, = k0

Krosmeyer—Peppas kinetic model: M/M,, = k"
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Where M, is the released amount of the drug under investiga-
tion in a particular time, M, is the theoretical loaded amount of
the drug, ¢ is time and K is the rate constant of the release pro-
file and n is the release exponent which explains characteristics
and drug release mechanism.

The relative sizes of the sum of squared errors (SSE) shows
how ‘good’ the regression is in terms of fitting the calibration
data. The best regression is one in that the SSE value is closest to
zero (Sadighi et al. 2012; Slane et al. 2014).

Antigen stability

The structural stability of released TT from nanospheres was
detected by sodium dodecylsulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and compared with native TT as perviosly
described (Khodaverdi et al. 2015). Antigen samples were diluted
with Tris-buffer (pH 6.8) with 2% SDS and electrophoresis of
samples was performed using a Bio-RadMiNi-Protein II electro-
phoresis system at a constant voltage of 200 V in a Tris/glycine/
SDS buffer. After migration, the protein bands were visualized by
silver nitrate.

Nasal immunization studies

White albino rabbits weighing 1.5-2kg (four animals per group)

were nasally immunized with the following formulations in days

0, 14 and 28 of experiment:

1. Chitosan nanospheres
NPs + CDM);

2. 40 Lf TT solution (TT-Sol);

3. 40 Lf TT in chitosan nanospheres mixed with 5mg lactose,
(CHT:TT NPs + Lac);

4. 40 Lf TT in chitosan nanospheres mixed with 5mg CDM,
(CHT:TT NPs+ CDM);

5. 10 Lf alum adsorbed TT [used for parenteral immunization
(IM)] (Alum-TT).

Animals were first sedated with 40 mg/kg ketamine HCI to pre-
vent sneezing after administrations. Then, 10 mg of nanosphere
(5mg in each nostril, drown into polyethylene tubes) were nasally
administered. The solutions (200 puL, 100 pL in each nostril) were
administered using a pipetter. Each animal was bled in day 42.
After the bleeding, nasal cavity was washed with 10 mL sterile nor-
mal saline. Sera and nasal lavages of each group were pooled and
kept frozen until immunological assays. Anti-TT antibodies in the
rabbit serum and nasal lavage were determined by end-point titra-
tion using an ELISA method (Amin et al. 2009). Serum and nasal
lavages of unimmunized animals were used as negative control.
End-point titres for IgG and IgA were determined as the highest
serum or lavage dilution that resulted in an absorbance value (OD
450) equal to negative control.

mixed with 5mg CDM (CHT

Statistical analysis

One-way analysis of variance (ANOVA) statistical test with
Tukey’s post test was performed using Graph-Pad InStat version
3.05 for Windows (GraphPad Software, San Diego) to determine
the significance of the differences between various groups.
p Values smaller than 0.05 were considered as significant.

Results

Characterization of TT-loaded chitosan nanospheres

The Z-average and zeta potential of blank CHT NPs were
205+42 and 83.2+4, respectively. These values for TT-loaded
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Figure 1. In vitro release profile of encapsulated TT from chitosan nanospheres.

Table 1. The rate constants (K), squared regression (RY) and sum of squared
errors (SSE) for the investigated kinetic models.

Zero-order First-order Higuchi Krosmeyer—Peppas
K 0.6804 9.4864 7.5049 9.5753
R? 0.8611 0.8967 0.9712 0.9926
SSE 431.1 320.6 89.3 65.7

CHT NPS were 432+ 85 and 71.6 4, respectively. Encapsulation
efficiency of TT in nanospheres was measured to be 39%.

Release profile of TT from chitosan nanosphere

The TT was released from nanospheres with a burst release of
42.4+10.6% within 30 min. This was followed by a slow and sus-
tained release profile and after 90min, it reached to plateau.
After 4h, 60+ 13.1% of encapsulated TT was released (Figure 1).

The rate constants for each kinetic model were calculated and
plotted against time, and the related square regressions (R*) and
SSE values were computed (Table 1). It was observed that the R?
value from the Krosmeyer-Peppas model is the highest among
other models and it is also the closest to 1. So that, in vitro
release of antigen from chitosan nanospheres is best described by
the Krosmeyer-Peppas model. The obtained value of n for anti-
gen was 0.454 and lied between 0.43 and 0.85; which indicated
that the release of antigen followed Fickian diffusion model from
the formulations (Dehghan et al. 2013).

The structural stability of the encapsulated TT was studied
with SDS-PAGE method. The structural integrity of the TT was
confirmed by this method.

Serum anti-TT IgG titres

The highest IgG titres were observed in Alum-TT group
(p<0.001) (Figure 2). Nanoparticulate form of TT showed
higher IgG titres than TT solution (p < 0.001). Among nanoparti-
culate formulations, more IgG titres were observed with nano-
spheres mixed with lactose powder (p < 0.001).

Nasal lavage anti-TT sigA titres

Among the immunized groups, the lowest sIgA titres were
observed in TT-Sol group (p <0.001). Both nanoparticulate for-
mulations showed significantly higher sIgA titres than TT solu-
tion (p < 0.001). The sIgA titres induced with nanospheres mixed

150 200 250 300

Time (min)

with lactose and CDM were not significantly different (p > 0.05)
(Figure 3).

Discussion

Nasal delivery of vaccines has several advantages like induction
of mucosal immune responses and escape from injections and
their drawbacks. For a successful mucosal immunization, efficient
adjuvant/delivery systems are required for the protection of anti-
gens from mucosal enzymes, enhancement of antigen uptake by
NALT microfold (M) cells and also improving the interaction of
antigen with immune cells. At the present study, the model anti-
gen (tetanus toxoid) was encapsulated with chitosan NPs, as a
protective and mucoadhesive polymer. Cross-linked dextran
microspheres (CDM) have also been added as mucosal penetra-
tion enhancer particles, with a good history for nasal delivery of
macromolecules, such as insulin (Pereswetoff-Morath & Edman
1995). Formulations were prepared as dry powder form because
of their stability, ease of administration and possible escape from
the cold chain. Rabbits were chosen for the in vivo studies
because of their similar nasal immune system to human and also
possibility of correct administeration of dry powder formulations
(Amin et al. 2009).

The size of particles plays a critical role in immunoadjuvant
properties of the nanoparticles. It has been shown that by reduc-
ing the particle size to nano range, mucoadhesion property will
be increased significantly (Khameneh et al. 2014). Jubeh et al
(2004) explored that by reducing the particle size from 800 nm to
100 nm, the mucoadhesion property increased significantly. The
size of nanospheres prepared was approximatly 400 nm. It has
also been shown that for efficient vaccine delivery from nasal
route, the particle size must be less than 10 um, therefore, the
prepared nanopheres could efficiently interact with the immune
cels and could have a good potential for mucoadhesion
(Eldridge et al. 1991).

To study the release profile of encapsulated antigen, a diffu-
sion cell model was used to simulate the nasal cavity situations
in terms of temperature and humidity. This method shows sev-
eral benefits over usual in vitro release studies, in which nanopar-
ticles are immersed in the release medium. In this model,
nanospheres are in contact with a wetted and warm surface (filter
paper clamped in a Frantz diffusion cell) in a humid atmosphere,
similar to nasal cavity. The release profile shows a primary burst
release within the first hour and followed by a plateau until the
fourth hour (Figure 1). It has been shown that the clearance
half-life in human nose is about 15-20min (Illum et al. 1987;
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Figure 2. Serum anti-TT IgG titers. Rabbits (n =4) were nasally immunized at weeks 0, 14 and 28, and bled at week 6.
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Figure 3. Nasal lavage anti-TT IgA titers. Rabbits (n =4) were nasally immunized at weeks 0, 14 and 28, and lavages were collected at week 6.

Turker et al. 2004). Considering the mucoadhesive potential of
the chitosan nanospheres, more prolonged presence in the nasal
cavity could be expected. Based on the release profile, about
50% of loaded TT is in the encapsulated form during the pres-
ence of nanospheres in the nasal cavity. Therefore, it is
expected that TT is interfered with nasal mucosa both in solu-
tion and nanoparticulate form. Similar release profile from
nanospheres was described earlier (Agnihotri et al. 2004). These
results were in agreement with previous published data
(Tafaghodi et al. 2006b).

The antigen stability was also evaluated in the present study.
The results indicated that during preparation processes, antigen
integrity was preserved. These results were in agreement with
earlier findings (Khameneh et al. 2014). Taken together, these
observations reflected the proper physichochemical properties of
lead formulations for vaccine delivery.

As shown in Figure 2, the highest sera IgG titres was observed
in the sera of rabbits immunized intramascularly with alum
adsorbed TT, the official vaccine (p < 0.001). This is quite expect-
able to attain more systemic responses after parenteral
immunization.

TT is a large (150kDa) protein antigen. After nasal adminis-
teration, TT solution could be sampled by microfold (M) cells
located in nasal-associated lymphoid tissue (NALT) (Amin et al
2009). TT is detoxified by formaldehyde, a cross linker that pre-
serves the structure of TT and increase its stability. TT solution
could induce systemic IgG titres, even though there is least
responses among the studied groups (p <0.001). Encapsulation
of TT with chitosan nanospheres has induced the highest IgG
titres (p < 0.001). This observation could be resulted from one or
more of the following reasons:

1. In chitosan nanospheres, polymer matrix can protect antigen
from the proteolytic enzymes.

2. Chitosan has shown good mucoadhesive potential and can
increase the residence time of antigen in the nasal cavity, by
which the chance of uptake of nanospheres by M cells will
be increased (Gavini et al. 2006; Khameneh et al. 2014).

3. Chitosan has absorption enhancing potential, and can
increase the absorption of antigen (Gavini et al. 2006).

4. Chitosan nanospheres give particulate nature to the antigen,
and help in the uptake of more antigen by M cells (Gavini
et al. 2006; Ghendon et al. 2008).
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Cross-linked dextran microspheres (CDM), as dried hydrogel
particles, can absorb water from epithelial cells and open up the
intercellular tight junctions. This absorption enhancer effect have
been frequently reported after co-administeration with proteins
such as insulin (Chandler et al. 1991). We have also shown that
co-administeration of CDM with PLGA nanospheres, loaded
with TT, could increase serum IgG titres (Mohaghegh &
Tafaghodi 2011). However, in this study, a reverse effect was
observed and sera IgG titres after mixing of chitosan nanospheres
with CDM was decreased (p < 0.001).

After nasal administration of formulations, the sIgA titres in
nasal lavages were determined (Figure 3). Among the nasally
immunized groups, immunization with nanoparticulate TT was
significantly higher than TT solution (p <0.001). It shows the
potential of chitosan nanospheres for the induction of mucosal
IgA against their encapsulated antigen. This could be attributed
to mucoadhesion potential of chitosan nanospheres and their
more prolonged presence in contact with nasal mucosa
(Nakamura et al. 1996). This was frequently reported with chito-
san nanospheres and other polymer-based nanoparticles
(Nakamura et al. 1996; Illum et al. 2001; Dehghan et al. 2014). In
spite of the negative impact of CDM on the systemic IgG titres,
they didn’t show any significant effect on mucosal sIgA titres.
We have also reported the similar results after mixing of CDM
powder with TT powder (Tafaghodi & Eskandari 2012), TT-
alginate microspheres (Tafaghodi et al. 2006a) and TT-PLGA
nanospheres (Tafaghodi et al. 2010). It is now well established
that the immunoadjuvant mechanisms of CDM for systemic IgG
is not effective for the induction of mucosal sIgA.

Conclusions

Dry powder form of chitosan nanospheres was evaluated for
nasal immunizations against a model antigen, TT. TT-chitosan
nanosperes induced high systemic immune responses. This
immunoadjuvant effect along with more stability and easier stor-
age, transport and administeration are very good reasons for
positive attitude towards this formulation. However, mixing of
TT-chitosan powders with CDM powder could not enhance the
systemic and mucosal immune responses and it is not therefore a
good excipient for nasal dry powder form of vaccines composed
from chitosan nanoparticles.
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