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Chitosan-Based Particulate Systems

for Non-Invasive Vaccine Delivery

Sevda Şenel

Abstract The use of particulate systems is considered very promising for the

delivery of antigenic molecules via parenteral and non-parenteral routes. They

provide improved protection and facilitated transport of the antigen as well as

more effective antigen recognition by the immune cells, which results in enhanced

immune responses. The natural cationic polysaccharide chitosan has been investi-

gated extensively both as an adjuvant and delivery system for vaccines. It has been

shown to enhance both humoral and cellular responses. From the formulation point

of view, chitosan-based particulate systems offer advantages over the other poly-

mers used by avoiding the harsh conditions of heat and/or organic solvents for

encapsulation of the antigen. Furthermore, versatility in the physicochemical prop-

erties of chitosan provides an exceptional opportunity to engineer antigen-specific

adjuvant/delivery systems. In this review, the importance of chitosan in particulate

systems for vaccine delivery will be emphasized according to administration routes,

particularly focusing on non-invasive (needle-free) routes including oral, mucosal

and pulmonary mucosae as well as skin.
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1 Introduction

In the area of vaccine development, the crucial concern is to balance safety with

efficacy.Most of the vaccines involve killed or attenuatedmicroorganisms (bacteria,

viruses, fungi, etc.) or chemically detoxified toxins (toxoids) from bacteria. Killed

bacterial or viral vaccines often have residual toxicity following inactivation and

might contain toxic components, such as lipopolysaccharides [1]. Therefore, despite

their efficacy, these type of vaccines exert serious safety issues. Well-defined,

immunogenic fragments of pathogens, known as subunit antigens (such as purified

protective proteins or carbohydrates), provide a much cleaner, safer and more

immunologically defined alternative to live or killed whole cell vaccines. However,

these subunit vaccines are weakly immunogenic on their own, hence incorporation

of an adjuvant is required to enhance their ability to evoke effective immune

responses [2–5]. Adjuvants (the word coming from the latin word adjuvare, which
means to help or to enhance) are defined as molecules, compounds or macromolec-

ular complexes that boost the potency and longevity of a specific immune response

to antigens, causing only minimal toxicity or long-lasting immune effects on their

own [6]. Adjuvants act by a diverse series of pathways, which may involve changing

the properties of the antigen to provide a slow-release antigen depot that targets

innate immune pathways to selectively activate specific pathways of immunity

[7–11]. The mechanism of action of an adjuvant is mainly either as an immunosti-

mulant or as a delivery system [12]. In spite of the intense studies on adjuvant

strategies, adjuvant toxicity still remains the major limitation to be surpassed.

Most vaccines today are given by parenteral injection, which stimulates the

immune system to produce antibodies in the serum but fails to generate a mucosal

antibody response [13]. In general, topical application of vaccine is required to

induce a protective immune response. The use of vaccines that induce protective

mucosal and dermal immunity thus becomes attractive when one considers that

most infectious agents come into contact with the host at these surfaces. Further-

more, immunization at one mucosal site can induce specific responses at distant

sites. The search for needle-free (non-invasive) delivery of vaccine not requiring a

needle and syringe has been accelerated by recent concerns regarding pandemic

disease, bioterrorism, and disease eradication campaigns. Hence in recent years,

needle-free administration, which is possible via oral, nasal, pulmonary and dermal

routes, has become an alternative to parenteral route [14, 15]. However, poor

immunogenicity and impaired antigen delivery with these systems still remains to

be improved. For this purpose, particulate systems have been investigated as the

appropriate vaccine formulations to target topical inductive sites and appropriately

stimulate the innate system in order to generate effective adaptive immunity as well
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as to prevent the antigen from physical elimination and enzymatic degradation.

From the formulation point of view, needle-free vaccination also offers several

benefits over parenteral routes, including ease and speed of administration, possi-

bility of self-administration, reduced side effects, reduced risk of infection and

disease transmission, improved safety and compliance, and reduced costs.

When all the limitations mentioned above are taken into consideration, chitosan

seems to be a very promising material for vaccine delivery, both as an adjuvant and

as a delivery system due to its numerous favorable properties such as bioadhesivity,

biocompatibility, immunostimulating activity, and mucosal penetration enhancing

effect [12, 13]. Furthermore, its positive charge and ability to form particulate

systems without requiring harsh conditions of heat and/or organic solvents for

encapsulation of antigen offer advantages over other polymers used for this purpose.

In this paper after explaining why particulate systems are preferred for vaccine

delivery, a brief introduction to chitosan will be given, and the importance of

chitosan in particulate systems for vaccine delivery will be emphasized according

to administration routes, particularly focused on needle-free routes including, oral,

mucosal and pulmonary mucosa as well as skin. For comparison, examples on

parenteral route will also be mentioned.

2 Particulate Systems for Vaccine Delivery

Particulate carrier systems such as immune-stimulating complexes (ISCOMs)

[16–18], liposomes [3, 19], and polymeric micro/nanoparticles [20–27] have been

proven to be highly efficacious for antigen delivery. These particles, due to their

similar size to the pathogens that invade the host, can be efficiently internalized by

antigen-presenting cells (APCs). The uptake of microparticles (<10 mm) by phago-

cytic cells has been well recognized, and uptake into APCs is likely to be important

in the ability of particles to perform as vaccine adjuvants. Microparticles are

phagocytosed by a variety of cells including macrophages and dendritic cells

(DCs) [28–30]. Once taken up by these cells, antigen is released and subsequently

selected for presentation via major histocompatibility complex (MHC) II. Phago-

cytosis of microparticles and presentation of incorporated antigens have been

reported to be strongly influenced by the chemical and physical nature of the

particulate system. Cationic microparticles have been shown to be particularly

effective for uptake into macrophages and DC. This is attributed to the enhance-

ment of binding to the negatively charged cell surface by the positively charged

particle, which subsequently sets off internalization into the cell [31]. Particulate

systems have been shown to create a depot effect that helps to increase the

persistence of antigens for a longer time, which is important for the induction of

efficient protective T-cell responses [32].

Various biodegradable polymers, including polyanhydrides, polyorthoesters,

hyaluronic acid, alginate, chitosan, and starch as well as poloxamers (Pluronics),

which self-assemble into particulates, and polyphosphazenes have been investigated
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as vaccine delivery systems. Other adjuvants can also be incorporated into these

systems to improve the immune response. With most of the polymers mentioned

above, use of organic solvents is inevitable for particle preparation. Additionally,

during themanufacturing process of the particles, the antigenmay also be exposed to

high shear stress and elevated temperatures. Hence, although these systems have

advantage over other dosage forms in enhancing the immune response, there are

limitations such as inefficient incorporation, limited antigen release, stability and

integrity of the antigen during the formulation process as well as after administration

or storage. The degradation and denaturation of proteins during encapsulation has

been avoided by adsorbing the antigen onto the surface of the microparticles instead

of encapsulating it [33]. Furthermore, there are potential limitations associated with

regulatory and industrial issues related to the components of these systems, and also

higher cost compared to other formulations [34].

It is well documented that the polymers used and formulation properties

affect the success of the particulate systems for vaccine delivery [35]. Recently,

Mohanan et al. [36] investigated the influence of the administration route of

particulate systems on the type and strength of immune response elicited follow-

ing immunization of mice by different routes, such as the subcutaneous, intrader-

mal, intramuscular, and intralymphatic routes. Three delivery systems were used:

ovalbumin-loaded liposomes, N-trimethyl chitosan (TMC) nanoparticles, and poly

(lactide-co-glycolide) (PLGA) microparticles, all with and without specifically

selected immune-response modifier (trehalose 6,60-dibehenate, lipopolysacchar-
ide, CpG). The route of administration was found to cause only minor differences

in inducing an antibody response of the IgG1 subclass associated with Th2-type

immune responses, and any such differences were leveled out after boosting.

However, the administration route strongly affected both the kinetics and magni-

tude of the IgG2a response associated with Th1-type immune responses. A single

intralymphatic administration of each of the delivery systems was found to induce

a robust IgG2a response, whereas subcutaneous administration failed to elicit a

substantial IgG2a response even after boosting, except with the adjuvanted

nanoparticles. The intradermal and intramuscular routes generated intermediate

IgG2a titers. It was suggested that all immunization routes mediated efficient

drainage of all three delivery systems from peripheral non-lymphoid tissues to

lymphoid organs, where strong immune responses were mounted against the

antigen. No direct comparison was made between the three different formula-

tions, stating that these systems differ in their chemistry, size, particle architec-

ture, degradation rate, and erosion and antigen release kinetics.

3 Chitosan

Chitosan is a cationic polymer derived from chitin obtained from crustacean

and insect skeletons. Structurally, it is a linear polysaccharide consisting of

b (1-4)-linked D-glucosamine with randomly located N-acetylglucosamine groups
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depending upon the degree of deacetylation of the polymer. The degree of acety-

lation represents the proportion of N-acetyl-D-glucosamine units with respect to the

total number of units and can be employed to differentiate between chitin and

chitosan. Chitin with a DD of 65–70% or above is generally known as chitosan. The

DD is an important property of chitosan and defines its physicochemical and

biological properties, hence determining its applications. Despite being the most

abundant polymer in nature after cellulose, the utilization of chitin has been

restricted by its intractability and insolubility. Chitosan has been favored more in

a wide range of application owing to its better solubility and also to its free amine

groups, which are an active site in many chemical reactions. Chitosan is readily

soluble in dilute acidic solutions below pH 6.0. With increasing pH, the amino

groups become deprotonated and the polymer loses its charge and becomes insolu-

ble. The solubility of chitosan is dependent on the DD and the method

of deacetylation used since the pKa value is highly dependent on the degree of

N-acetylation [37].

The positive surface charge of chitosan allows it to interact with macromole-

cules like exogenous nucleic acids, negatively charged mucosal surfaces, or even

the plasma membrane [38, 39]. Chitosan is degraded by enzymes such as chitosa-

nase and lysozyme. The rate of degradation of chitosan inversely depends on the

degree of acetylation and crystallinity of the polymer. The highly deacetylated form

exhibits the lowest degradation rates and may last several months in vivo. It is still

not clearly known what the mechanism of degradation is when chitosan is injected

intravenously. It has been reported that distribution, degradation, and elimination

processes are strongly dependent on molecular weight and DD [40].

It is possible to prepare different forms of formulations such as aqueous disper-

sions, gels, sponges and micro/nanoparticles using chitosan and its derivatives.

Furthermore, versatility in the physicochemical properties of chitosan allows the

formulator an excellent opportunity to engineer antigen-specific adjuvant/delivery

systems.

3.1 Mode of Action

Chitosan has been shown to induce both cellular and humoral responses when

administered via parenteral, mucosal, or transcutanoeus routes [41–43]. Various

studies have demonstrated the activation of the DCs, macrophages, and lympho-

cytes by chitosan [44]. Maeda and Kimura [45] have reported that the presence of

chitosan caused enhancement of the natural killer (NK) cell activity in intestinal

intraepithelial lymphocytes and splenic lymphocytes. The NK activity of intrae-

pithelial lymphocytes (IELs) or splenic lymphocytes treated with low molecular

weight chitosan (LMWC; 21 and 46 kDa) was found to be stronger than that of

lymphocytes treated with high molecular weight chitosan (HMWC; 130 and 650

kDa). In addition, IELs or splenic lymphocytes treated with LMWC were found to

enhance the cytotoxic activity against sarcoma 180 cells. Hence, variations in
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molecular weight or DD of chitosan can lead to different degrees of activation in

cells from the immune system.

The uptake and distribution of chitosan, the phenotype of recruited APCs, the

induction of cytokines tumor necrosis factor- a (TNF-a), interleukin (IL)-12, IL-4,

IL-10, and transforming growth factor (TGF-b), and the activation of T lympho-

cytes were investigated in rats after oral feeding [46]. The orally administered

chitosan in the absence of an antigen was found to enhance a naturally Th2/Th3-

biased microenvironment at the mucosal level by stimulating the production of

regulatory cytokines. McNeela et al. [47] showed in human as well that chitosan

selectively enhanced the induction of Th2 cells following intranasal immunization

with the genetically detoxified diphtheria toxin.

Recently, the effects of chitosan oligosaccharides (COS) with different polymeri

zation degree (3–7 and 7–16) on the activation of spleen CD11c-positive (CD11c+)

dendritic cells (SDCs) and the role of Toll-like receptor 4 (TLR4) in this process

was investigated by Dang et al. [48]. It was shown that SDCs could be induced to

a mature state, secrete TNF-a, and promote the proliferation of CD4+ T cells by

B-COS. TLR4 may play a critical role in this process. The biological activity of

COS was suggested to be dependent on the molecular size or polymeration degree

of COS. But, the mechanisms of B-COS recognition and the B-COS-related

signaling pathway have not yet been described.

The immunostimulating activity of chitosan and its derivatives have also been

investigated in combination with other adjuvants. Combinations of chitosan and its

trimethyl derivative with LTK63 mutant, which is a mucosal adjuvant, were

investigated in an effort to enhance the immunogenicity and protective efficacy

of the CRM-MenC conjugate vaccine given intranasally to mice [49, 50]. At very

low doses of the LTK63 adjuvant, high bactericidal antibody titers were induced

only in the presence of TMC. The quality of this protective immune response was

reported to be modulated depending on the appropriate dosing of the mucosal

adjuvants.

In recent years, new information about the functions of immunomodulatory

cytokines and the discovery of TLRs have provided promising new alternatives

for adjuvants [51]. Based on the delivery potential of chitosan and its compatibility

with IL-12, Heffernan et al. [52] combined chitosan and IL-12 as an adjuvant

system for subcutaneous administration of a model antigen, ovalbumin (OVA).

The chitosan/IL-12/OVA vaccine was found to elicit greater antigen-specific CD4+

and CD8+ T-cell responses, as determined by CD4+ splenocyte proliferation, Th1

cytokine release, CD8+ T-cell interferon-g release, and MHC class I peptide

pentamer staining. The IgG2a and IgG2b antibody responses to OVA were also

enhanced with a combination of chitosan and IL-12. Various TLR ligands including

CpG-containing oligonucleotides, which have shown adjuvant activity when admi-

nistered mucosally, were combined with chitosan. Recombinant hepatitis B surface

antigen (HBsAg)-loaded nanoparticles were associated with Class B CpG

ODN 1826 (50-TCC ATG ACG TTC CTG ACG TT-30) [74] . The generation of

Th1-biased antigen-specific systemic antibodies was observed only when HBsAg-

loaded nanoparticles were applied together with Class B CpG ODN.
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Sometimes, conflicting results have been reported by different groups on stimu-

latory activity of chitosans; however, this is probably due to the differences in

experimental conditions or parameters evaluated. Besides its immunostimulating

activity, the bioadhesive and penetration enhancing properties of chitosan also

contribute to the immune system stimulation by enhancing paracellular absorption

at the mucosal site and allowing increased uptake of antigens [26, 53].

In the following sections, the application of chitosan-based particulate systems

for vaccine delivery will be reviewed according to the administration routes

(mucosal, dermal and parenteral) after giving a brief introduction to each route.

4 Mucosal Delivery

Mucosal immunization has been focused on oral, nasal, and aerosol vaccines. The

use of vaccines that induce protective mucosal immunity becomes very attractive

when one considers that most infectious agents come into contact with the host at

mucosal surfaces. The mucosal immune system, which protects the host from

pathogenic microorganisms at mucosal surfaces, is an integrated network that

permits communication between the organized lymphoid tissues (inductive sites)

and the diffuse mucosal tissues (effector sites) [54, 55]. Through innate and

adaptive immunity, the mucosal immune system maintains immunological homeo-

stasis along the vast expanse of the epithelial surface area, including oral and nasal

cavities, respiratory, intestinal and genito-urinary tracts. The initiation of mucosal

immune responses occurs with the transport of antigen through specialized epithe-

lial cells (M cells) that are present in the organized mucosa-associated lymphoid

tissues (MALT) (including Peyer’s patches, mesenteric lymph nodes, solitary

follicles in the intestine, appendix, tonsils and adenoids). After antigens are taken

up via M cells, they are entrapped by APCs (DCs, B lymphocytes and macro-

phages) and presented to CD4+ and CD8+ T cells [56]. Upon sensitization by the

antigens, B cells proliferate and switch to IgA-committed cells. These B cells

eventually leave the MALT and migrate through the systemic circulation to various

mucosal sites, including the initial induction site for terminal differentiation to

sIgA-producing plasma cells. Recent evidence shows that TLRs recognize specific

patterns of microbial components, especially those from pathogens, and regulate

the activation of both innate and adaptive immunity. TLRs are membrane bound

pattern recognition receptors (PRRs) responsible for detecting most antigen-

mediated infections [57]. There are at least 13 different forms of TLR, each with

its own characteristic ligand.

The oral route would be considered to be the most suitable route for mucosal

immunization with regard to the ease and acceptability of administration. However,

the acidic pH as well as the presence of the digestive enzymes limits the antigen’s

access to the mucosal epithelium, which makes oral immunization complicated.

Hence, over the past two decades, new strategies for design of delivery systems and

adjuvants have been investigated with the aim of enhancing immune responses
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based on entrapping or adsorbing the selected potent antigens into a variety of

micro- and nanoparticulate systems in the absence or presence of another adjuvant

[58, 59]. Such particles can protect the antigens from degradation in the stomach and

intestine, and deliver them efficiently to the gut-associated lymphoid tissue (GALT)

located in the lower portion of the small intestine. When such microparticles reach

the Peyer’s patches in the GALT, they can be taken up by M cells. However, the

ability of microparticles to perform as adjuvants or delivery systems following oral

mucosal administration has not been very encouraging in either animals or human

[60]. Due to these limiting issues in oral vaccination, nasal mucosa, which does not

have the issues of instability in the gastrointestinal region and permits lower doses to

be used, has been investigated as an alternative route for mucosal immunization

[61–63]. The formulation of antigens in particulate delivery systems for intranasal

administration protects the antigen from mucosal enzymes and facilitates the pref-

erential uptake of the antigen by specialized M cells of the nasal-associated lym-

phoid tissue (NALT) [34]. Nasal immunization with particulate systems has

provided more encouraging data than oral immunization thus far in both animal

and human studies. Targeting of antigens to alveolar macrophages has also been

explored using the pulmonary route [64]. Lungs are highly vascularized, have a large

absorptive surface area because of the alveoli structure, and contain bronchoalveolar

lymphoid tissue. Furthermore, local APCs are ideally located for antigen sampling

and subsequent presentation to T cells. Pulmonary vaccination has also the advan-

tage of inducing both systemic and local immunity (IgA and IgG) in the respiratory

tract. However, for pulmonary protein delivery, poor deposition of protein formula-

tions at the alveoli (the absorption site) is still a major limitation [65].

4.1 Oral Delivery

Due to the limitations with the gastrointestinal tract, there are few studies available

on chitosan-based delivery systems for oral vaccine delivery (Table 1). Van der

Lubben et al. [66] were among the first to demonstrate that chitosan microparticles

with a particle size smaller than 10 mm, incorporated with the model protein OVA

as well as diphtheria toxoid (DT), were taken up by the Peyer’s patch after

intragastric administration to mice. A dose-dependent immune reaction was

observed for mice vaccinated with different doses of DT associated to chitosan

microparticles [67]. It was also observed that the immune response started only 1

week after the boosting, indicating the formation of memory cells after priming.

Chitosan formulations administered mucosally have been shown to enhance

tolerance induction in murine models of allergy. Besides protecting against anti-

genic entry to the systemic immune system, mucosal immune system also provides

to be unresponsive to food antigens. Chitosan/DNA nanoparticles carrying the gene

for a principal peanut allergen, Arah2 were prepared for oral immunization and

their efficacy in modulating antigen-induced hypersensitivity in a murine model of

peanut allergy was demonstrated [68]. Oral administration using chitosan/DNA
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nanoparticles for raising specific antibodies to native Der p1, which is regarded as

the most important Dermatophagoides pteronyssimus allergen and is a major

triggering factor for mite allergy worldwide, was investigated in mice [69]. The

nanoparticle formulations were shown to prime Th1-skewed immune responses

against both domains of Der p1. It was suggested that by resorting to an oral route of

DNA delivery, it was possible to induce Der p1-specific immune responses that

were undetectable using a parental route of immunization.

Chitosan has also been investigated for sublingual immunotherapy (SLIT),

which is a noninvasive and efficacious treatment of type I respiratory allergies.

Two types of chitosan microparticles with distinct size and charge characteristics

were investigated for their ability to facilitate allergen uptake by various murine

APC populations as well as to enhance allergen-specific tolerance when adminis-

tered sublingually to OVA-sensitized mice with asthma [70]. Animals were treated

sublingually with soluble or chitosan-formulated OVA twice a week for 2 months.

Airway hyperresponsiveness (AHR), lung inflammation, and T-cell responses in

cervical and mediastinal lymph nodes (LNs) were assessed. Only highly positively

charged (which had the highest mucoadhesivity as well) and microparticulate form

of chitosan was found to enhance OVA uptake, processing, and presentation by

murine bone marrow DCs and oral APCs. Targeting OVA to DCs with this

formulation increased specific T-cell proliferation and interferon g (IFN-g)/IL-10
secretion in vitro, as well as T-cell priming in cervical LNs in vivo. Sublingual

administration of such chitosan-formulated OVA particles was reported to enhance

tolerance induction in mice with established asthma, with a dramatic reduction of

both AHR, lung inflammation, eosinophil numbers in bronchoalveolar lavages, as

well as antigen-specific Th2 responses in mediastinal LNs. Due to both its mucoad-

hesive property and availability to form particles with different properties (size,

charge), chitosan was suggested to be very promising for sublingual immunization.

These results indicated that chitosan can mediate an adjuvant effect by itself that is

dependent on the type and properties of the chitosan used as well as the route of

administration.

4.2 Nasal Delivery

There are numerous studies demonstrating that chitosan and its derivatives enhance

the immune response upon nasal immunization [12, 34]. Recent studies on chit-

osan-based particulate systems for nasal immunization are summarized in Table 2.

The immune response has been shown to be affected by the particle size, DD, and

molecular weight of the chitosan used. We have prepared nanoparticulate systems

using differently charged chitosan derivatives, TMC (polycationic) and mono-N-
carboxymethyl chitosan (MCC, polyampholytic), for nasal immunization [95]. This

was the first time the negatively charged chitosan derivative, MCC, was investi-

gated for mucosal immunization. Enhanced immune responses were obtained with

intranasal (i.n.) application of tetanus toxoid (TT)-loaded nanoparticle formulations
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T
a
b
le

2
C
h
it
o
sa
n
-b
as
ed

p
ar
ti
cu
la
te

sy
st
em

s
fo
r
n
as
al

d
el
iv
er
y
o
f
v
ac
ci
n
es

A
n
ti
g
en

D
o
sa
g
e
fo
rm

C
h
it
o
sa
n
ty
p
e

A
d
ju
v
an
ts

A
n
im

al
m
o
d
el

Im
m
u
n
e
re
sp
o
n
se

R
ef
er
en
ce
s

B
ac
il
lu
s
an

th
ra
ci
s

P
A

an
d
P
A
-

co
n
ju
g
at
e

C
h
iS
y
s

D
ry

p
o
w
d
er

P
ro
ta
sa
n
U
P
G
2
1
3
(M

W

2
0
0
–
6
0
0
k
D
a;

D
D

7
5
–
9
0
%
;

N
o
v
am

at
ri
x
,
N
o
rw

ay
)

M
P
L

F
em

al
e
N
ew

Z
ea
la
n
d

w
h
it
e

ra
b
b
it
s

In
d
u
ct
io
n
o
f
Ig
G
le
v
el
s

[7
6
]

R
ec
o
m
b
in
an
t

A
n
th
ra
x

p
ro
te
ct
iv
e

an
ti
g
en

(r
P
A
)

C
h
iS
y
s

D
ry

p
o
w
d
er

P
ro
ta
sa
n
U
P
G
2
1
3
(M

W

2
0
0
–
6
0
0
k
D
a;

D
D

7
5
–
9
0
%
;

N
o
v
am

at
ri
x
)

M
P
L

F
em

al
e
N
ew

Z
ea
la
n
d

w
h
it
e

ra
b
b
it
s

In
d
u
ct
io
n
o
f
Ig
G
le
v
el
s

[7
7
]

B
B
D

M
ic
ro
sp
h
er
es

0
.2
9
–
5
.3

mm
C
h
it
o
sa
n
(M

W
1
0
,
1
0
0
an
d
3
0
0
k
D
a;

D
D

9
0
.8
%
;
Ja
k
w
an
g
,
K
o
re
a)

–
B
A
L
B
/c

fe
m
al
e

m
ic
e

In
d
u
ct
io
n
o
f
Ig
G
ti
te
r
in

se
ru
m

In
d
u
ct
io
n
o
f
Ig
A
in

n
as
al

w
as
h

[7
8
]

B
B
D

M
ic
ro
sp
h
er
es

1
.9
4
–
5
.2
1
mm

C
h
it
o
sa
n
(M

W
1
0
k
D
a;

D
D

8
0
.4
%
;

Ja
k
w
an
g
)

P
lu
ro
n
ic

F
1
2
7

M
ic
e

In
d
u
ct
io
n
o
f
Ig
G
an
d
Ig
A

le
v
el
s
in

se
ru
m
,
sa
li
v
a
an
d
n
as
al

w
as
h

S
ig
n
ifi
ca
n
t
T
N
F
-a

v
al
u
es

[7
9
]

B
B
D

M
ic
ro
sp
h
er
es

5
–
6
mm

W
at
er
-s
o
lu
b
le

ch
it
o
sa
n
(M

W

1
0
0
k
D
a;

D
D

9
5
.4
%
;
S
u
n
ch
o
n

N
at
io
n
al

U
n
iv
er
si
ty
)

M
an
n
o
sy
la
te
d
ch
it
o
sa
n

–
F
em

al
e
m
ic
e

In
d
u
ct
io
n
o
f
Ig
G
an
d
Ig
A

le
v
el
s
in

se
ru
m
,
sa
li
v
a
an
d
n
as
al

w
as
h

[8
0
]

B
B
D

M
ic
ro
sp
h
er
es

C
h
it
o
sa
n
(M

W
1
0
k
D
a;

D
D

8
0
.4
%
;

Ja
k
w
an
g
)

–
C
o
lo
st
ru
m
-

d
ep
ri
v
ed

p
ig
s

In
d
u
ct
io
n
o
f
Ig
G
an
d
Ig
A

le
v
el
s
in

se
ru
m
,
Ig
A

le
v
el
s
in

n
as
al

w
as
h

[3
8
]

F
M
D
V

D
N
A

an
ti
g
en

N
an
o
p
ar
ti
cl
es

2
5
5
n
m

C
h
it
o
sa
n
(M

W
1
7
0
k
D
a;
D
D
>
8
5
%
;

D
al
ia
n
X
in
d
ie

C
h
it
in
,
C
h
in
a)

P
ro
v
ax

IL
-1
5

F
em

al
e

B
A
L
B
/c

m
ic
e,

g
u
in
ea

p
ig
s

In
d
u
ct
io
n
o
f
Ig
G
le
v
el
s
in

se
ru
m
,
Ig
A

le
v
el
s
in

lu
n
g
an
d
v
ag
in
al

w
as
h

In
d
u
ct
io
n
o
f
ce
ll
u
la
r
im

m
u
n
e

re
sp
o
n
se

(I
L
-4

an
d
IF
N
-g

in
C
D
4
+

ce
ll
s
an
d
IF
N
-g

in
C
D
8
+
T
ce
ll
s)

[8
1
]

P
la
sm

id
D
N
A

H
b
sA

g

G
ly
co
l
ch
it
o
sa
n
-

co
at
ed

li
p
o
so
m
es

7
7
5
n
m

G
ly
co
l
ch
it
o
sa
n
-(
M
W

2
5
0
k
D
a;

D
D

8
8
%
;
S
ig
m
a,
U
S
A
)

–
F
em

al
e

B
A
L
B
/c

m
ic
e

In
d
u
ct
io
n
o
f
Ig
G
le
v
el
s
in

se
ru
m

an
d

Ig
A
le
v
el
s
in

n
as
al
,
sa
li
v
a,
v
ag
in
al

w
as
h

[8
2
]

(c
on

ti
nu

ed
)

Chitosan-Based Particulate Systems for Non-Invasive Vaccine Delivery 123



T
a
b
le

2
(c
o
n
ti
n
u
ed
)

A
n
ti
g
en

D
o
sa
g
e
fo
rm

C
h
it
o
sa
n
ty
p
e

A
d
ju
v
an
ts

A
n
im

al
m
o
d
el

Im
m
u
n
e
re
sp
o
n
se

R
ef
er
en
ce
s

In
d
u
ct
io
n
o
f
ce
ll
u
la
r
im

m
u
n
e

re
sp
o
n
se

(I
L
-2

an
d
IF
N
-g
)

P
la
sm

id
D
N
A

H
b
sA

g

N
an
o
p
ar
ti
cl
es

3
0
0
–
4
0
0
n
m

C
h
it
o
sa
n
(M

W
4
0
0
k
D
a;

D
D
8
5
%
;

F
lu
k
a,
S
w
it
ze
rl
an
d
)

–
F
em

al
e

B
A
L
B
/c

m
ic
e

In
d
u
ct
io
n
o
f
Ig
G
le
v
el
s
in

se
ru
m

an
d

Ig
A
le
v
el
s
in

n
as
al
,
sa
li
v
a,
v
ag
in
al

w
as
h

In
d
u
ct
io
n
o
f
ce
ll
u
la
r
im

m
u
n
e

re
sp
o
n
se

(I
L
-2

an
d
IF
N
-g
)

[8
3
]

R
ec
o
m
b
in
an
t

H
b
sA

g

A
lg
in
at
e-
co
at
ed

ch
it
o
sa
n

n
an
o
p
ar
ti
cl
es

3
0
0
–
6
0
0
n
m

C
h
it
o
sa
n
(D

D
9
5
%
;

P
ri
m
ex

B
io
C
h
em

ic
al
s)

C
p
G O
D
N

F
em

al
e
B
A
L
B
/

cA
n
N
H
sd

m
ic
e

In
d
u
ct
io
n
o
f
Ig
A
le
v
el
s
in

fe
ce
s,

n
as
al

an
d
v
ag
in
al

w
as
h

In
d
u
ct
io
n
o
f
ce
ll
u
la
r
im

m
u
n
e

re
sp
o
n
se

(I
F
N
-g
)

In
d
u
ct
io
n
o
f
T
h
2
-t
y
p
e
im

m
u
n
e

re
sp
o
n
se

(I
g
G
1
/I
g
G
2
a
>

1
)

[7
4
,
8
4
]

P
la
sm

id
D
N
A

H
ep
at
it
is
B
co
re

an
ti
g
en

N
an
o
p
ar
ti
cl
es

3
4
0
–
3
8
0
n
m

C
h
it
o
sa
n
(M

W
1
7
3
k
D
a;

S
h
an
g
h
ai

K
A
B
O

T
ra
d
in
g
C
o
.,
C
h
in
a)

–
M
al
e
N
ew

Z
ea
la
n
d

w
h
it
e

ra
b
b
it
s

In
d
u
ct
io
n
o
f
se
ru
m

Ig
G

le
v
el
s

[8
5
]

In
ac
ti
v
at
ed

in
fl
u
en
za

v
ir
u
s

N
an
o
p
ar
ti
cl
es

C
h
it
o
sa
n
(D

D
1
7
%
;
M
W

2
3
k
D
a,

4
3
k
D
a;

P
ri
m
ex
)

T
M
C

F
em

al
e
C
5
7
-

B
L
/6

m
ic
e

(C
h
ar
le
s

R
iv
er
)

In
d
u
ct
io
n
o
f
st
ro
n
g
er

to
ta
l
Ig
G
,
Ig
G
1

an
d
Ig
G
2
a/
c
re
sp
o
n
se
s

[8
6
]

In
ac
ti
v
at
ed

in
fl
u
en
za

v
ir
u
s

D
ry

p
o
w
d
er

<
1
0
0
mm

C
h
it
o
sa
n
(M

W
1
6
1
k
D
a;

D
D
9
2
%
;

V
an
so
n
H
al
o
S
o
u
rc
e,
U
S
A
)

–
F
em

al
e
b
ro
w
n

N
o
rw

ay

ra
ts

In
d
u
ct
io
n
o
f
Ig
G
le
v
el
s
in

se
ru
m

an
d

Ig
A

le
v
el
s
in

n
as
al

w
as
h

[8
7
]

S
u
b
u
n
it
in
fl
u
en
za

an
ti
g
en

N
an
o
p
ar
ti
cl
es

8
5
0
n
m

C
h
it
o
sa
n
(M

W
1
7
7
k
D
a;

D
D
9
3
%
;

P
ri
m
ex
);

T
M
C

–
F
em

al
e

C
5
7
B
L
/6

(B
6
)
m
ic
e

In
d
u
ct
io
n
o
f
T
h
2
ty
p
e
im

m
u
n
e

re
sp
o
n
se

(I
g
G
1
/I
g
G
2
a
>

1
)

In
d
u
ct
io
n
o
f
Ig
A
im

m
u
n
e
re
sp
o
n
se

in

n
as
al

w
as
h

[8
8
]

C
R
M
1
9
7

M
ic
ro
p
ar
ti
cl
es

o
r
p
o
w
d
er

4
.5
mm

(c
h
it
o
sa
n
)

2
.5
mm

(T
M
C
)

C
h
it
o
sa
n
(D

D
9
4
.5
%
;
P
ri
m
ex
)

T
M
C

L
T
K
6
3

F
em

al
e

B
A
L
B
/c

m
ic
e

In
d
u
ct
io
n
o
f
Ig
G
le
v
el
s
in

se
ru
m

an
d

Ig
A

le
v
el
s
in

n
as
al

an
d
v
ag
in
al

w
as
h

[5
0
]

124 S. Şenel
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in BALB/c mice. Chitosan and TMC nanoparticles (300–400 nm), which have

positively charged surfaces, induced higher serum IgG titres compared to those

prepared with MCC, which are negatively charged and smaller in size (40–90 nm).

The aqueous dispersions of chitosan, TMC, and MCC incorporating TT were also

investigated in vivo. Significantly higher immune responses were obtained with

aqueous dispersions following intranasal application compared to that of TT solu-

tion in phosphate-buffered saline, whereas with subcutaneous administration, no

enhancement in immune response was observed. This is attributed to the bioadhe-

sive property inherent to chitosan that prolong the contact time of the formulation

on the nasal mucosa, thereby leading to higher antibody titres. Both dispersion and

nanoparticle systems prepared by chitosan derivatives were found to enhance

mucosal immune responses. Certainly, encapsulation of TT into the nanoparticles

would bring advantages over a simple aqueous dispersion, especially in protecting

the antigen from the potential undesired environment at the nasal surface and

preventing the loss of the antigen before reaching the target M cells within the

delivery system. Moreover, the retention time of the nanoparticles, which was

longer than that of the solutions, would allow efficient uptake of antigen through

the mucosa thus improving the immune response. Our results showed that the

nature of the surface charge and particle size exert an important role in obtaining

an enhanced immune response using carriers prepared with chitosan. We have also

developed nanoparticles by means of TMC and MCC complexation without using

any crosslinker, and also expected to enhance the immunostimulant effect by using

two chitosan derivatives in the same formulation [90]. TT was incorporated into the

nanoparticles (280 nm) and the immune responses were investigated after nasal

immunization in mice model. The TMC/MCC complex nanoparticles were found to

induce significantly higher immune responses than the nanoparticles prepared

with TMC, MCC, or chitosan alone. These results indicated that the developed

TMC/MCC nanoparticles with very mild processing and high loading efficiency,

maintaining the protein integrity, are very promising both as an adjuvant and as a

delivery system for antigens.

Recently, we have prepared chitosan microparticles for mucosal delivery of

bovine herpes virus (BHV-1), which is a major pathogen of cattle causing serious

infections including infectious bovine rhinotracheitis (IBR)/infectious pustular

vulvovaginitis (IPV) and is still a big threat in Turkey [91]. The integrity and

antigenicity of the virus incorporated into microparticles (35–50 mm) prepared

with various types of chitosan with different molecular weight and solubility were

evaluated through direct immunofluorescent staining in which the virus infected

cells were fluorescently labeled with BHV-1-specific FITC antibody conjugate.

The results showed that the solubility of chitosan did not have any significant

effect on integrity and potency of the antigen, whereas the infectivity decreased

with increasing molecular weight of chitosan. Cytopathic effect (CPE) plaques

after inoculation with BHV-1 loaded microparticles were observed in 16 h with

water soluble chitosan particles whereas with base chitosan particles the post-

infection was observed in longer period of time (LMWC 23 h; medium and

HMWC 42 h].
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Vila et al. [96] have also investigated the immune responses of nanoparticles

prepared using different molecular weight chitosans. The mode of action of chit-

osan nanoparticles loaded with TT was reported not to be affected significantly by

the chitosan molecular weight. Greater response was observed with LMWC parti-

cles at early times (12 weeks), and for HMWC at late times (24 weeks). This was

attributed to the different release rate of TT from LMWC and HMWC formulations.

The potential of LMWC (5 and 8 kDa) for DNA vaccine delivery via nasal

mucosa was evaluated in vitro and in vivo [97]. The in vitro transfection efficiency

of chitosan/DNA polyplexes were investigated, and the LMWC was found to have

lower binding affinity to DNA and mediated higher transfection efficiency. The

capabilities of the polyplexes based on LMWC to elicit serum IgG antibodies and to

attenuate the development of atherosclerosis after intranasal vaccination were

compared with the polyplexes based on HMWC (32, 173, and 425 kDa) in a rabbit

model. Intranasal vaccination with LMWC/DNA polyplexes could elicit significant

systemic immune responses, modulate the plasma lipoprotein profile, and attenuate

the progression of atherosclerosis. Those aspects were comparable to those

obtained by HMWC/DNA polyplexes. The LMWC/DNA polyplexes were shown

to remain stable on the nasal mucosa, and were internalized by nasal epithelial cells,

which was similar to the case of HMWC/DNA polyplexes.

Microspheres using different molecular weight chitosans were prepared for

nasal delivery of Bordetella bronchiseptica dermonecrotoxin (BBD), a major

virulence factor of a causative agent of atrophic rhinitis in pigs [78]. The highest

BBD release was obtained with lower molecular weight of chitosan and at higher

pH. TNF-a and nitric oxide from RAW264.7 cells exposed to BBD-loaded chitosan

microspheres (BBD-CMs) were gradually secreted with time, showing immunos-

timulating activity in vitro. Furthermore, the effect of Pluronic F127-associated

microparticles on immunostimulating activity was investigated in mice [79]. Pro-

tective immunity was measured by survival rate after challenge with B. bronchi-
septica via the nasal cavity. The survival rate of the group treated with BBD-CMs/

F127 was reported to be higher than those of the other groups. Pluronic F127-

associated chitosan microparticles were suggested as an efficient adjuvant for nasal

delivery of BBD.

For influenza vaccines, nasal administration has been regarded as a good alter-

native to parenteral injection because of the enhancement of the mucosal immune

response and the ease of vaccine administration. Chitosan and its derivatives have

also been investigated for nasal delivery of influenza virus. In a study performed in

humans, standard inactivated trivalent influenza vaccine with chitosan was admi-

nistered nasally and intramuscularly [98]. Although the induction of mucosal

antibodies was not investigated, the vaccine was reported to be safe and well

tolerated by the subjects. Overall, the geometric mean serum HI antibody titres

induced by the vaccine were reported to meet the regulatory requirements, and the

seroconversion rate and protective antibody levels achieved were not statistically

different from those for saline vaccines given intramuscularly.

Intranasal vaccination studies with whole inactivated influenza virus (WIV)

adjuvanted with N,N,N-trimethylchitosan (TMC-WIV) have shown promising
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results [86] in mice. No significant differences in the nasal residence time between

WIV and TMC-WIV were observed. However, a remarkable difference in the

location and distribution of WIV in absence and presence of the TMC was

observed, which was correlated with the observed differences in immunogenicity

of these two formulations. TMC-WIV was reported to allow a much closer interac-

tion of WIV with the epithelial surfaces, potentially leading to enhanced uptake and

induction of immune responses. Both WIV and TMC-WIV formulations were

shown to induce minimal local toxicity.

In a study performed in humans, Neisseria meningitidis serogroup C polysac-

charide (MCP)-CRM197 conjugate vaccine mixed with chitosan was administered

in two nasal insufflations 28 days apart and the effects compared to those of

intramuscular injection with alum. Nasal immunization was reported to be well

tolerated, with fewer symptoms reported than after intramuscular injection.

Increases in CRM197-specific IgG and diphtheria toxin-neutralizing activity were

observed after nasal or intramuscular immunization, with balanced IgG1/IgG2 and

higher IgG4. Significant MCP-specific secretory IgA was detected in nasal wash

only after nasal immunization and predominantly on the immunized side [89].

Recently, in another study performed in humans, intranasal vaccine against

norovirus infection (known as the “stomach flu”) incorporated in a dry powder

formulation based on virus-like particle (VLP) antigens including Monophosphoryl

Lipid A (GlaxoSmithKline) and chitosan was reported to show immunogenicity in

clinical Phase I studies [99].

4.3 Pulmonary Delivery

Immunization by the pulmonary route in order to establish a mucosal as well as

systemic immune response against airborne pathogens is an emerging field [100,

101]. The effect of chitosan particles as vaccine carriers in endotracheal immuni-

zation has been investigated by several groups (Table 1). An HLA-A2 transgenic

mouse model was used to investigate the effects of pulmonary delivery of a DNA

vaccine encoding HLA-A*0201-restricted T-cell epitopes ofMycobacterium tuber-
culosis formulated in chitosan nanoparticles [102]. It was shown that the chitosan/

DNA formulation was able to induce the maturation of DCs while chitosan solution

alone could not, indicating that the DNA released from the particles was able to

stimulate DCs. Pulmonary administration of the DNA plasmid incorporated in

chitosan nanoparticles was shown to induce increased levels of IFN-g secretion

compared to pulmonary delivery of plasmid in solution or the more frequently used

intramuscular immunization route. These results indicated that pulmonary delivery

of DNA vaccines against tuberculosis may provide an advantageous delivery route

compared to intramuscular immunization, and that increased immunogenicity can

be achieved by delivery of this DNA encapsulated in chitosan nanoparticles.

The potential of a chitosan derivative, TMC, for pulmonary delivery of DT was

also investigated [88]. Pulmonary immunization with DT-TMC microparticles

128 S. Şenel



containing 2 or 10 Lf units of DT resulted in a strong immunological response, as

reflected by the induction of IgM, IgG, and IgG subclasses (IgG1 and IgG2)

antibodies, as well as neutralizing antibody titers comparable to or significantly

higher than those achieved after subcutaneous administration of alum-adsorbed DT

(2 Lf). Moreover, the IgG2/IgG1 ratio after pulmonary immunization with DT-

TMC microparticles was substantially higher than that of the subcutaneously

administered alum-adsorbed DT. DT-TMC microparticles were also able to induce

detectable pulmonary secretory IgA levels. Recently, Heuking et al. [103] has

developed a new water-soluble chitosan derivative (6-O-carboxymethyl-N,N,N-
trimethyl chitosan) that was functionalized with a TLR-2 agonist as a material for

pulmonary vaccine delivery. Furthermore, TLR-2-decorated CM-TMC nanocar-

riers (400 nm) by complexation with pDNA were prepared and shown to protect

pDNA against enzymatic degradation [104].

The kinetics and toxicity of the nanoparticles (350 nm) prepared using hydro-

phobically modified glycol chitosan (HGC) were evaluated after intratracheal

instillation to mice [105]. The half-life of HGC nanoparticles in the lung was

determined as 131.97 � 50.51 h, showing rapid uptake into the systemic circula-

tion and excretion via urine, which peaked at 6 h after instillation. HGC nanopar-

ticles were found to be distributed to several extrapulmonary organs; however,

the levels were extremely low and transient. Transient neutrophilic pulmonary

inflammation was induced from 6 h to day 3 after instillation. Expression of

pro-inflammatory cytokines (IL-1b, IL-6, and TNF-a) and chemokine (MIP-1a)
in lung showed an increase after instillation and recovered thereafter. The HGC

nanoparticles were suggested as successful candidates for pulmonary delivery

owing to their excellent biocompatibility, transiency, low pulmonary toxicity, and

property of rapid elimination without accumulation.

5 Transdermal and Intradermal Delivery

The skin is accepted to be a good target organ to generate both cellular and humoral

immune responses, hence it is used as an alternative route for vaccine delivery

[106–109]. Studies in several animal species and clinical trials in humans have

established the proof of principle [14]. The skin is rich in DCs found at high density

in the dermis and Langerhans cells (LCs), mostly localized in the epidermis.

Application of vaccine antigens and adjuvants to the skin, also known as transcuta-

neous immunization (TCI) involves the topical application of the formulation

directly onto the skin surface [110]. The quality and duration of the humoral and

cellular responses to transcutaneous vaccination depend on the appropriate target-

ing to the APCs, vaccine dose, route of administration, and use of adjuvant. Various

methods of vaccination have been designed to target the antigen to LCs and DCs for

the induction of immune responses. Among the different parameters that have to be

considered in formulation of particulate sytems for transcutaneous vaccine deliv-

ery, the size of the particles and their physical and chemical properties that allow
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their internalization by APCs are important. Limitations in particle-based TC

vaccination are imposed by skin layers and hair follicles.

In recent years, utilization of chitosan and its derivatives for TC immunization

has been investigated and compared to to intradermal delivery (Table 1). Bal et al.

[71] first studied the immunogenicity of both OVA-loaded TMC nanoparticles

(200 nm) and TMC/OVA solutions after intradermal (ID) injection. TMC/OVA

nanoparticles were shown to be taken up in vitro by DCs and the nanoparticles and

mixtures were able to induce upregulation of MHC-II, CD83, and CD86 whereas a

solution of plain OVA did not induce DC maturation or T cell proliferation. In vivo

studies were also performed in mice by injecting three times with TMC-based

formulations containing either OVA or DT. All TMC-containing formulations were

shown to increase the IgG titres compared to antigen alone, and induced Th2-based

immune responses. Hence TMC was suggested as an immune potentiator for

antigens delivered via the skin. The same formulations were applied onto the skin

in a solution before or after microneedle treatment with two different 300-mm
microneedle arrays and also injected intradermally [72]. As a positive control,

alum-adjuvanted DT (DT-alum) was injected subcutaneously. Microneedle-based

application of a TMC/DT mixture was also shown to increase the antibody titres

when compared to application of the DT solution. However, topically applied

DT-loaded TMC nanoparticles were not able to enhance the immune response.

Modifying the method of microneedle application or the type of microneedle array

used was not helpful in improving the immunogenicity of the TMC nanoparticles.

In another study, reporter antigen expression and immune responses of plasmid

DNA-condensed chitosan nanoparticles and pDNA-coated on preformed cationic

chitosan/carboxymethylcellulose (CMC) nanoparticles were investigated following

topical application onto the skin of shaved mice [42]. Significant levels of luciferase

expression was obtained in skin after 24 h, and significant antigen-specific IgG

titers to expressed b-galactosidase were seen 28 days after the initial application to

the skin. No general correlation between the levels of gene expression in skin at

24 h and IgG titer on day 28 was found for the formulations studied except for

chitosan oligomer/CMC nanoparticles with both the highest levels of gene expres-

sion and IgG titers.

6 Parenteral Delivery

Non-invasive immunization is a top priority for public health agencies due to the

fact that the current immunization practices are unsafe, particularly in developing

countries because of the widespread reuse of non-sterile syringes. However, paren-

teral delivery is still the most valid route. Hence, studies are also being carried out

using chitosan for parenteral delivery (Table 1). The efficiency of chitosan-

encapsulated DNA-based respiratory syncytial virus (RSV) vaccine was investi-

gated after intravenous injection to mice [73]. The nanoparticles were found to be

nontoxic to cells when used at concentrations �400 mg/mL. Immunohistochemical
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and real-time polymerase chain reaction results showed a higher level of RSV

protein expression in mouse tissues when nanoparticles were injected intravenously

than after injection of naked DNA.

Borges et al. [84] have developed a nanoparticulate delivery system composed

of a chitosan core to which HBsAg was adsorbed and subsequently coated with

sodium alginate. A potent adjuvant, CpG ODN 1826, that was shown to induce a

Th1-type immune response was also associated with the nanoparticles [74]. A high

anti-HBsAg IgG titer (2271 � 120 mIU/mL), with the majority of antibodies being

of Th2 type, was observed with the coated nanoparticles. However, regarding

cellular immune response, no significant differences were observed for antigen-

specific splenocyte proliferation or for the secretion of IFN-g and IL-4, when

compared to the control group. An increase in IgG titers was obtained in the

presence CpG ODN 1826 that was not statistically different from the group without

the immunopotentiator, whereas a significant increase in the IgG2a/IgG1 ratio of

the IFN-g production by the splenocytes stimulated with the HBV antigen was

observed [74]. Chitosan nanoparticles co-administered with the CpG ODN were

reported to result in a mixed Th1/Th2-type immune response.

Chitosan microspheres to deliver a fusion protein, Ag85B–MPT64–Mtb8.4

(AMM), from three Mycobacterium tuberculosis genes were prepared and

C57BL/6 mice were immunized at weeks 1, 3 and 5 subcutaneously with the

AMM-loaded chitosan microspheres (6 mm), with AMM in incomplete Freund’s

adjuvant (IFA), or with AMM in PBS [75]. Splenocytes immunized with AMM

loaded chitosan microspheres were found to produce higher levels of IFN-g com-

pared to that of control. The levels of Ag85B-specific IgG (H+L), IgG1, and IgG2a

were also higher than those with AMM in PBS.

7 Concluding Remarks

Chitosan and its derivatives are very promising both as adjuvants and as delivery

systems for vaccine delivery, especially in micro- and nanoparticulate forms.

Amongst the non-invasive routes studied for antigen delivery, the nasal route

seems to be the most suitable, particularly because of ease of administration,

absence of degrading enzymes, and safety. However, it is important to maintain

contact of the antigen with the nasal mucosa in order to guarantee an efficient

antigen uptake. The bioadhesive property of chitosan provides prolonged contact of

the antigen and hence a superior uptake, which results in an enhanced immune

response. Furthermore, owing to its positive surface charge, chitosan increases the

interaction of the antigen with the tissue, which also contributes to improvement of

the immune response. These two latter properties make chitosan favorable for

vaccine delivery. To date, there are very few studies reported on chitosan-based

delivery systems for vaccine delivery in humans. Nevertheless, the results obtained

are very promising which encourages researchers to continue their investigations in

this field.
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63. Kang ML, Cho CS, Yoo HS (2009) Application of chitosan microspheres for nasal delivery

of vaccines. Biotechnol Adv 27(6):857–865

64. Amorij JP, Hinrichs W, Frijlink HW, Wilschut JC, Huckriede A (2010) Needle-free influ-

enza vaccination. Lancet Infect Dis 10(10):699–711

65. Amidi M, Mastrobattista E, Jiskoot W, HenninkWE (2010) Chitosan-based delivery systems

for protein therapeutics and antigens. Adv Drug Deliv Rev 62(1):59–82

66. van der Lubben IM, Verhoef JC, Borchard G, Junginger HE (2001) Chitosan and its

derivatives in mucosal drug and vaccine delivery. Eur J Pharm Sci 14(3):201–207

67. van der Lubben IM, Kersten G, Fretz MM, Beuvery C, Verhoef JC, Junginger HE (2003)

Chitosan microparticles for mucosal vaccination against diphtheria: oral and nasal efficacy

studies in mice. Vaccine 21(13–14):1400–1408

68. Roy K, Mao HQ, Huang SK, Leong KW (1999) Oral gene delivery with chitosan–DNA

nanoparticles generates immunologic protection in a murine model of peanut allergy. Nat

Med 5(4):387–391

69. Chew JL, Wolfowicz CB, Mao HQ, Leong KW, Chua KY (2003) Chitosan nanoparticles

containing plasmid DNA encoding house dust mite allergen, Der p 1 for oral vaccination in

mice. Vaccine 21(21–22):2720–2729

70. Saint-Lu N, Tourdot S, Razafindratsita A, Mascarell L, Berjont N, Chabre H, Louise A, Van

Overtvelt L, Moingeon P (2009) Targeting the allergen to oral dendritic cells with mucoad-

hesive chitosan particles enhances tolerance induction. Allergy 64(7):1003–1013

71. Bal SM, Slutter B, van Riet E, Kruithof AC, Ding Z, Kersten GF, Jiskoot W, Bouwstra JA

(2010) Efficient induction of immune responses through intradermal vaccination with

N-trimethyl chitosan containing antigen formulations. J Control Release 142(3):374–383

72. Bal SM, Ding Z, Kersten GF, Jiskoot W, Bouwstra JA (2010) Microneedle-based transcuta-

neous immunisation in mice with N-trimethyl chitosan adjuvanted diphtheria toxoid for-

mulations. Pharm Res 27(9):1837–1847. doi:10.1007/s11095-010-0182-y

73. Boyoglu S, Vig K, Pillai S, Rangari V, Dennis VA, Khazi F, Singh SR (2009) Enhanced

delivery and expression of a nanoencapsulated DNA vaccine vector for respiratory syncytial

virus. Nanomedicine 5(4):463–472

74. Borges O, Cordeiro-da-Silva A, Tavares J, Santarem N, de Sousa A, Borchard G,

Junginger HE (2008) Immune response by nasal delivery of hepatitis B surface antigen

and codelivery of a CpG ODN in alginate coated chitosan nanoparticles. Eur J Pharm

Biopharm 69(2):405–416

75. Zhu B, Qie Y, Wang J, Zhang Y, Wang Q, Xu Y, Wang H (2007) Chitosan microspheres

enhance the immunogenicity of an Ag85B-based fusion protein containing multiple T-cell

epitopes of Mycobacterium tuberculosis. Eur J Pharm Biopharm 66(3):318–326

76. Wimer-Mackin S, Hinchcliffe M, Petrie CR, Warwood SJ, TinoWT,Williams MS, Stenz JP,

Cheff A, Richardson C (2006) An intranasal vaccine targeting both the Bacillus anthracis

toxin and bacterium provides protection against aerosol spore challenge in rabbits. Vaccine

24(18):3953–3963

77. Klas SD, Petrie CR, Warwood SJ, Williams MS, Olds CL, Stenz JP, Cheff AM, Hinchcliffe

M, Richardson C, Wimer S (2008) A single immunization with a dry powder anthrax vaccine

protects rabbits against lethal aerosol challenge. Vaccine 26(43):5494–5502

78. Kang ML, Kang SG, Jiang HL, Shin SW, Lee DY, Ahn JM, Rayamahji N, Park IK, Shin SJ,

Cho CS, Yoo HS (2006) In vivo induction of mucosal immune responses by intranasal

administration of chitosan microspheres containing Bordetella bronchiseptica DNT. Eur J

Pharm Biopharm 63(2):215–220

79. Kang ML, Jiang HL, Kang SG, Guo DD, Lee DY, Cho CS, Yoo HS (2007) Pluronic F127

enhances the effect as an adjuvant of chitosan microspheres in the intranasal delivery of

Bordetella bronchiseptica antigens containing dermonecrotoxin. Vaccine 25(23):4602–4610

80. Jiang HL, Kang ML, Quan JS, Kang SG, Akaike T, Yoo HS, Cho CS (2008) The potential of

mannosylated chitosan microspheres to target macrophage mannose receptors in an adjuvant

delivery system for intranasal immunization. Biomaterials 29(12):1931–1939

Chitosan-Based Particulate Systems for Non-Invasive Vaccine Delivery 135



81. Wang X, Zhang X, Kang Y, Jin H, Du X, Zhao G, Yu Y, Li J, Su B, Huang C, Wang B (2008)

Interleukin-15 enhance DNA vaccine elicited mucosal and systemic immunity against foot

and mouth disease virus. Vaccine 26(40):5135–5144

82. Khatri K, Goyal AK, Gupta PN, Mishra N, Mehta A, Vyas SP (2008) Surface modified

liposomes for nasal delivery of DNA vaccine. Vaccine 26(18):2225–2233

83. Khatri K, Goyal AK, Gupta PN, Mishra N, Vyas SP (2008) Plasmid DNA loaded chitosan

nanoparticles for nasal mucosal immunization against hepatitis B. Int J Pharm 354(1–2):

235–241

84. Borges O, Silva M, de Sousa A, Borchard G, Junginger HE, Cordeiro-da-Silva A (2008)

Alginate coated chitosan nanoparticles are an effective subcutaneous adjuvant for hepatitis B

surface antigen. Int Immunopharmacol 8(13–14):1773–1780

85. Yuan X, Yang X, Cai D, Mao D, Wu J, Zong L, Liu J (2008) Intranasal immunization with

chitosan/pCETP nanoparticles inhibits atherosclerosis in a rabbit model of atherosclerosis.

Vaccine 26(29–30):3727–3734

86. Hagenaars N, Mania M, de Jong P, Que I, Nieuwland R, Slutter B, Glansbeek H, Heldens J,

van den Bosch H, Lowik C, Kaijzel E, Mastrobattista E, Jiskoot W (2010) Role of trimethy-

lated chitosan (TMC) in nasal residence time, local distribution and toxicity of an intranasal

influenza vaccine. J Control Release 144(1):17–24

87. Garmise RJ, Staats HF, Hickey AJ (2007) Novel dry powder preparations of whole inacti-

vated influenza virus for nasal vaccination. AAPS PharmSciTech 8(4):E81

88. Amidi M, Pellikaan HC, Hirschberg H, de Boerd AH, Crommelin DJA, Hennink WE,

Kersten G, Jiskoot W (2007) Diphtheria toxoid-containing microparticulate powder formu-

lations for pulmonary vaccination: preparation, characterization and evaluation in guinea

pigs. Vaccine 25(37–38):6818–6829

89. Huo Z, Sinha R, McNeela EA, Borrow R, Giemza R, Cosgrove C, Heath PT, Mills KH,

Rappuoli R, Griffin GE, Lewis DJ (2005) Induction of protective serum meningococcal

bactericidal and diphtheria-neutralizing antibodies and mucosal immunoglobulin A in volun-

teers by nasal insufflations of the Neisseria meningitidis serogroup C polysaccharide-

CRM197 conjugate vaccine mixed with chitosan. Infect Immun 73(12):8256–8265

90. Sayın B, Somavarapu S, Li XW, Sesardic D, Şenel S, Alpar OH (2009) TMC-MCC (N-
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