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ABSTRACT Hepatitis B virus (HBV) infection is a worldwide
public health problem. Vaccination is the most efficient way to
prevent hepatitis B. Despite the success of the currently
available vaccine, there is a clear need for the development of
new generation of HBV vaccines. Needle-free immunization is
an attractive approach for mass immunization campaigns, since
avoiding the use of needles reduces the risk of needle-borne
diseases and prevents needle-stick injuries and pain, thus
augmenting patient compliance and eliminating the need for
trained medical personnel. Moreover, this kind of immunization
was shown to induce good systemic as well as mucosal
immunological responses, which is important for the creation
of both a prophylactic and therapeutic vaccine. In order to
produce a better, safer, more efficient and more suitable
vaccine, adjuvants have been used. In this article, several
adjuvants tested over the years for their potential to help create
a needle-free vaccine against HBV are reviewed.
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INTRODUCTION

Hepatitis B is one of the most common infectious diseases in
the world. It is estimated that 40% of the world’s
population has had contact with or are carriers of hepatitis
B virus f(HBV), which corresponds to an estimated 350
million HBV carriers (1). About 600,000 persons die each
year due to the acute or chronic consequences of hepatitis B
(2). Despite the availability of effective HBV vaccines,
hepatitis B remains a major global problem. This situation
is particularly serious in developing countries, especially
since a significant percentage of the population does not
have access to the vaccine or does not return for the
required booster doses. A number of approaches are being
tested in order to minimize this problem, and needle-free
immunization appears to be the most attractive alternative.

Hepatitis B virus infection has a worldwide distribution,
however, at different levels of prevalence. According to the
World Health Organization (WHO), the prevalence of
chronic HBV infection is relatively low in North America,
Australia, Northern and Western Europe and New Zealand
(less than 2% of the general population). Areas of high
prevalence (≥ 8%) include most of Asia (except Japan and
India), the Amazon, the southern parts of Eastern and
Central Europe and sub-Saharan Africa. The other areas of
the globe show an intermediate HBV infection prevalence
(Fig. 1).

Hepatitis B is transmitted among persons by several
routes, which include direct contact with the blood or body
fluids of an infected person (blood transfusions, sharing
equipment for injecting drug use, or unprotected sex with
an infected person) or from an infected mother to her baby
at birth. The patterns of transmission vary among different
parts of the world. In areas of high endemicity, perinatal
and person-to-person transmission are the major transmis-
sion routes, and the majority of the infections occur at early
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ages. In low prevalence areas, the transmission essentially
happens via unprotected sexual intercourse and injected
drug use (2,3). The incubation period of HBV varies from 1
to 4 months after exposure. HBV causes both acute and
chronic infections, and between one-third and one-quarter
of persons infected chronically with HBV are expected to
develop long-term consequences, such as cirrhosis, liver
failure or hepatocellular carcinoma (3–5).

In 1981 FDA approved the first hepatitis B vaccine
which consisted of the surface antigen of the hepatitis B
(HBsAg) virus present in the blood of human carriers of the
infection. This plasma-derived vaccine successfully immu-
nized millions of individuals worldwide until it was replaced
by a recombinant vaccine due to safety concerns. The
currently available vaccine was introduced in the market in
1986 and represents the world’s first subunit vaccine, the
world’s first licensed vaccine against human cancer and the
world’s first recombinant expressed vaccine. The gene
encoding the HBsAg was expressed in yeast cells grown in
bioreactors, and the protein was collected and induced to
refold by chemical treatment to yield virus-like particles
subsequently formulated for injection (6).

A great disadvantage of parenteral vaccines is that the
immune response produced is mainly systemic, and little or
no mucosal immunity is elicited. Since mucosal surfaces are

the main entry site for virus and bacteria, mucosal
immunization would provide the first line of defense,
stimulating the secretion of IgA that avoids the attachment
of the infectious pathogens to the mucosa. Furthermore,
although hepatitis B vaccines already in the market are
considered safe and effective, in order to maintain their
efficiency, vaccines must be administered in three doses,
which reduces patient compliance. In addition, trained
medical personal and special vaccine storage conditions are
needed, which may pose a problem especially in developing
countries. Taking these facts into account, needle-free
vaccination could have a big impact on the efficacy of
immunization against HBV worldwide.

Although no well-established classification of adjuvants
concerning needle-free immunization exists, for the sake of
clarity in this article they will be divided into two major
groups: delivery systems and immunopotentiators. Under
the delivery system group, a description will be made for
adjuvants designed for mucosal (like oral and nasal routes)
immunization and some types of topical immunization.

Mucosal vaccination has been the common generic
name attributed to the oral, intranasal, pulmonary, rectal
and vaginal routes of vaccine administration. Mucosa with
a combined surface of about 400 m2 (8) are undoubtedly
the major site of entry for most pathogens. Therefore, these

Fig. 1 Prevalence of chronic Hepatitis B virus infection (Adapted from Center for Disease Control and Prevention Travelers’ Health Yellow Book).
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vulnerable surfaces are associated with a large and highly
specialized innate and adaptive mucosal immune system
that protects the surface and the body against potential
destructive agents and harmful substances from the envi-
ronment. In a healthy human adult, this local immune
system contributes almost 80% of all immune cells (9).
These immune cells accumulate in a particular mucosa or
circulate between various mucosa-associated lymphoid
tissues (MALT), which together form the largest mamma-
lian lymphoid organ system (8).

Mucosal vaccines are giving rise to some expectations as
highly desirable from various perspectives. As noted above,
one of the most significant advantages is the incising
evidence that local mucosal immune response is important
for protection against early infection, mainly for diseases
originating on mucosal surfaces, such as sexually transmit-
ted HBV. It is generally accepted that mucosal immune
response is theoretically more efficiently induced by the
administration of vaccines at mucosal surfaces, while
injected vaccines are generally poor inducers of mucosal
immunity and, therefore, may be less effective against
infections at mucosal surfaces (7). Injected vaccines gener-
ally tend to induce only systemic immune response, and the
antibodies produced in this kind of response are not
capable of offering protection at mucosa level. Moreover,
mucosal immunization tends to be considered as an
attractive substitute to parenteral immunization as it may
stimulate both humoral and cell-mediated immune
response and induce mucosal and systemic immunity
simultaneously (10). Cellular and humoral immune
responses to HBV antigens are thought to play a crucial
role in the elimination of virus by the host. On one hand,
humoral immune response leads to defense against infec-
tion. On the other hand, cellular immune response,
associated with the activation of the CD8+ cytotoxic T
lymphocytes (CTL) has been reported to be one of the key
factors contributing to virus elimination from infected
hepatocytes playing, as a consequence, an important role
in the pathogenesis and in the reduction of the severity of
hepatitis and the succeeding development of chronic liver
disease (11–14). CTL can protect the organism against
intracellular pathogens, because they can lyse the infected
cells and secrete important cytokines (15). Most non-
replicating vaccines administered by intramuscular injec-
tion are unable to induce this type of CTL-mediated
immune response.

As mentioned above, some types of topical vaccine
administration can also be included in the needle-free
immunization group. Skin is one of the largest immune
organs; it is considered an immunologically attractive target
for immunization and a promising vaccination route. The
skin is full of antigen-presenting cells (APCs), such as
Langerhan cells (LCs) in the epidermis and dermal

dendritic cells (DDCs) in dermis (Fig. 2) (16–18). Their
main function is to capture and process antigen and present
it to other cells of the immune system, which then activate a
specific T-cell-mediated immune response (17,18). Antigen-
presenting cells can stimulate T-lymphocytes and B-
lymphocytes, thus making the skin a highly efficient location
for the beginning of a cellular and humoral immune
response (19–21). Unlike the skin, muscle tissue lacks large
quantities of APCs, and, therefore, intramuscular (i.m.)
injections fail to elicit a sufficiently good cell-mediated
immune response (16).

RECENT ADVANCES IN THE DEVELOPMENT
OF A NEEDLE-FREE HEPATITIS B VACCINE

Needle-free immunization is attracting increased attention
by the scientific community because of some advantages
associated with it (22,23). However, although needle-free
vaccines have some attractive features when compared to
parenteral immunization, they still present some disadvan-
tages. Vaccines administered mucosally encounter the same
host defense barriers as microbial pathogens and other
foreign macromolecules: they are diluted in mucosal
secretions, detained in mucus gels, attacked by acid,

Fig. 2 The skin is full of antigen-presenting cells (APCs), such as
Langerhans cells (LCs), in the epidermis and dermal dendritic cells (DDCs)
in dermis. Their main function is to capture and process antigen and present
it to naïve T-Cells, which then activate a specific T-cell-mediated response.
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proteases and nucleases and barred by epithelial barriers.
Therefore, it is estimated that large doses of antigen would
be required in order to achieve an efficient transport and
uptake by MALT, where antigens can be processed and
presented (24). In addition, it is also necessary to overcome
the problem of immunological tolerance mechanism.
Mucosal surfaces are in a permanent state of alert, but
they adapt to the presence of foreign microorganisms.
Vaccines that produce a strong immune response if injected
in sterile tissues such as muscle could be ignored when
administered through mucosal surfaces (7). This state of
unresponsive or so-called immunological tolerance is
dependent on the route, frequency of antigen administra-
tion and dose (25,26) and has been appointed as one of
the biggest challenges for mucosal vaccine development.
Nasal immunization presents some other disadvantages.
One of the most important limitations of nasal immuni-
zation is the general rapid clearance of the vaccine
formulation in the mucosal surface owing to the
mucociliary clearance. Also, new evidence suggest the
existence of antigen transfer to neuronal tissue via
olfactory bulb, present in the nasal cavity, which can
lead to potential side effects (27,28). Furthermore, some
nasal vaccine systems were shown to induce some serious
clinical manifestations, such as Bell’s palsy syndrome. It
was reported that the inactivated intranasal influenza
vaccine used in Switzerland during 2000/01 increased
the risk of Bell’s palsy among vaccinated individuals. In
contrast, no significant risk of the adverse event was found
to be associated with the parenteral influenza vaccine
(27,28). Finally, topical immunization faces some difficul-
ties in view of the fact that skin forms a protective barrier
that is difficult to penetrate.

Adjuvants have traditionally been defined as agents
added to vaccine formulations that enhance the immuno-
genicity of antigens in vivo. A proposed revision of this
definition (29) divides adjuvants into two classes: delivery
systems and immunopotentiators, based on their dominant
mechanism of action. Both delivery systems and immuno-
potentiators are able to augment the antigen-specific
immune response in vivo, and it is becoming common to
use them together to develop multi-component adjuvants
with the potential to act synergistically. Many adjuvants
were tested in order to create an efficient needle-free
vaccine against hepatitis B (Tables I, II, III and IV)

Delivery Systems

Delivery systems have two main functions: first, helping to
protect the vaccine while inside the body; second, helping
its targeting to the immune cells. In recent years several
approaches have been designed and tested in order to
develop an effective delivery system. For clarity reasons, in

this text, delivery systems for mucosal and for topical
immunization will be described separately.

Delivery Systems for Mucosal Immunization

Lipid Particles. The ability of liposomes to act as adjuvants
was first described in 1974 by Allison and Gregoriadis.
Since then, they have been extensively studied. Liposomes
are composed of naturally occurring, biodegradable lipids
organized in bilayers surrounding an aqueous core (Fig. 3a)
(30). A great variety of substances can be associated to
liposomes, regardless of their solubility, charge, size or shape,
as long as they do not interfere with liposome formation (31).
Although they can promote antigenic responses to various
antigens, there are some problems related to their physical
and chemical stability. In order to overcome these
limitations, researchers developed different approaches.

Lipospheres, also known as solid lipid microparticles
(SLMs), are relatively more stable than liposomes at room
temperature and, thus, more suitable to act as vesicle
carriers. These particles consist of a solid fat core based on
naturally occurring lipids and stabilized by a layer of
surfactant molecules on the surface (32). SLMs combine the
benefits of liposomes and polymeric microparticles, and at
the same time avoid several of their drawbacks, such as
instability, toxicity, biodegradability problems and produc-
tion costs (32–34). Moreover, they are excellent in
controlling and sustaining drug release efficiency.

Saraf et al. prepared and optimized lipospheres for
intranasal delivery of HBsAg (35). Researchers tested two
sets of lipid particles, one containing the cationic polymer
stearylamine in the formulation (LMST) and the other
lacking this polymer (LM). LMST was shown to be more
rapidly taken up by the alveolar macrophages and revealed
considerable stronger mucoadhesion than LM. Researchers
proposed that stearylamine imparts cationic charge onto
the particle surface, which may lead to a stronger
interaction with negatively charged sialic groups of the
mucus, which may also explain the localized uptake of
LMST observed by the same authors. Immunological
studies were conducted by immunizing mice with different
formulations (LM, LMST, Alum-HBsAg and plain HBsAg)
through intranasal (i.n.) or intramuscular routes. In general,
LMST formulation proved to be the best. In fact, mice
vaccinated with LMST (Table I) developed strong systemic
and mucosal immunity. IgG and IgA levels induced by lipid
microparticles without stearylamine were always lower than
the ones induced by the particles that contained the
cationic polymer. The better mucoadhesion property
displayed by LMST was again pointed out as the reason
for these superior results, showing that the use of stearyl-
amine in the lipidic formulation further helps to enhance
the adjuvant capacity of SLMs as delivery system.
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Modified Liposomes. A recent study evaluated the potential
of surface-modified liposomes for nasal immunization (36).
The authors prepared glycol chitosan-coated liposomes
(Fig. 3c) and loaded them with DNA containing pRc/
CMV-HBs(S). Chitosan is known for its mucoadhesive
properties (37); thus, the addition of this polymer to the
formulation is advantageous for creating an intranasal
formulation with prolonged local retention. To test the
immunological response, mice were immunized with glycol
chitosan-coated liposomes loaded with DNA, as well as with
naked DNA (i.n. and i.m.), uncoated liposomes (i.n.) and
conventional alum-based vaccine (i.m.). Immunization with
the novel delivery system resulted in lower anti-HBsAg
titers compared to intramuscular immunizations with either
plain DNA or conventional vaccine. Nevertheless, all mice
developed protective levels of antibodies after a couple of
weeks. On the other hand, only glycol chitosan-treated
mice had high levels of sIgA in nasal, salivary and vaginal
secretions, while i.m. immunization failed to elicit any
significant mucosal immune response. In addition, glycol
chitosan-coated liposomes induced high levels of IFN-γ and
IL-2, indicative of strong cell-mediated immune response
with a Th1-like profile (Table I). In all immunological
assays, coated liposomes tended to produce superior
responses compared to uncoated ones, emphasizing the
idea that mucoadhesive properties of chitosan are impor-
tant for i.n. administration. As expected, recombinant
alum-based vaccine induced a strong humoral response
but failed to elicit a good mucosal and cell-mediated
immune response, which would be important for develop-
ing not only a prophylactic vaccine but with therapeutic
properties, whereas surface-modified liposome formulation
produced an overall better immunological response.

Bilosomes. Lipid vesicles are especially vulnerable to the
detergent effect of interstitial bile salts that leads to
membrane disruption and vesicle lysis (38). In order to
overcome this problem, Margaret Conacher and coworkers
developed bilosomes (39). The preparation of bilosomes is
based on nonionic surfactant vesicle (NISV) technology,
which involves the generation of liposome-like structures of
extremely low toxicity that are capable of stimulating
humoral and cellular immune responses and include bile
salts in their formulation, which stabilize vesicles and
prevent premature release of the antigen (Fig. 3b) (39,40).

Bilosomes showed potential as carrier systems for oral
immunization (39,41,42) and, therefore, were tested to
develop an oral vaccine for hepatitis B (43). They proved to
be stable in simulated gastric fluid (SGF), as well as in
simulated intestinal fluid (SIF) and at different bile salt
concentrations. Antibody titers after oral immunization
(Table I) were compared with titers obtained after i.m.
immunization. Results showed that mice receiving theTa
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highest oral antigen dose (50 μg) achieved anti-HBsAg titers
similar to ones obtained with the alum-based vaccine.
Moreover, the authors showed that all orally administered
formulations generated higher sIgA levels, while conven-
tional alum-based vaccine failed to elicit a mucosal immune
response. Despite the high HBsAg dose administered, the
results revealed the potential of this formulation for HBsAg
oral vaccination.

Mannosylated Niosomes. Niosomes are uni- or multilamel-
lar vesicles formed from synthetic, non-ionic surfactants of
the alkyl or dialkyl polyglycerol ether class, offering an
alternative to liposomes as drug carriers because of their
increased chemical stability (44). The adjuvant capacity of
these non-ionic surfactant vesicles has been shown for a
long time, (45,46), but they have only recently been used to
create a new delivery system for a HBV oral vaccine. In
order to overcome the problem associated with the
vulnerability of these vesicles to bile salt and enzymatic
degradation (47), Jain and coworkers improved the plain
niosome formulation by coating them with O-palmitoyl
mannan (OPM), which confers protection and targeting
specificity to the mannose receptors expressed on macro-
phages and dendritic cells (47). Plain and coated niosomes
were compared in terms of their stability in both SGF and
SIF, demonstrating that the uncoated formulation released
a significantly higher amount of encapsulated DNA.
Immunological response was assayed after oral immuniza-
tion with naked DNA, pDNA-loaded plain and OPM-
coated niosomes. DNA vaccines require more time to elicit
higher antibody levels because DNA needs to be transfected

and translated before the antigen is expressed. OPM-coated
niosomes induced higher anti-HBsAg titers compared to
plain niosomes, possibly because of the protection and
targeting effect conferred by the OPM coating. In spite of
the higher doses of pDNA administered (100 μg), when
compared with that used in previous studies, mucosally
applied formulations induced statistically lower antibody
levels compared to i.m. immunization. In contrast, and
similar to what was observed in previous studies, i.m.
formulations failed to elicit detectable sIgA levels, while
OPM-coated and plain niosomes efficiently induced the
release of sIgA. Cellular responses (IL-2 and IFN-γ levels)
were only present in mice vaccinated with DNA vaccines.

Nanoemulsion. A nanoemulsion-based hepatitis B vaccine
was recently tested on nasal mucosa (48). Nanoemulsions
are water-in-oil formulations stabilized by small amounts of
surfactant. They proved to have wide biocidal efficacy
against bacteria, enveloped viruses, and fungi (49), and their
potential as non-toxic mucosal adjuvants for other antigens
has been demonstrated (50–53). Researchers evaluated the
immune response obtained with the vaccine formulation
composed of a mixture of 20 μg recombinant hepatitis B
surface antigen and nanoemulsion (NE) (HBsAg-NE).
Vaccine adjuvanted with aluminum hydroxide (intramus-
cular) was used as a positive control. Both vaccines
produced equivalent protective levels of anti-HBsAg IgG,
but the alum-based vaccine produced higher levels of IgG1
subclass antibodies associated with a Th2 response, while
HBsAg-NE produced mostly IgG2b (and some IgG2a
antibodies) related to a Th1 response. Mucosal and cellular

Fig. 3 Some delivery systems
tested for mucosal immunization
against hepatitis B. a: liposome;
b: bilosome; c: modified
liposome; d: chitosan
nanoparticle.
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responses were characterized in bronchioalveolar lavage
(BAL). The nanoemulsion-based vaccine induced consider-
able mucosal immunity as well as high production of Th1-
type cytokines (IFN-γ and TNF-α). The immunogenicity of
the vaccine was also tested in rats and guinea pigs, with
both species developing high anti-HBsAg IgG titers.
Authors claimed that HBsAg-NE is a safe, stable and
effective mucosal adjuvant.

Cationic Particles. Researchers tested the ability of supra-
molecular biovector (SMBV™) cationic nanoparticles to
work as delivery systems for HBsAg (54). SMBVs™ particles
were first described in the mid-1990s (55), and they are
composed of a hydrophilic internal core surrounded by
a lipophilic external layer (56,57). This structure allows the
entrapment of various substances, such as antigens, facili-
tating their delivery to APCs. SMBVs™ were found to be
highly muco-resident particularly in nasal mucosa (58). In
order to test the potential of SMBVs™ nanoparticles,
humoral, mucosal and cellular immune responses were
evaluated following intranasal vaccination of mice with
different antigen doses (1, 3, 10 μg) either alone or in
association with SMBV™ nanoparticles. After three immu-
nizations, all SMBV™ formulations produced high levels of
specific serum IgG in contrast to free HBsAg, which elicit
small antibody titers. Similar results were obtained with
sIgA antibodies and CTL response. Anti-HBsAg IgG1 and
IgG2 isotypes were determined by the same authors
demonstrating a mixed Th1/Th2 profile.

Chitosan Nanoparticles. The term chitosan is applied to a
family of deacetylated chitins and is the only largely
available cationic polysaccharide. It has been considered a
non-toxic, biodegradable and biocompatible polymer
(Fig. 4) (59), so extensive research has been directed towards
its use in medical applications such as drug and vaccine
delivery (60–63). One major advantage of this polymer is its
ability to easily produce nanoparticles under mild con-

ditions without the application of harmful organic solvents.
This has been one of the main reasons for its wide
applicability to the encapsulation of different molecules
such as DNA and antigens. Chitosan is also known to be
mucoadhesive (37). At physiological pH, sialic acid mole-
cules present in mucus have a negative charge, and, as a
consequence, positively charged chitosan exerts strong
electrostatic interaction with them. Moreover, its ability to
stimulate cells of the immune system has been shown in
numerous studies (64–67). These unique features make
chitosan an attractive polymer to create a novel delivery
system for a mucosal vaccine against HBV (Fig. 3d).

Alginate-coated chitosan nanoparticles were synthesized
and tested for their ability to work as a delivery system for
mucosal immunization against HBV (68–70). Alginate is a
biodegradable and biocompatible natural polysaccharide
polymer with negative charge that demonstrated modifying
antigen release from chitosan nanoparticles. The delivery
system is composed of a chitosan core, to which the antigen
was adsorbed, and was subsequently coated with sodium
alginate, all under mild conditions. To further improve the
immunological capacities of the novel delivery system, CpG
motifs were added to the formulation. Alginate-coated
chitosan nanoparticles have been shown to be non-toxic,
and their ability to be taken up by M-cells of Peyer’s
patches was demonstrated in rats (71). Immunological
studies were conducted in different treatment groups. Only
some mice orally immunized with alginate-coated nano-
particles loaded with 10 μg of HBsAg, with or without the
addition of CpG (10 μg), were able to elicit protective
antibody levels after a booster dose. The addition of CpG
seemed to be beneficial, as it augmented the number of
responder mice, but only when the immunopotentiator
was encapsulated inside the nanoparticles. IgG subclass
profiling revealed that immunization with HBsAg-loaded
nanoparticles induced a Th2-like profile, or a mixed
Th1/Th2-like response after boost. On the other hand, when
CpG motifs were co-administered while inside the nano-
particles a Th1-like profile was elicited, due to CpG
capacity of re-directing Th bias (72,73). Mice immunized
with plain antigen failed to elicit a mucosal immunological
response, even when co-administered with CpG ODN, while
in all the other treatment groups, detectable sIgA levels were
induced.

Subsequent studies were carried out by an other
laboratory using a similar delivery system, this time for
nasal administration of HBsAg (70). Systemic, mucosal and
cellular immune responses were evaluated. Animals were
immunized with 15 μl of different formulations. Subcuta-
neous (s.c.) administration of a current licensed vaccine was
used as positive control. Mice parenterally vaccinated
elicited the highest anti-HBsAg IgG titers but failed to
develop detectable sIgA levels in nasal and vaginal washes,

Fig. 4 Some polymers tested for the development of a needle-free
delivery system against HBV. Chitosan (CH), poly(glycolic acid) (PGA),
poly(lactic acid) (PLA) and poly(lactide-co-glycolic acid) (PLGA).
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as well as in feces. Upon nasal immunization, only animals
vaccinated with formulations containing CpG were able to
produce a systemic immune response, suggesting that an
immunopotentiator is required for effective immunization
by the nasal route with alginate-coated nanoparticles.
Conversely to the previous report, this time higher IgG
titers were detected in animal groups nasally immunized
with formulations where CpG was not associated with the
nanoparticles. Evaluation of IgG subclasses demonstrated a
predominant Th2-like response in seroconverted mice
vaccinated with the commercial vaccine versus a mainly
Th1-like immune response elicited by the other two groups.
Regarding mucosal immunization, all treatment groups
developed quantifiable sIgA levels with the exception of the
above-mentioned s.c. immunized and untreated mice,
further demonstrating that mucosal immunization was
needed to elicit a mucosal immune response. Quantifica-
tion of IFN-γ showed that all nasally vaccinated animals
showed higher interferon production compared to the
control group. Overall, the best results were obtained upon
nasal administration of chitosan nanoparticles loaded with
the antigen plus CpG in solution or with plain HBsAg co-
administered with the immunopotentiator in phosphate
buffer saline (PBS). Authors considered the results still not
fully conclusive and that improvement of the delivery
system was required.

A different research group also worked with chitosan
nanoparticles but loaded with DNA encoding surface
protein of HBV (74). This group also chose the intranasal
route of administration, bearing in mind chitosan’s
mucoadhesive properties. To test the potential of the
nanoparticles, immunization studies were conducted, mice
being immunized with different formulations and by
different routes. Higher anti-HBsAg titers were elicited
after i.m. immunization with either recombinant alum-
based vaccine or plain DNA in comparison to i.n.
immunization with chitosan nanoparticles loaded with
DNA or naked DNA. Nevertheless, nasal administration
of plasmid DNA-loaded chitosan nanoparticles was able to
elicit seroprotective levels in all mice. In contrast, sIgA
levels were induced only upon intranasal immunization,
while i.m. formulations failed to elicit them. Statistically
higher levels were produced in mice immunized with
DNA loaded in chitosan nanoparticles rather than DNA
alone. Authors suggested that chitosan-DNA nanoparticles
adhere to nasal or gastrointestinal mucosa, are more easily
transported to MALT and, thus, might be taken up by
M-cells and induce strong mucosal immune responses.
IFN-γ and IL-2 levels revealed a dominant Th1-like
profile, which is advantageous for the eradication of HBV.
In general, chitosan nanoparticles loaded with DNA elicited
good humoral, mucosal and cellular responses, further
demonstrating the potential of this polymer to create an

effective delivery system for mucosal immunization against
HBV.

Polymers of Lactic and Glycolic Acids. A number of different
polymers have been utilized in formulating nanoparticle
drug carriers. Among them are the homo- and copolymers
of lactic and glycolic acids: poly(lactic acid) (PLA), poly
(glycolic acid) (PGA) and poly(lactide-co-glycolic acid)
(PLGA) (Fig. 4).

These polymers have several attractive features such as
being non-toxic for humans, tissue compatible, and biode-
gradable and having an adjustable degradation rate (75–78),
as well as an adjuvant effect on antibody induction (79),
although they are not deprived of disadvantages. The
synthesis of particles using these polymers requires the use
of organic solvents and high shear stress, which affects the
antigen integrity. Also, the low pH caused by the
degradation of the polymer affects the antigen (77,80–82).
Researchers all over the world are trying to overcome these
disadvantages and produce improved and more efficient
vaccine delivery systems.

PLGA particles demonstrated good results in eliciting
not only systemic but also mucosal immune response after
oral delivery to viruses such as HIV (83,84) and rotavirus
(85). In this regard, it is important to mention that Xiao-
Wen He and coworkers developed PLGA microparticles
containing DNA encoding HBsAg for oral immunization
(86) and proposed that they act by protecting the antigen
from degradation and by promoting a direct delivery to
APCs, thus enhancing uptake by APC. They compared
antibody (IgG and IgA), IFN-γ and CTL levels after i.m. or
oral delivery of naked or PLGA-encapsulated DNA. When
orally administered, naked DNA showed minor immuno-
genic response, because DNA was exposed to the harsh
environment of the stomach and thus degraded, demon-
strating the need for protection when given by the oral
route. A dose of 20 μg of DNA encapsulated in the PLGA
microparticles was able to induce HBsAg-specific anti-
bodies to levels comparable to those induced by i.m.
injection of 200 μg of naked DNA. Considerably higher
levels were induced when DNA loading of the nanoparticles
was increased to 200 μg. Also, fecal sIgA was detected in
the stool of mice immunized with PLGA-encapsulated
DNA in opposition to mice immunized i.m., where no
IgA response was detected. These two facts proved that this
kind of vesicular carrier is able to elicit both systemic and
mucosal immune responses. It is accepted that a Th1-like
response is important for the elimination of the virus from
infected cells, and it is associated with CTL activity and
IFN-γ production (87). Induction of IFN-γ to the antigen
was only achieved when mice were immunized orally with
PLGA nanoparticles encapsulating the antigen, whereas the
levels achieved with i.m. immunization were almost
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negligible. Results were similar to the ones obtained with
CTL, where a much stronger response was reached by oral
immunization rather than by i.m. Overall, the results show
the potential of PLGA microparticles for oral vaccination,
as they were able to induce mucosal and systemic cellular
and humoral responses.

Another approach using PLGA as a polymer for the
development of a novel vaccine carrier system involved the
development of surface-modified DL-lactide/glycolide co-
polymer microspheres with chitosan (80) for nasal admin-
istration. Researchers improved previous PLGA
formulations by the addition of trehalose, which is a
stabilizer of the proteins. As mentioned before, the
preparation of PLGA nanoparticles may require the use
of organic solvents, which may affect the antigen integrity.
Trehalose acted as a shield preventing protein from coming
into contact with the solvent. The addition of chitosan to
the surface of the PLGA microspheres also has advantages:
it resulted in the shift of the zeta potential from negative to
positive, which promoted bioadhesion of the positively
charged microspheres to the mucin network in the nasal
cavity and thus reduced the nasal clearance rate. Serum of
mice immunized with different formulations was collected,
and anti-HBsAg levels were determined, showing that nasal
administration of modified PLGA microspheres with or
without cholera toxin B (CTB), after a booster dose,
resulted in levels similar to those obtained with alum-
HBsAg vaccine injected subcutaneously. Furthermore,
when IgA, IL-2 and IFN-γ levels were measured in different
secretions (vaginal, nasal, salivary and serum secretions),
they were negligible after s.c. immunization with alum-
adsorbed HBsAg vaccine. In contrast, modified PLGA
microspheres showed significant levels of those compounds.
The authors concluded that modified PLGA microspheres
had potential as vesicular carriers for HBsAg, as they were
able to protect HBsAg until uptake, eliciting good mucosal,
cellular and humoral responses after intranasal administra-
tion and demonstrating a Th1-like cytokine profile impor-
tant for the treatment of HBV infections. Nevertheless, they
required at least two administrations to be effective. On the
other hand, unmodified microspheres were not able to elicit
such good results, most likely due to their faster clearance
rate. CTB showed no additional benefit.

Rajkannan and co-workers developed a different carrier
for hepatitis B oral vaccine using B-cell epitope-loaded poly
DL-lactide-co-glycolide (PLG) microparticles (BCEM) (88).
B-cell epitopes are antigenic regions of a protein that is
recognized by immunoglobulin molecules. Authors high-
lighted the capacity of PLG microparticles to act as a depot
for the antigen, which allows prolonged and pulsatile
release of encapsulated antigens. The release profile of the
antigen depends on the degradation rate of PLG micro-
particles that varies according to the physical characteristics

of the polymer. BCEM showed a triphasic release profile
that researchers found valuable, as it gives primary
immunization effects and contributes to the development
of a single dose vaccine. BCEM are taken up by M-cells
and then transported to Peyer’s patches, where they are
retained and gradually release the antigen. This retention
appears to be essential for persistent stimulation of memory
B-cells and for maintaining antibody titers over extended
periods of time (89). Immunological tests compared BCEM
against B-cell epitope peptide (BCEP) alone. Mice were
orally immunized with 100 μg of either BCEM or BCEP,
and after a single administration both formulations were
able to induce IgG anti-HB antibodies in a similar way. At
the onset, BCEP elicited higher IgG titers, reaching a
maximum around the fourth week. BCEM IgG titers were
initially lower, reaching their maximum by week 6 and then
remaining constantly higher than the ones obtained with
BCEP, demonstrating that PLG microencapsulation of
BCEP leads to slow release of peptide, which elicited a
prolonged immune response and ultimately making the
need of booster doses unnecessary. After a period of time,
mice were i.m. infected with HBsAg, which led to a rapid
and vigorous production of antibodies in the group of mice
previously immunized with BCEM due to the induction of
a secondary immune response. Mice that were immunized
with BCEP were only able to elicit a gradual and weaker
response.

Another group of researchers proposed a different
carrier, also based on PLGA particles (90,91). Lectin
anchored-stabilized biodegradable nanoparticles are PLGA
nanoparticles with lectin from Arachis hypogaea (PNA)
anchored to the surface and were shown to present some
enhancement as compared to simple PLGA nanoparticles.
This vesicular carrier combines two strategies for enhancing
immune response. On one hand, PLGA nanoparticles
function as a protection of the fragile antigen to the harsh
environment, preventing its destruction; on the other hand,
lectins target vaccines specifically to M-cells. Lectins are
defined as proteins which specifically and reversibly bind
carbohydrates. Lectin receptors are expressed on innumer-
ous types of cells, namely a specialized epithelial cell called
M-cell, which is responsible for uptake and transport of
antigens. Lectins allow specific targeting of the PLGA
nanoparticles to these areas of antigen uptake and, thus,
have a greater chance of inducing stronger immune
responses. These PLGA nanoparticles also had the same
drawbacks of previously synthesized PLGA-based carriers.
In this regard, researchers used trehalose as a protein
stabilizer and also added Mg(OH)2 that acted by neutral-
izing the acidity within the particles, generated by polyester
hydrolysis of PLGA, conferring an overall protection to the
antigen. Immunological response was assayed in mice after
i.m. and oral administration of different formulations (91).
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To evaluate the generated immune response, serum anti-
HBsAg, mucosal sIgA and serum IL-2 and IFN-γ levels
were determined. Results showed that formulations con-
taining lectin had higher antibody titers, which can be
attributed to its targeting capacity. In addition, the
formulations containing trehalose and Mg(OH)2 showed
higher immune responses, most likely due to the protective
capacity of the two agents towards the antigen. Moreover,
serum anti-HBsAg titers obtained after oral immunization
with the stabilized lectinized nanoparticles were found to
be equivalent to those observed after i.m administration of
alum-HBsAg. As expected, mucosal IgA levels were
negligible for the intramuscular administration. The high-
est levels of IgA were achieved with the stabilized
lectinized nanoparticles. Similar results were obtained
with IL-2 and IFN-γ levels, indicative of a Th1 immune
profile. Overall, the described results were considered very
promising.

Recently, an Indian group described the use of poly
(lactic) acid (PLA) to synthesize new vesicular carriers to
encapsulate HBsAg for mucosal vaccination against hepa-
titis B (78). PLA is a well-known polymer, similar to PLGA,
with attractive features for the development of vaccine
delivery systems (76,78). In this study, researchers used
different combinations of PLA with another polymer, poly
(ethylene glycol) (PEG) to synthesize copolymers blocks.
PEG has been shown to confer mucoadhesion and long
circulation properties to PLA (78). Different AB, ABA and
BAB (PLA as block-A and PEG as block-B) block-based
nanoparticles were prepared and tested to optimize their
properties. In vitro release profiles of optimized AB, ABA
and BAB nanoparticles showed a triphasic release profile,
very advantageous for vaccine delivery, as it mimics the
three-shot schedule of the conventional vaccine. Immuno-
logical studies with the optimized formulations were
performed, and results were compared with those of plain
PLA nanoparticles and alum-based vaccine. Mice immu-
nized with the conventional alum-based vaccine presented
the highest serum anti-HBsAg titers, but required a booster
on day 30. Conversely, AB, ABA and BAB formulations
only needed a single administration to present comparative
results, which may be due to their triphasic release profile in
vitro. The initial release acted as a primer and resulted in
the generation of memory cells; a subsequent release then
had the effect of a booster dose that potentiated the IgG
titers in the blood. PLA nanoparticles showed the lowest
immunological response, probably because of the degrada-
tion of the antigen that was not as well protected as in the
other formulations. IgA levels were significantly higher in
mice nasally vaccinated with copolymer nanoparticles, both
at the administration site and distant mucosal surfaces.
Intramuscular injection of the conventional vaccine did not
elicit significant IgA levels. IgG1 and IgG2 levels were also

measured. Block copolymers gave a mix Th1/Th2 re-
sponse, in contrast to alum-based vaccine that failed to
generate Th1 immunity. In general, the results showed the
potential of copolymer-based nanoparticles as mucosal
vaccine delivery systems, and, among them, BAB nano-
particles were found to be the most promising, being
superior to other copolymer-based formulations.

Salmonella. For many centuries, diseases such as smallpox,
cholera and diphtheria killed millions of people. There was
no way of preventing infectious diseases until the late 1700s,
when Edward Jenner developed the first vaccine with a
naturally attenuated virus to protect against smallpox
infection. Jenner’s technique of inoculating with cowpox
to protect against smallpox rapidly spread across Europe,
but only more than a century later Louis Pasteur
established the basis of modern live attenuated vaccine
technology. Although these vaccines proved to be effective,
there were some safety issues related to the method of
preparation and the possibility of it to revert to a virulent
form. Over the years, many advances have been made
towards a safer vaccine, and a new generation of rational
attenuated vaccines was designed.

Bacterial vectors represent an alternative approach to
synthetic (non-living) delivery systems for mammalian cell
gene and protein delivery. This technology was first
described in the early 1980s (92). Attenuated strains can
induce immune responses against antigens that are only
expressed in vivo and are not present in an inactivated
vaccine preparation. Moreover, the ability of most attenu-
ated vaccines to replicate in the host results in the elicitation
of strong and long-lasting immune responses, which mimic
those stimulated by natural infections (93). There are
intrinsic difficulties in this approach, namely the expression
of virulence factors which are responsible for the main
limitation associated with the design of live vaccines.
Therefore, the ultimate goal will be the creation of steady
immunogenic recombinant strains that express sufficient
quantities of antigen in vivo and that offer no threat to the
vaccinated individual and the environment.

One commonly studied live bacterial vector is Salmonella.
Recombinant Salmonella strains are attenuated and become
no longer pathogenic, but retain their immunogenicity,
making them attractive carriers to deliver antigens for
mucosal immunization (94–96). Salmonella invades the host
by crossing the intestinal mucosa via M-cells and colonizing
GALT (97,98). In fact, a benefit of this bacterial vector is
that it replicates and expresses the antigen in the intestine,
thus delivering it to the mucosal immune system, where
local and systemic humoral and cellular responses are
strongly stimulated (93,99,100).

Schodel and coworkers investigated the use of Salmonella
as a bacterial carrier to create a mucosal vaccine for
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hepatitis B (101–110). The group developed expression
systems coding for hybrid HBcAg particles displaying
epitopes of the preS1 and preS2 regions in non-virulent S.
typhimurium (mice) and S. typhi (humans) vaccine strains and
was able to prove that, in animals, recombinant salmonellae
induced an immune response against HBV when delivered
orally (102,105–107). The same authors also tried to
establish which route of administration (oral, nasal, rectal
and vaginal) was the best to induce the strongest systemic,
as well as mucosal, immunity (108). Results showed that,
although Salmonella vaccine was successful in eliciting an
immune response after immunization by all routes, the
nasal route proved to be the most efficient at inducing both
systemic and mucosal immune responses. Nevertheless, oral
and rectal route were chosen to continue studies in human
volunteers (101,110). Results were disappointing when the
S. typhi-based vaccine failed to elicit good antibody
responses in both phase I clinical trials, suggesting that
additional work would be required.

Further studies were carried out in animals using
Salmonella-based vaccines to create a hepatitis B mucosal
vaccine. Nardelli-Haefliger et al. used attenuated Salmonella
typhimurium strains expressing the hepatitis B nucleocapsid as
a vaccine system (111). They found that nasal administra-
tion of attenuated strains to mice was more efficient in
inducing antibody response than oral vaccination, but the
nasal route resulted in more adverse effects. Interestingly,
when reducing the dose, nasal vaccination was still efficient,
while oral vaccination was ineffective.

Woo et al. and Bo-jian Zheng et al. evaluated the
feasibility of S. typhimurium delivering plasmid-encoded
hepatitis B surface antigen (HBsAg) in eliciting effective
immune responses in a mouse model (112,113). The
immunogenicity of the DNA vaccine carried in S. typhimu-
rium was compared to recombinant HBsAg vaccines and
naked DNA vaccines (i.m). Results showed that live
attenuated S. typhimurium DNA vaccine was able to elicit a
strong CTL response, considerably better than the one
induced by the recombinant protein vaccine. This was not
unexpected, since in DNA vaccines part of the antigen
generated is cleaved inside the APCs and presented by the
MHC class I pathway, while in recombinant HBsAg
vaccine the antigen is generally presented via MHC class
II pathway. Quite unexpected was the observation of a
weak antibody response elicited by the live attenuated S.
typhimurium DNA vaccine, especially in comparison with the
i.m. DNA vaccine. Authors believe that it may be due to
the fact that S. typhimurium selectively infects MALT and
only little HBsAg is presented through the MHC class II
pathway. They concluded that the rather deficient humoral
but strong cellular response could make the vaccine a
possible candidate for a therapeutic vaccine for chronic
HBV carriers as well as for non-responders who do not

develop an antibody response to the conventional recom-
binant protein vaccine.

Edible Vaccines. Another interesting approach is the use of
transgenic plants as a delivery system for oral vaccines.
There are many studies involving the use of plants modified
to express HBV surface antigen. These expression systems
have some advantages when compared to others, such as
low cost of large-scale production, no need for special
storage conditions and lack of contamination with animal
pathogens (114–116). Some researchers are using plants not
only for the HBsAg production, but also as delivery systems
for direct human consumption. In addition to the previous
advantages, plant-derived vaccines present some benefits
over the traditional ones: they are cheaper because there is
no need for purification of the antigen, which is a very
expensive step (115); the bioencapsulation of the antigen
can protect it against enzymatic digestion (114,117); and
the administration is easier, since it does not require the use
of specialized equipment and trained staff. Only a few
plants have already been tested as edible delivery systems
for oral immunization against hepatitis B (Table II).

According to Stephen Streatfield, some aspects should be
taken into consideration when developing a plant-derived
vaccine First, it is necessary to choose the appropriate
expression system, because not all plants are good candi-
dates for plant-derived vaccines, since they are unpalatable
to humans (114,118). It is also important to choose a
resistant plant where the antigen can be stable for long
periods of time without requiring cold conservation and
which can preferably be dehydrated to avoid rapid protein
degradation (114). Second, the antigen concentration must
be high enough to achieve protective doses. Oral vaccines,
unlike parenteral ones, are exposed to enzymatic degrada-
tion, so the oral dose of antigen required may need to be
higher to achieve the same effect (114). Third, the antigen
levels expressed by different plants should be homogeneous;
therefore, we can be sure that we are giving the same dose
to different subjects. Finally, the last aspect is the antigen
accumulation location within the plant. Expression levels of
the antigen may vary among the different plant parts, and
since not all plant parts are edible, it is essential that the
major accumulation site suits human consumption.

HBsAg was the first viral antigen chosen to be produced
in transgenic plants, initially in tobacco (119). Although the
antigen could be expressed in this system, the levels of
expression were low (≈ 0. 01% of the soluble leaf protein),
and the plant tissue was not adequate for eating.

An edible vaccine for hepatitis only appeared years later
with the expression of HBsAg in lettuce, as described by
Kapusta et al. (120). The transgenic lettuce leaves were fed
to three human volunteers twice, and results obtained from
sera of the volunteers after the first feeding showed no
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relevant levels of HBsAg-specific IgG. However, sera
collected after the second feeding revealed HBsAg-specific
antibodies, and in two volunteers those levels where higher
than 10 international units per liter (IU/L), which is indicative
of protection in humans. Although this study suggested that
humans could be immunized using edible vaccines (120), the
expression levels of the antigen in lettuce were again very
low, and again the plant tissue was not adequate for large-
scale vaccines, as the leaves needed to be immediately
processed. Therefore, other options were considered.

Recombinant hepatitis B surface antigen was also
expressed in potato tubers (118,121,122). Potatoes have
been frequently used as convenient model systems for
edible vaccines because transgenic strains are easy to
produce (123). In the first study using potatoes as an oral
vaccine for HBsAg, (122) mice were fed with 5 g of
transgenic HBsAg potato tubers, expressing 1.1 μg HBsAg/
g tuber, plus 10 μg cholera toxin (CT), used as an adjuvant.
Mice were able to develop an antibody response that
reached 73 IU/L three weeks after the last three doses and
then declined. At week ten, an intraperitoneal boost using
the commercial vaccine (0.5 μg/mouse) was administered,
resulting in a clear immunogenic response, most likely due
to immune memory cells formed after oral immunization.
Authors highlighted that the value of the results was limited
by the low amount of HBsAg expressed in potatoes and by
the quantity of tubers mice were able to ingest. Although
they were able to produce tubers that expressed higher
quantities of the antigen, those lines grew badly, suggesting
that high levels of HBsAg may be toxic to the plant.
Although researchers found that it was necessary to
improve those aspects as higher doses of antigen could
induce higher antibody levels, the results were promising
and paved the way to further studies (121). Immunogenicity
of the edible vaccine was compared to that of an orally
delivered yeast-derived HBsAg, usually found in commer-
cial vaccines. No serum HBsAg-specific antibodies were
found in mice immunized with two doses of 150 μg of yeast
derived HBsAg mix with 10 μg CT. An immunogenic
response was only elicited when mice were boosted with a
subimmunogenic dose of the recombinant vaccine. In
contrast, mice fed with 5 g of potatoes (approximately
42 μg HBsAg/dose) and also using 10 μg of CT as an
adjuvant were able to elicit a primary antibody response
that peaked up to 103 IU/L four weeks after the third dose.
Also, a parenteral boost of a subimmunogenic dose of
alum-adsorbed yeast-derived rHBsAg vaccine was able to
elicit a memory response, but much stronger than the one
obtained with the orally delivered yeast-derived vaccine.
Authors believe that these results were related to the fact
that in potatoes HBsAg is retained within vesicular
structures that naturally protect the antigen from degrada-
tion in the gut, and, therefore, some of the antigen particles

were able to be released near the Peyer’s patches and elicit
a mucosal immune response. Mice fed with non-
transformed potatoes showed no primary or secondary
responses. In reverse experiments, mice were first immu-
nized with a single subimmunogenic dose of the recombi-
nant vaccine, which elicited no primary antibody response,
and then five weeks later were fed with transgenic tubers
plus CT for three weeks, leading to rapid increase of
antibody levels. Results might guide towards a new strategy
where a single parenteral immunization is combined with
additional orally delivered doses of potato edible vaccine.
Authors also emphasize that such promising results were
only possible in the presence of CT as an adjuvant, since
using just the recombinant potato tuber resulted in much
lower antibody titers, suggesting the need for an appropriate
human mucosal adjuvant for oral delivery and with
uncooked potatoes, because boiling the samples before
feeding the mice reduced the immunogenicity of the vaccine
considerably. This represents a major drawback, as most
people find raw potatoes unpalatable.

Phase I clinical trials were further conducted (118).
Forty-two previously parenterally vaccinated healthcare
workers were enrolled in a placebo-controlled, double
blind trial. The volunteers were divided into three groups
(Table II). As expected, none of the individuals ingesting
non-transgenic potatoes elicited an immune response
during the study. On the other hand, 60% of the volunteers
that ate transgenic potatoes had their serum anti-HBs titers
increased. Despite the promising results, no additional
studies with this vaccine have been released.

Other systems were also tested in order to create an
improved edible vaccine. One of those was cherry tomatillo
(117). Tomatillo is an interesting alternative to potato, as it
is a relatively efficient transformation system that can be
eaten raw, in contrast to potatoes (123). The expression
levels of the antigen varied within different organs of the
plant and were found to be much higher in leaves than in
other organs, yet levels of recombinant HBsAg per total
soluble protein (rHBsAg/TSP) were superior in the fruit
than in the leaf. Mice were immunized orally by feeding
them with transgenic cherry tomatillo and i.m. boosted in
the fourth week with a subimmunogenic dose of the
commercial vaccine. Considerable antibody levels were
not observed in any of the mice. In contrast, when mice
were first immunized with a single shot of commercial
vaccine and then weeks later orally immunized with
transgenic tomatillo, an immediate strong recall immune
response was developed. Authors believe that the absence
of response in mice primarily immunized with transgenic
tomatillo was due to low levels of antigen expression, and
the results were promising, although some issues still need
to be addressed. In fact, plant-produced HBV vaccine
appeared to be very promising, since it may represent an
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economically viable alternative vaccination strategy for
developing countries. However, as Edward Rybicki says,
“the idealistic vision of a plant-provisioned arsenal of
vaccines for poor people may still be far away: it may take
commercial exploitation of the lower-hanging fruits to bring
in both the production/processing base, and industry and
public acceptance of the technology” (124). Possibly, the key
event that leads to the decrease of interest in plant-based
vaccines was the incident involving ProdiGene Crop. In
2002, regulators found a small amount of “volunteer” corn
engineered to express transmissible gastroenteritis virus
capsid protein to produce a pig vaccine, growing in soybean
and corn fields. The “volunteer” corn had sprouted from
seeds left over from a corn field used for the production of
pharmaceuticals that was being grown under contract by
ProdiGene. As a result, about 500,000 bushels of soybeans
and 155 acres of corn plants had to be destroyed. Although
a minuscule amount of volunteer transgenic corn would
have posed no real danger to the food supply, the Food and
Drug Administration put stronger regulations in place to
keep transgenic pharmaceutical crops out of food (124).

It is probable that no edible vaccine for human use will
be approved any time soon. Researchers are now focusing
their interest in plants on creating novel viral expression
systems for new HBV vaccines, and some plants have
already been tested, including bananas (125), Nicotiana
benthamiana leaves (126,127), rice seeds (128), Nicotiana
tabacum and Arabidopsis thaliana (129) and lettuce (130).

Delivery Systems for Topical Immunization

According to Mahor, topical immunization (TI), or trans-
cutaneous immunization (TCI), is a novel and needle-free
strategy involving vaccine delivery through topical applica-
tion of antigen and adjuvant(s) directly or via a suitable
carrier system on intact skin (131). The skin is a
complicated structure, made up of several layers. The
superficial region is known as stratum corneum and is the
primary protective site against percutaneous absorption of
compounds. Underlying it is the viable epidermis that is
mainly composed of keratinocytes. The innermost layer is
the dermis and consists of blood vessels, nerves, elastin
fibers, collagen, lymphatic channels, hair follicles, oil and
sweat glands that serve as a support for the upper skin
layers (16). As mentioned before, the skin is full of antigen-
presenting cells, making it an immunologically active site
and an attractive vaccination route.

TI is achieved by physical, chemical or vesicular
approaches (Table III). The pursuit for a better HBV
vaccine led researchers to exploit some of the mechanisms
involving these strategies, such as particle-mediated
epidermal delivery (132–136) and epidermal powder

immunization (137,138) (physical approaches), and niosomes,
and highly deformable liposomes, and ethosomes (vesicular
approaches).

Particle-Mediated Epidermal Delivery. One approach to skin
immunization is particle-mediated epidermal delivery
(PMED). PMED is a needle-free technology by which
DNA-coated gold microparticles are used to transfect
target tissues using a device called gene gun (139). The gene
gun DNA vaccine strategy utilizes a helium jet to accelerate
DNA-coated gold particles into to the epidermis, which is
under constant immune surveillance and is the body’s first
defense against pathogens. This type of transfer method
has several advantages: easy and quick procedure of
transfection, availability for all types of cells, little volume
of DNA, and many target cells hit by a single shot,
different from the microinjection method, and higher
efficiency of gene transfection rate than attenuated by
electroporation or lipofection. However, gene gun immu-
nization also has some disadvantages (140). First, only
small quantities of DNA can be loaded onto the golden
beads because they can clump when high amounts are
used. This can lead to reduced efficiency of the plasmid
delivered and consequently result in the need for multiple
shots. Also, gold beads are difficult to handle after coating,
and, finally, the gene-guns themselves are not simple to
use.

In the early 1990s a gene gun mediated-DNA vaccine
for HBV was developed by Fuller et col. (141). Gene guns
were originally designed for plant transformation, but were
considered to be a promising way to deliver DNA plasmids
encoding HBV antigens directly to cells (136). DNA
vaccines are a good alternative to protein vaccines because
they are able to induce T-cell response. During the
research, Fuller and coworkers found that 95% of the
immunized BALB/c mice were able to reach antibody
titers higher than 10 IU/L after a boost immunization.
Anti-HBsAg antibody titers decreased over time after some
weeks but remained high enough during the study time.
Tests with the epidermal DNA vaccine were also performed
in pigs, mainly because of their similarity to humans in
terms of skin physiology. The results demonstrated
(Table III) that small doses of DNA vaccine were able to
elicit protective levels of HBsAg-specific antibody similar to
those obtained with the commercial vaccine (136).

As a result of the potential of gene gun mediated-DNA
vaccines, phase I clinical trials were carried out to test the
safety, tolerability and immunogenicity of the vaccine in
healthy humans (132,134,135).

The first trial involved seven healthy adult volunteers that
were hepatitis B core antibody negative (135) (Table III). No
significant adverse effects were noticed. One of the
volunteers developed a strong antibody response after the
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first immunization, probably due to pre-exposure to HBV.
All the other subjects, including a previous seropositive
individual, failed to elicit humoral responses, most probably
due to the low DNA dosage. Four seronegative volunteers
later received three doses of the commercial vaccine and
developed vigorous antibody responses, suggesting that the
hepatitis B DNA vaccine given by a gene delivery system
may induce a booster response, but higher doses might be
needed to induce a primary immune response.

The second trial involved twelve hepatitis-naïve volun-
teers divided into three dosage groups (Table III) (132). The
gold particles coated with DNA were delivered using a
PowderJect™ XR1 device to the inner aspect of the upper
arm. After the second immunization, 75% of the volunteers
(nine in twelve) had seroconverted, but only three showed
protective levels of the antibody. By the time of the third
immunization all twelve volunteers had seroconverted with
anti-HBsAg levels varying from 10 up to 5000 IU/L.
Results suggested that DNA dose only affects the serocon-
version rate rather than the geometric mean titer (GMT).
Volunteers with larger time intervals between immuniza-
tions developed higher seroprotective levels and faster than
other individuals. Although it may not be significant,
researchers believe that an extended immunization interval
is vital for optimal immune induction as also suggested
from other studies (142). Some volunteers (the ones whose
antibody titers were below 100 IU/L after three months of
the last immunization) received a single boost with the
commercial vaccine, all successively developing a strong
immune response. Cellular response was also evaluated,
showing that the DNA vaccine elicited, in some cases, a
mixed Th1/Th2-like immune response, but mainly Th1-
like response. In terms of safety and tolerability, the adverse
effects reported were mild to moderate local inflammation
that disappeared within days or weeks.

A clinical trial in subjects of low to non-responsiveness to
commercial hepatitis B protein vaccines was conducted to
determine if particle-mediated DNA vaccines could be
similarly used to overcome vaccine non-responsiveness in
humans (133). It is well known that conventional vaccines
fail to elicit protective antibody responses in a percentage of
vaccine recipients. Using a DNA vaccine against hepatitis B
administered by PMED, researchers were able to elicit
antibody responses in twelve of the sixteen subjects that had
previously failed to acceptably respond to three to nine
doses of the commercial vaccine. Although twelve volun-
teers demonstrated a response to the DNA vaccine, by the
end of the study (280 or 392 days, depending on the group
the subjects were in) only seven still had protective levels. It
is important to highlight that the subjects of the study were
pre-selected as being low to non-responders to the
conventional vaccine, which could have had an impact on
the overall result. This study also showed that a single DNA

vaccine dose was sufficient to boost a pre-existing hepatitis
B antibody response as subsequent clinical trial support
(134).

The latest study served mainly to test the safety and
efficacy of a commercial prototype device (ND5.5) for
PMED versus the previous clinical research device (XR-1)
(134). The two devices were shown to be safe and well
tolerated with no difference in magnitude of antibody
responses, cell-mediated response (CMR) or proportion of
responders between them.

The results obtained illustrate the potential of particle-
mediated epidermal delivery in eliciting good cellular and
humoral immune responses and suggest that it may be an
attractive alternative approach for prophylactic vaccination
against hepatitis B. Clinical trials are now underway for
therapeutic PMED DNA vaccines for HBV (139).

Physical Approaches: Epidermal Powder Immunization. Topical
immunization demonstrated good results not only with
DNA vaccines but also with conventional sub-unit vaccines
(137,138). Epidermal powder immunization (EPI) is very
similar to PMED. It is a needle-free technology for delivery
of the antigen to the top layers of the skin using helium gas-
released gene guns to propel the vaccine powder into the
epidermis (143).

Chen and coworkers used EPI in the development of a
new hepatitis B vaccine (138), demonstrating its ability to
target not only the epidermis but, in particular, the
Langerhans cells that later migrated to draining lymph
nodes. BALB/c mice were immunized with 2 μg of HBsAg
to study the humoral and cellular immune response; mice
i.m. injected with 2 μg of HBsAg were used as control. EPI
was able to elicit primary and secondary antibody responses
with IgG titers similar to the ones obtained after i.m
injection. However, EPI induced CTL responses that the
control group failed to elicit. Further studies, performed by
same group, compared EPI (2 μg HBsAg) with PMED
(2 μg DNA) immunization, and both methods were able to
induce primary and secondary responses as well as CTL
responses in a similar way. The authors believe this to be
correlated to the intracellular delivery of the antigen to LCs
that may lead to a MHC class-I restricted antigen presen-
tation and to a cross-priming effect by antigens delivered to
the keratinocytes (144,145). Overall, the results showed that
EPI can be considered as a viable alternative to create not
only a prophylactic but also a therapeutic vaccine.

Additional studies from the previous group tried to
further improve the vaccine by adding synthetic CpG
oligonucleotides (CpG DNA) (137), which present many
effects that contribute to their adjuvant activity (146–150).
The obtained results suggest that EPI is a better method to
deliver HBsAg when compared to unadjuvanted HBsAg
and as good as the alum-adjuvanted commercial vaccine,
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therefore being able to overcome the need for an adjuvant.
Nevertheless, the use of CpG DNA can further induce the
immune response. Antibody titers obtained using EPI and
CpG DNA in the same formulation were statistically
higher than those induced by the same dose of alum-
adjuvanted HBsAg and comparable to those induced by
i.m. injection of 20 μg HBsAg/50 μg Al(OH)3. Increasing
doses of CpG resulted in increasing antibody titers in EPI
delivery but not in i.m. injection. The use of CpG DNA
also affected the cytokine profile. For EPI, the IgG1/IgG2a
ratio correlated inversely to the quantity of CpG present in
the vaccine formulation. CpG adjuvanted formulation
helped stimulate the production of TNF-α, IFN-γ, IL-6
and IL-12, demonstrating a Th1-like immune profile in
contrast to the one revealed by alum-adjuvanted recombi-
nant vaccine.

Vesicular Approaches. Topical immunization via vesicular
systems is a subject of increasing interest for a growing
number of researchers. Vesicular carriers have the advan-
tage of providing controlled delivery to the target tissue via
different pathways such as keratinolytic, transfollicular or
pilosebaceous routes.

In the late 1990s, Fan et al. described the use of naked
plasmid vector of hepatitis B surface antigen for topical
immunization via hair follicles (151). The authors showed
that an aqueous solution of naked DNA applied topically to
the skin was able to induce IgG class antibodies at a titer
34.4% of that involving intramuscular polypeptide vacci-
nation. Even though it is possible to induce an immune
response using naked DNA, it has been proven that its
uptake by APC is minimal. Also, naked DNA is vulnerable
to hydrolysis by enzymes present in the interstitial space
and therefore needs to be protected, thus making vesicular
carriers an even more appealing approach (131).

Vesicular Approaches: Niosomes. Niosomes can be used as
topical carriers for immunoagents aiming at transdermal
delivery (21). They are considered a better alternative to
liposomes because they are cheap, highly pure, uniform in
content, very stable and easy to store (21,131).

The potential of niosomes as efficient vesicular carriers
for the delivery of plasmid DNA encoding HBsAg through
topical route has been studied (21). Serum antibody titers
and interleukin-2 and interferon-γ levels of topical immu-
nized mice with niosomes were compared to those of i.m.
(recombinant and DNA vaccines) and topically (with naked
DNA and with liposomes) immunized mice. Results from
these studies showed that niosomes were capable of
inducing strong cellular and humoral responses, although
a lower response was observed when compared to i.m.
immunization of naked DNA. However, encapsulation of
the plasmid DNA within the niosomes resulted in improved

immunological responses in comparison to topically applied
naked DNA, probably due to the enhanced transport and
protection of plasmid DNA across the skin, which leads to a
more efficient APC presentation. Niosomes demonstrated
to be slightly better than liposomes, and the authors
believed that this finding might be explained by the
composition of the niosomes. In this regard, the surfactants
present in their formulation serve as penetration enhancers
by raising the fluidity and reducing the barrier property of
stratum corneum. The overall results supported the
potential of niosomes as topical vaccine delivery systems.

Vesicular Approaches: Highly Deformable Liposomes. Deformable
vesicles like elastic liposomes or transfersomes have been
found to be more effective in enhancing drug transport
compared to rigid vesicles like conventional liposomes
(152). Elastic liposomes are composed of a mixture of lipids
and biocompatible membrane softeners (152); the elasticity
of the vesicle depends on the combination of these two
components (152,153). The advantage of this system is due
not only to its ultradeformability but also to the sensitivity
to water gradient throughout the skin (154,155). The
potential of elastic liposomes as vesicle carriers for HBsAg
was first described by Mishra et al. (153). These authors
prepared and characterized this system and performed ex
vivo and in vivo studies. Mice were immunized topically using
HBsAg-loaded elastic liposomes and i.m. by HBsAg
injection. IgG levels of both kinds of immunization were
very similar, while IgA levels in serum were much higher in
mice topically immunized, suggesting the potential of this
formulation in enhancing mucosal immunity in addition to
systemic response. Elastic liposomes were demonstrated to
exhibit good topical carrier characteristics (high entrapment
efficiency, enhanced penetration and effective immuno-
adjuvant properties) (153). Further studies were carried out
with murine dendritic cells (DC), which involved evaluation
of their in vivo uptake of HBsAg-loaded elastic liposomes
and capacity of generating a T-cell-dependent immune
response (17). Elastic liposomes were quickly internalized by
DC and were shown to be non-toxic. A robust Th1-like
immune response was generated, with a marked increase of
IL-2, IFN-γ and TNF-α levels as compared to control. Th2
cytokines levels also recorded a slight, but not significant,
increase.

Another group also worked with elastic vesicles, referring
to them as cationic transfersomes (156). These vesicular
carriers were prepared using two main components—a
cationic lipid (DOTMA) and sodium deoxycholate—that
confer transfersomes their ultra-deformable characteristic,
which enables them to efficiently transfer molecules across
the stratum corneum. Transfersomes were optimized and
loaded with DNA encoding HBsAg, and the immune
response was studied after different routes of administration
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(i.m. HBsAg, i.m. DNA, topical naked DNA, topical
optimized transfersome formulation). As expected, mice
i.m. immunized with HBsAg elicited initial higher levels of
anti-HBsAg that started to decline after the fourth week.
On the other hand, mice that received an i.m. injection of
DNA encoding HBsAg elicited the highest and well-
sustained antibody titers after an initial period of time
required for transfection and translation of the antigen.
Topically vaccinated mice with the optimized transfersome
formulation elicited lower, but clinically protective, levels of
antibody. Also, DNA formulations were able to induce a
stronger cellular response important to eliminate the virus
from the host, with comparable values between the topical
and i.m. immunized groups. In all cases, the transfersome
formulation proved to be better than naked DNA for
topical immunization.

Vesicular Approaches: Ethosomes. Ethosomes are novel and
attractive vesicular carriers for topical immunization that
were first developed by Touitou et al. (157). Essentially, they
are lipid vesicles with a high content of ethanol (131), which
is a well-known permeation enhancer, since it fluidizes both
lipid and bilayer of the stratum corneum, allowing a more
effective delivery of active substances through the skin than
conventional liposomes (131,158,159).

The potential of ethosomes as a delivery system for
topical immunization against hepatitis B was recently
assayed by Mishra et al. (160). These researchers prepared
and characterized antigen-loaded ethosomes, which
exhibited a better permeation profile when compared to
conventional liposomes and plain antigen and showed to be
efficiently internalized by DCs. Pulsed DCs elicited a
predominant Th1-like immune response with two- to five-
fold increase in IL-2, IFN-γ and TNF-α levels, but no
significant increase in Th2-like cytokines levels was
reported. Mice immunized with the ethosome formulation
induced better and stronger humoral and mucosal immune
responses.

Immunopotentiators

Cholera Toxin, Heat-Labile Enterotoxin and Derivates

Two of the most potent immunopotentiators available are
the bacterial toxins secreted from Escherichia coli and Vibrio
cholerae, which are called heat-labile enterotoxin (LT) and
cholera toxin (CT). They are commonly used in animal
models (161–163) and are considered too toxic for human
use, because these molecules are respectively responsible for
traveler’s diarrhea and cholera. To overcome this problem
two solutions have been found: the use of the non-toxic B
subunit that lacks enzymatic activity, which has led to some

diverse results (162,164–167), or the use of detoxified
mutants that have little or no enzymatic activity with
significantly less toxicity but some adjuvanticity (168–174).

In the year 2001, a Japanese group published an article
describing how they tested the use of recombinant cholera
toxin B subunit (rCTB) as an adjuvant for an intranasal
hepatitis B vaccine (175). Recombinant CTB proved to be
an effective mucosal adjuvant for HBsAg (Table IV).
Intranasal administration of three doses of HBsAg combined
with rCTB showed statistically higher IgG levels when
compared to HBsAg alone. Recombinant CTB elevated not
only the systemic response but also mucosal immune response
in all sites examined (nasal cavity, lungs, saliva, small intestines,
large intestines, vagina). Co-administration of rCTB an
HBsAg resulted in a mixed Th1/Th2-like immune response.

CpG Motifs

The need to find an alternative to cholera toxin and
Escherichia coli heat-labile enterotoxin also led to the
development of a new class of immunopotentiators, the
CpG motifs.

According to Krieg’s definition (176), CpG motifs are
DNA oligodeoxynucleotides sequences that include an
unmethylated cytosine-guanosine sequence and certain
flanking nucleotides, which have been found to induce
innate immune responses through interaction with Toll-like
receptor 9 (TLR9). There are three major classes of CpG
ODN—A-, B- and C-classes that are structurally and
phenotypically distinct. B-class CpG-ODN has been fre-
quently used in animal studies due to the strong B-cell
activation and capacity to induce potent Th1-type immune
response. The same B-class CpG has also been shown to be
a safe and efficacious vaccine adjuvant in humans
(177,178). Although most cell types have the capacity to
internalize CpG ODN via endocytosis (146), only those
cells that express the TLR9 are activated. In humans, only
B-cells and plasmacytoid dendritic cells (pDCs) are able to
express the TLR9, whereas in mice, TLR9 is also found on
myeloid dendritic cells (mDCs), macrophages and mono-
cytes (179). Within minutes after exposure to CpG ODN,
these cells take up the CpG ODN into endosomal
compartments where the interaction with the TLR9 occurs
(180). This leads to the activation of cell signaling pathways
comprehensively described by McCluskie (179).

CpG ODN has been shown to be an effective mucosal
adjuvant after the administration to different mucosal
surfaces such as respiratory tract (73,181,182), the genito-
urinary tract (183) and the gastrointestinal tract (184,185) in
combination with different antigens including the hepatitis
B antigen (73,186). Co-administration of CpG ODN with
other immunopotentiators or delivery systems has been
considered to be useful, especially because of being a strong
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Th1 profile inducer, which has been shown to be able to
dominate the Th2 bias associated with other adjuvants
(72,73).

McCluskie et al. were the first to describe the use of CpG
DNA as a mucosal adjuvant against HBsAg (73). They
measured the anti-HBs titers of mice immunized by
intranasal inhalation of HBsAg alone or in combination
with CT and/or CpG-ODN. Immunization with HBsAg
alone resulted in no or low anti-HBs IgG and IgA titers in
most mice. On the other hand, mice immunized with
HBsAg in combination with CpG induced high anti-HBs
IgG titers in all mice, which were comparable to those
elicited when CT was used. CpG and CT demonstrated to
have a synergistic effect, since the immune response
generated was five to ten times higher than with each
adjuvant alone. No IgA was detected in mice that received
the lower dose of HBsAg, even when CpG or CT were
mixed; low IgA titers were detected with CpG/CT that
increased after boost. With the higher antigen dose, IgA
was detected in the presence of CT and CpG, either alone
or in combination. A synergistic effect was also noted by the
authors, which was explained by the fact that both CpG
and CT activate B-cells, but by different mechanisms
(187,188). This effect offers the possibility of using lower
doses of CT in addition to CpG to elicit stronger immune
responses. CpG and CT induce different IgG isotypes, with
CpG having a more Th1-like response and CT a Th2-like
response.

The same group further investigated the potential of
CpG as a mucosal adjuvant (189). As found before, both
systemic (humoral and cellular) and mucosal immune
responses were induced following mucosal delivery of
HBsAg with CpG and/or CT, but not with the antigen
alone; the synergistic effect between CT and CpG was once
again reported. In addition, new data showed that higher
doses or boosting additionally enhanced the immune
response.

Based on the promising results with the CpG when
HBsAg was delivered by intranasal immunization (73,189–
191), McCluskie and coworkers investigated its potential as
an adjuvant for oral immunization (185). The group
demonstrated that CpG was an effective oral adjuvant, as
it was able to enhance both systemic and mucosal immune
responses. Mice were immunized by oral administration of
HBsAg alone or in combination with different doses of
CpG (Table IV) or CT (10 μg). Immunization with the
antigen alone failed to elicit detectable levels of anti-HBs
IgG, but induced high antibody levels in combination with
CpG. Ten μg of CT could only induce the same or worse
immune responses, and similar results were obtained for
IgA levels, with no apparent dose-response effect. CpG also
enhanced T-cell proliferation and CTL activity, and proved
to induce better immune responses when co-administered

with CT, as a result of their synergistic action. Even though
the combination of CpG with CT allows the use of lower
doses of the toxin, these concentrations might still be too
toxic for human use. Concerned with this fact, McCluskie et
al. also tested the immune responses elicited by the use of
CT or LT and by their non-toxic version (B subunit of CT
and LTK63, respectively) (192), as well as CpG, alone or
combined, using small or large volumes. CpG, CT and LT
were shown to induce same or higher antibody titres when
compared to CTB or LTK63.

To test the possibility that some enzymatic activity is
needed to obtain a synergistic effect with CpG, McCluskie
et al. used different genetically detoxified mutants of LT
that have varying levels of residual enzymatic activity (193).
Mice were intranasally or orally immunized with HBsAg
alone or by co-administrated with CpG ODN and/or LT
or its mutants. Although all adjuvants were able to increase
Ag-specific immune response, they varied in terms of
adjuvant activity. LT, LTR192G and LTA69G elicited
strong immune responses (IgG, IgA and CTL). Weaker
responses were obtained with the other LT-derivates (LTB,
LTE112K and LTS61F). Overall, adjuvants with higher
enzymatic activities had the best adjuvant effect in contrast
to those with less or no enzymatic activity. An interesting
finding was that no synergistic effect was seen when CpG
was combined with any of the LT-derivates; only a shift in
antibody isotype was observed. When administered alone,
CpG ODN gave predominantly Th1-like response, and LT
as well as its derivates a Th2-like response, while co-
administrated they produced a mix response.

CpG motifs are considered to be a promising tool in the
development of better and more potent needle-free HBV
vaccines.

CONCLUDING REMARKS

The development of novel vaccine adjuvants with opti-
mized delivery platforms is becoming as important as the
development of the novel vaccine itself. Presently, most of
the vaccines are given by intramuscular injection, which
requires the use of needles that are painful and potentially
dangerous, and require expensive trained medical person-
nel, making them unsuitable for mass vaccination cam-
paigns, especially in developing countries. Moreover, with
few exceptions, parenteral immunization failed to induce
mucosal immune responses important for protection against
some pathogens. Recently, many researchers have focused
their interest on needle-free technologies for immunization,
including a variety of approaches for mucosal and topical
immunization. Although several strategies have been
proposed, some with very promising results, there is not
an approved needle-free vaccine against HBV so far, most
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likely because regulatory entities tend to adopt a cautious
approach towards novel adjuvants and administration
routes in terms of safety in humans.

This review shows that although much progress has been
made regarding the development of needle-free immuniza-
tion against HBV, optimization of such approach requires
further work. In this regard, oral administration of the
hepatitis B antigen-loaded particles has proven to be
efficient in all the delivery systems described in this review;
however, in almost all the cases, three consecutive days of
administration were necessary followed by a boost
three weeks later. The exception to this regime was
presented by a single administration followed by the boost
with a formulation that includes the association of an
immunopotentiator to the delivery system. This strategy
deserves an investment in future research in order to obtain
simplified oral immunization regimes. Additionally, the
amount of antigen administered by oral route is always
high when compared with the traditional parenteral routes,
which may be a discouraging issue to bring those delivery
systems to clinical trials. More efficient formulations with
enhanced adjuvant properties are needed for the mucosal
surfaces in order to overcome the high antigen doses
normally required. In this regard, one of the strategies
would be the association of an immunopotentiator to an
optimized delivery system. Optimized delivery systems
should not only target antigens to mucosal associated
immune system, but also transmit a signal to immune cells
to allow the transported antigen to be recognized. The great
challenge would, therefore, be to efficiently modulate the
oral tolerance mechanism.

It is important to emphasize that the administration of
the vaccine by topical route, particularly pDNA-loaded
particle-mediated epidermal delivery (PMED) is already in
phase 1 clinical trials with very promising results using very
small doses of the plasmid, which may constitute an
additional attraction for commercial reasons.
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