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Abstract
Background Vaccines are often recognized as one of the most cost-effective public health interventions in controlling infec-
tious diseases. Most pathogens infiltrate the body from mucosal sites, primarily from the oral and pulmonary region and 
reach the systemic circulation where disease manifestation starts. Traditional needle-based vaccines are usually not capable 
of inducing immunity at the mucosal sites where pathogen infiltrates start, but induces systemic immunity. In contrast to 
needle-based vaccines, mucosally administered vaccines induce immunity at both the mucosal sites and systemically. The 
oral route of immunization is the most convenient way to administer the vaccines. However, due to the complicated and 
hostile gastrointestinal structure and environment, vaccines need to overcome major hurdles while retaining their stability 
and immunogenicity.
Area covered This review will briefly discuss different barriers to oral vaccine development. It gives a brief overview of 
different types of nano/microparticle-based oral vaccines and discusses how physicochemical characteristics of the particles 
influence overall immunity after oral immunization.
Expert opinion Formulation strategies using novel lipid and polymer-based nano/microparticle platforms retain stability 
and antigenicity of vaccines against the harsh gastrointestinal condition. The physicochemical properties of particles can 
be uniquely tailored to prolong the release of antigens, and attached ligands (M-cells and APC-ligands) can precisely target 
uptake by immune cells. These represent viable strategies for efficient delivery of oral vaccines.

Keywords Nanoparticles · Oral vaccines · Delivery system · Microparticles · Adjuvants · Immunology

Introduction

Vaccines are considered one of the most powerful and cost-
effective approaches to combat infectious disease outbreaks 
(Delany et al. 2014). Vaccines work by training the body’s 
immune system to defend against pathogen invasion by rap-
idly removing pathogens or their secreted products either 
following neutralization or opsonization processes. An ideal 
vaccine should have the ability to be recognized and acti-
vated by immune cells such as B cells and T-cells, retain 
long-term immunological memory and provide adequate 
protective immunity in hosts against recall pathogens. Vac-
cines are prepared either from whole microorganisms (atten-
uated or killed) or their toxins or subunit components (pro-
teins, nucleic acids, polysaccharides, peptides etc.) (Yadav 

et al. 2014). The efficacy of vaccines rely on the nature of 
the immunological components used in the vaccine formula-
tions. For instance, whole pathogen-based vaccines are usu-
ally efficacious as all components of the pathogen could be 
immunogenic. However, the use of whole pathogen-based 
live/attenuated or inactivated vaccines produced by weaken-
ing or altered antigens may cause unwanted side-effects or 
adverse reactions and possess potential risks to reverse the 
original pathogenic types (Josefsberg et al. 2012). Whole 
pathogen-based vaccines may be especially risky in immu-
nocompromised individuals, such as people living with HIV, 
tuberculosis, and cancer, the elderly, and individuals with 
other chronic diseases (Blaney et al. 2011). With develop-
ments in vaccine production technology, conventional vac-
cine production techniques using the concept of using whole 
pathogens as a vaccine candidate has now transitioned to 
using subunit components such as recombinant proteins, 
peptides, or polysaccharides derived from the pathogens. 
For instance, a particular recombinant protein, peptide or 
polysaccharide-based on protective epitopes, instead of the 
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whole microorganism, can be selectively recognized by the 
immune system (Liljeqvist et al. 1999; Naz et al. 2007). 
These minimal fragments of pathogens have reduced side 
effects and possess an alternative solution to overcome the 
disadvantages of traditional vaccines. However, subunit vac-
cines are often less immunogenic and require coadministra-
tion of adjuvants or specific delivery systems.

Adjuvants are immunomodulatory compounds that are 
used with antigens in vaccine formulations to evoke robust 
immune responses (O’Hagan et al. 2003). Adjuvants can be 
classified into two major categories based on their principle 
functions, such as immunostimulatory adjuvants and antigen 
delivery systems (O’Hagan et al. 2003). Adjuvants as a vac-
cine delivery system can protect antigens, provide sustained 
release of antigens and target antigens to local lymph nodes 
and facilitate immune responses against delivered antigens 
(Zinkernagel et al. 1997). Moreover, immunomodulatory 
adjuvants stimulate cellular uptake of antigens from admin-
istration sites, activate antigen-presenting cells (APCs) 
such as B-cells and T-cells, and up-regulate cytokines and 
chemokines to provide a robust adaptive immune response 
(Fearon 1997).

The classical adjuvant used in human vaccines is based 
on aluminium salts, such as aluminium hydroxide, alumin-
ium phosphate, and potassium aluminium sulphate. With 
the first introduction of alum in the 1920s as the first-ever 
human vaccine adjuvant, it still shows an excellent safety 
profile (Shah et al. 2017). Alum has been successfully used 
in malaria and tuberculosis vaccines. Only a few decades 
after the development of alum, researchers began to identify 
other novel types of adjuvants. At present, only a handful of 
adjuvants are approved for human use. Some of the approved 
adjuvants for clinical use include poly I:C, monophosphoryl 
lipid A, CpG oligodeoxynucleotides, incomplete Freund’s 
adjuvant, virus-like particles, virosomes, Imiquimod, MF59, 
AS03 and AS04 etc. (Apostólico et al. 2016). Most adju-
vants developed at the preclinical and clinical stage were 
found to be unsuitable for further human use due to the high 
degree of toxicity and reactogenicity in humans (Reed et al. 
2013). For instance, Freund’s adjuvant was highly effective 
as a vaccine adjuvant, however, it was highly reactive and 
produced serious side-effects (granuloma, abscess, ulcera-
tive necrosis etc.) in earlier human studies which revoked its 
use in human (Apostólico et al. 2016).

Need for oral vaccines

Mucosal membranes and the skin provide a physical barrier 
against pathogenic infiltrations and serve as a major line 
of defence (Holmgren et al. 2005). Mucosal membranes in 
the aerodigestive and urogenital tracts can be invaded by 
pathogens as they continuously interact with foreign envi-
ronments. This results in stimulation of immunoglobulin 

A (IgA) production that can more specifically prevent the 
mucosal invasion of pathogens at the site of infection. In 
addition to local mucosal immunity, it is also important to 
stimulate the production of systemic immunoglobulin G 
(IgG) that can neutralize pathogen replication at later stages 
of infections for complete protection. However, the majority 
of current vaccines are typically administered by the par-
enteral routes using subcutaneous or intramuscular injec-
tion, which are generally limited to triggering strong local 
mucosal immune responses (Wang et al. 2004; Lycke et al. 
2010). The key step is to develop an effective vaccination 
strategy that could form an immunologically strong barrier at 
both mucosal sites and systemic sites. These barriers can be 
overcome by the development of effective mucosal adjuvants 
or delivery systems. Most clinically approved adjuvants are 
poor inducers of mucosal immunity and are primarily used 
for systemic use. Most mucosal vaccines use live/attenu-
ated forms of pathogens as key components for induction of 
immunity (Miquel-Clopés et al. 2019). Unfortunately, none 
of the mucosal adjuvants for subunit vaccines are approved 
for human use. While traditional vaccine adjuvants may not 
be appropriate to oral vaccines, new potent mucosal adju-
vants with low toxicity are critical for the development of 
next-generation oral vaccines (Premanand et al. 2013).

The oral route is one of the most convenient routes of 
administration for any therapeutic. Apart from other mucosal 
sites for vaccines, the oral route offers several advantages 
such as (1) oral vaccines are needle-free and can substan-
tially reduce the risks associated with needle stick injuries 
that may transmit blood-borne pathogens by cross-transmis-
sion due to reusing contaminated or undisposed syringes 
and needles (Ekwueme et al. 2002), (2) oral vaccines can 
improve patient compliance to vaccines by avoiding ‘needle 
phobia’ and are painless, (3) unlike, traditional administra-
tion routes which require trained medical professionals to 
avoid needle-stick injuries, oral vaccines are comfortable 
as they can be self-administered and improve the capacity 
for mass immunization (Chen et al. 2011), (4) oral vac-
cines could avoid strict current cold-chain requirements, 
thus reducing the storage and transport of materials. For 
example, the powered delivery approach may abolish the 
importance of traditional cold chain transport. Besides, the 
needle-free delivery approach can reduce the cost of iatro-
genic blood-borne pathogen transmission (Chen et al. 2011). 
Additionally, it is expected that oral vaccine production can 
be performed without requiring strict sterile conditions as 
for parenteral formulations, thus reducing the cost of produc-
tion. The oral vaccine delivery approach can not only sys-
temically stimulate antigen-specific antibodies such as IgG, 
but can also induce mucosal antigen-specific IgA antibodies 
in the blood (Marasini et al. 2014). Despite a large array 
of benefits, oral vaccines are required to overcome a series 
of physical and immunological barriers, such as inefficient 
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mucosal permeability, poor immunogenicity, and antigen 
instability at the mucosal sites. Only a few oral vaccines are 
licensed for human use (Table 1). From here on, this review 
will discuss potential oral mucosal vaccines, barriers in oral 
vaccine delivery and the current on-going development of 
oral vaccines based on nanoparticles.

Barriers in oral vaccine delivery

The GI tract (Gastrointestinal tract) is the primary site for 
the transport or uptake of antigens. The organization of the 
GI tract plays a vital role in the formulation of oral vac-
cines to enhance their efficacy. Due to the typical structure 
of the GI membrane, orally administered vaccines need to 
overcome several physiological and immunological obsta-
cles (Fig. 1). The intestinal epithelium serves as the main 
physiological barrier. It is covered by mucus-secreting lay-
ers, which helps in the digestion and absorption of nutrients 
and provides resistance against the invasion of pathogens 
(Pelaseyed et al. 2014). To achieve these, the GI tract must 
maintain a variable pH throughout the tract that includes a 
highly acidic environment (stomach), have a slightly acidic 
or neutral environment (pH 6–7.4) in the intestine, and 
secrete proteolytic enzymes and bile salts for protein and fat 
digestion (Grant 2004). Oral vaccines, when exposed to such 
surroundings may degrade and lose their immunogenicity 
(Kompella et al. 2001). Secondly, the compact epithelial cell 
surface and thick mucus layer limit their absorption and the 
temporary residence time of antigens in the intestine limits 
their absorption (Mudie et al. 2010). Further, it is difficult 
to deliver antigens to specific induction sites orally due to 
the significant dilution and dispersion in mucosal secretions 
(Kunisawa et al. 2012). Due to the above-mentioned fac-
tors, oral vaccines require a large dose of antigens to trig-
ger long-lasting and potent mucosal immune responses than 
traditional injectable routes (Ramirez et al. 2017). However, 
a large antigen dose is likely to pose a risk for oral tolerance, 
which means non-responsiveness against antigens instead of 
protective immunity (Pabst et al. 2012). Thirdly, the colo-
nized commensal microbes could regulate gut immunity and 
have an impact on optimal mucosal immunity by modulating 
IgA responses in vivo (Donaldson et al. 2018). Overall, the 
development of oral vaccines is critical and a challenge in 
terms of identifying useful adjuvants and sufficiently stimu-
lating the mucosal immune system.

Gastrointestinal immune system

The GI system contains the highest number of immune 
cells in humans compared with other mucosal systems. 
These cells are regulated by the gut-associated lymphoid 
tissue (GALT). This is one of the biggest lymphoid tissues 
in humans and includes both inductive and effector sites 

(Koziolek et al. 2015). The inductive sites in the GI tract 
include Peyer’s patches (PPs), organized lymphoid follicles 
and antigen-presenting cells (APCs), while effector sites 
mainly involve the coordinated action of lamina propria (LP) 
and intestinal surface epithelium.

PPs are traditionally considered as the main inductive 
sites of mucosal immunity and they are the group of dome-
shaped tissue that resides in the mucosal layer of the ileum 
and spread to the submucosa layer. PPs are surrounded by 
the follicle-associated epithelium (FAE), which contains 
both isolated and aggregated lymphoid follicles. The mucus 
layer of FAE is thinner than typical small intestinal villus 
epithelium due to the presence of goblet cells. This thinner 
structure is responsible for the exchange of contents between 
GALT and the luminal microenvironment. Microfold cells 
(M-cells) are an important portal of communication between 
foreign antigens and intestinal immunity. The M cells in 
FAE mainly transport luminal particulate antigens from 
the apical to basolateral side to awaiting APCs that trig-
ger or inhibit the immune cascade. APCs such as dendritic 
cells (DCs) present in the subepithelial LP region play a 
critical role in immunity mediated by GALT. This region 
is largely populated by two types of intestinal mononuclear 
phagocytes; dendritic cells (DCs) and macrophages. They 
are located in the subepithelial dome (SED), which is below 
the FAE for better processing of antigen fragments so that B 
cells and T cells are rapidly activated.

The distribution of APCs in the GALT region is crucial 
for better antigen sensing and accelerating their uptake. With 
the administration of antigens, local lymphocytes take up the 
foreign antigens from the inductive sites and these antigens 
are processed followed by triggering their action at effective 
sites via cytokines or antibodies (Fig. 2). Initially, M-cell 
transport antigens and present them to underlying DCs, a 
process called ‘antigen sampling’. The fragments of antigens 
induce the maturation of DCs that in turn prime naïve  CD4+ 
T cells (Brayden et al. 2005). The antigen-primed  CD4+ 
T cells interact with B cells to stimulate the production 
of immunoglobulin-secreting cells (typical  IgA+ B cells). 
These  IgA+ B cells undergo isotype switching to produce 
antigen-specific  IgA+ B cells and migrate to local mesenteric 
lymph nodes and finally into the systemic circulation. The 
 IgA+ B cells further differentiate and undergo maturation 
into  IgA+ producing plasma cells. These IgA+ producing 
plasma cells further bind to polymeric or dimeric Ig recep-
tor and translocate to the luminal surface of the intestine, 
producing secretory IgA, responsible for local protection 
(Chang et al. 2014).

Nanoparticles as an oral vaccine delivery system

Oral vaccines are required to overcome two main barriers, 
physiological and immunological, that separates the inner 
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milieu of the body against foreign compounds. GI epithe-
lium forms a tight junction membrane barrier that is semi-
permeable and limits absorption while peptidases present 
in the GI tract act as the main enzyme that enzymatically 
degrades foreign material and blocks their invasion.

The types of antigens and delivery routes impact the 
efficacy of the vaccines. Since many mucosal vaccines are 
readily degraded in the GI tract, they require a higher dose 
or many repeated doses of vaccines to provide sufficient 
immunogenicity (Webster et al. 2003). However, adminis-
tration of a large oral vaccine dose may lead to antigen tol-
erance in recipients (Chang et al. 2014). The likely path to 
overcome the tolerance issue is by delivering a low amount 

of antigen at a targeted site, such as underlying APCs and 
M-cells which produce the same level of responses as in 
higher doses. This can be achieved by modulation of the 
antigen, from soluble to particulate structures, and incorpo-
rating M-cell targeting ligands in the vaccine structure which 
are recognized by M-cells (Webster et al. 2003).

With the advancement in nanotechnology over the last 
few years, nanoparticle applications have gained increased 
attention with widespread use in a range of biomedical 
fields including sensors, medical imaging, diagnosis and 
delivery of drugs and vaccines (El-Sayed et al. 2020). Vac-
cines or antigens can be either conjugated or encapsulated 
into the nanoparticles or loaded on the nanoparticle surface 
to boost the immune response against delivered antigens 
(Torres-Sangiao et al. 2016). It has been shown that anti-
gen encapsulation into nanoparticles triggers better mucosal 
immune responses in a mouse model than antigens-coated 
on the surface of the nanoparticles (Marasini et al. 2016a, 
b, c). Vaccine formulation materials play important roles in 
enhancing vaccine stability and immunogenicity. The pros 
and cons of each type of particles discussed in this review 
are highlighted in Table 2. It is important to highlight that 
nanomaterials used as vaccine carriers should lack immuno-
genicity or be non-immunogenic. Owing to their small size, 
nanoparticles pose a high ratio of surface area to volume, 
decreased clearance and increase stability. These properties 
provide highly efficient delivery to systemic mucosal sites 
such as nasal or GI tracts, and enhanced absorption and dif-
fusion of loaded drugs (Marasini et al. 2017a, b). Overall, 
the significant merits of nanoparticle applications in oral 
vaccines are (1) Precise antigen delivery to target sites; (2) 
Increased stability of antigens to retain its original immu-
nogenic properties; (3) Feasibility to deliver a high dose of 
antigens (4) Enhancement of antigen availability to interact 
with APCs (carrier-assisted transport across the intestinal 
membrane); (5) Immunomodulation (in cooperation with 
pro-inflammatory cytokines) or immunosuppression (in 
corporation with anti-inflammatory cytokines).

Particle characteristics in vaccine formulations

Oral particle vaccines should aim to target M-cells in the 
mucosal sites, provide antigen protection in the GI tract, and 
enhance interaction with immune cells of interest to induce a 
downstream immune response (Fig. 3). Nano/microparticles 
usually mimic natural infections and their particulate struc-
ture can be modified to increase the possibility of antigen 
modulation and recognition by APCs, which is the key step 
to triggering the following adaptive immunity to achieve 
efficacy in hosts (Fahmy et al. 2008).

The physicochemical properties of particles loaded with 
antigens influence subsequent immunological outcomes and 
are mainly guided by the stability, efficacy, and safety of the 

Fig. 1  Biological barriers for efficient delivery of oral vaccines

Fig. 2  Schematic representation of mucosal immune response upon 
oral delivery of antigens. Antigens are translocated across gastroin-
testinal epithelium from Microfold cells (M-cells) and captured by 
dendritic cells (DC). Alternatively, antigens can be directly sampled 
by DC by luminal extension of dendrites. Dendritic cells process and 
present antigens to activate naïve T-cells. The naïve T-cells further 
trigger B-cell activation and induce the conversion from B cells into 
 IgA+ plasma B cells and produce antigen-specific antibodies. The 
antibodies are then transported to the surface of the mucosal mem-
brane
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vaccines (Benne et al. 2016). Some physicochemical param-
eters such as size, surface charge, morphology, hydropho-
bicity, stability and bioadhesive properties of nanoparticles 
have a direct impact on in vivo behaviour of vaccines in 
the GI tract that affect the immunogenicity outcomes (Őrfi 
et al. 2016).

While there is a limited number of reports describing the 
influence of particle morphology, a recent paper showed 
that intravenous administration of nanoellipsoidal particles 
improved pharmacokinetic parameters and improved T-cell 
induction compared to spherical particles (Meyer et  al. 
2015). Mitragotri and colleagues showed that the shape of 

Table 2  Pros and cons of oral nano/microparticle-based carriers

Categories Liposomes Emulsion ISCOMs Natural polymers Synthetic polymers

Application DNA, peptides, proteins Whole-cell killed, pro-
teins, peptides

Proteins, peptides Proteins, peptides, 
conjugates

Proteins, peptides, con-
jugates

Pros -Intrinsic adjuvant 
characteristics

-Can accommodate 
both hydrophilic and 
lipophilic antigens

-Modified liposomes 
have optimal stability 
across the intestine

-Controlled release

-Tailored immunomodu-
lation, for example, 
Th1 (water-in-oil) and 
Th 2 (oil-in-water)

-High loading efficiency 
of both hydrophilic 
(water in oil) and 
hydrophobic (oil-in-
water)

-Slow or controlled 
release

-Easy modification
-High antigen loading 

efficiency
-Potent built-in adjuvant 

(Quil A)

-Controlled release
-Easy modification
-Highly stable and 

adaptable

-Controlled release
-Controlled size
-Engineered surface 

chemistry

Cons -Weak loading effi-
ciency of hydrophilic 
antigens

-Nonspecific interac-
tions

-Cationic liposomes 
could be toxic

-Poor stability under the 
harsh environment in 
the GI system

-Poor loading of hydro-
philic antigens

-Rapid clearance

-Low antigen loading
-Poor aqueous solubility

-May have poor solubility
-Insufficient antigen 

protection
-Exposed to proteolysis 

in mucus

Fig. 3  Strategies for nano/microparticle-based oral vaccine delivery. 
a Antigens can be loaded into nano/microparticles on their surface 
by chemical conjugation or encapsulated inside the particles. Fur-
ther, the nano/microparticle surface can be modified by conjugating 
different targeting ligands, such as Microfold cell and dendritic cell 

targeting ligands. Particles can be modified on their surface by elec-
trostatic coating with a series of cationic and anionic polyelectrolytes 
or pH-sensitive polymers for enhanced stability in the gastrointestinal 
environment. b Approaches to enhance the permeability of particles 
across the intestine by targeting microfold cell (M-cells)
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polystyrene nanoparticles have an impact on the transport 
and absorption across the intestinal epithelium (Banerjee 
et al. 2016). An in vitro study by the same group using a 
triple co-culture model (Caco-2 cells, HT-29 cells—similar 
to goblet cells to produce mucus) and Raji-B lymphocytes 
(similar to M cells) to mimic natural intestinal cells showed 
that rod-shaped particles have higher cellular uptake than 
sphere-shaped particles.

Similarly, Skwarczynski and colleagues prepared a lipo-
peptide based stable oral delivery system against hookworm, 
Necator Americanus using B-cell peptide epitope derived 
from aspartic protease Na-APR-1 (Bartlett et al. 2020). Upon 
oral immunization in mice, the lipopeptides that form a rod-
shaped aggregate were found to be stable in the gastrointes-
tinal conditions and induced a protective immune response 
against parasitic challenge studies. Both observations con-
cluded that rod-shaped particles may have a higher impact 
on immunogenicity than spherical particles. However, the 
particle shape alone may not necessarily be the only factor in 
driving the immune response. Other particle characteristics, 
such as the size of particles may have a profound effect on 
the type of immune response. For instance, spherical poly-
styrene particles (approx. 200 nm) upon conjugation with 
model antigen produce a Th1-biased immune response, 
whereas polystyrene rod-shaped-conjugated ovalbumin par-
ticles (approx. 1500 nm) produce primarily a Th2-biased 
immune response (Kumar et al. 2015).

Particle size has been shown to influence interactions 
with immune cells in the GI tract and their circulation period 
in vivo (Duan et al. 2013). Based on diffusivity studies in 
intestinal mucus, smaller molecules such as capsid virus-
like particles were shown to pass through the mucus barrier 
rather than larger molecules, such as proteins (Cone 2009). 
The mucus mesh network displayed a heterogeneous pore 
size, ranging from 20 to 1800 nm. However, nanoparticles 
should avoid the rapid clearance by mucosal fluids, which 
is a fluid with viscosity and elastic forces. Thus, smaller 
molecules can be transported easily (Lai et al. 2009). It is 
therefore reasonable to predict that the transport rate is lim-
ited by the pore size.

Particle surface charge is another factor that influences 
the interaction with immune cells. Negatively charged par-
ticles were shown to have decreased uptake by APCs, and 
subsequently could not stimulate the following cellular pro-
cess effectively (Xu et al. 2015). Besides, the hydrophilicity/
hydrophobicity properties of the surface of nano/micropar-
ticulate carrier was shown to affect the mucosal permeability 
of the antigens (Witten et al. 2018). For instance, hydropho-
bic nanoparticles were easily recognized as invaders and 
recognized by the immune cells located within the reticu-
loendothelial system (Wen et al. 2016). Another study has 
shown that mucoadhesive properties of chitosan and sodium 
alginate enhance antigen interaction with immune cells by 

prolonging their residence time in the mucosal sites to slow 
the release of antigens and avoiding GI mucosal clearance 
(Jiao et al. 2016). Overall, the physicochemical properties 
for nanoparticles are highly associated with immunogenic 
efficacy of the vaccines.

Types of nano/microparticles

Liposomes

Liposomes are extensively explored in mucosal vaccine 
delivery and some of the liposome-based vaccine formu-
lations against hepatitis A (Epaxal) and influenza (Infl-
exal V) are already in the market (Marasini et al. 2017a, 
b). Liposomes are spherical vesicles with self-assembled 
phospholipid bilayers and inner aqueous cores. This unique 
amphiphilic structure of liposomes enables them to entrap 
hydrophilic antigens in the inner aqueous core and lipo-
philic antigens in the lipid bilayer (Bernasconi et al. 2016). 
Liposomes are usually formed as unilamellar or multi-lamel-
lar structures with, sizes ranging from tens of nanometers 
to micrometres depending upon their method of preparation 
(Marasini et al. 2017a, b). Liposomes can be modified to 
enhance their stability in the mucosal tract, protect antigens 
from degradation and improve circulation times (Marasini 
et al. 2019). Liposomes are well suited for the delivery of 
antigens in extreme conditions in the GIT. Similarly, Liu 
and coworkers showed that liposome-encapsulated DNA 
vaccines were able to induce both humoral and cellular 
immunity following oral immunization in mice and these 
immune responses were protective against respiratory chal-
lenge infections (Liu et al. 2014).

Liposomes can also be customized for the efficient deliv-
ery of complex antigens. Studies have shown that liposome 
modification with polyethylene glycol (PEG) can trigger 
local mucosal and systemic immunity upon oral or sublin-
gual administration (Minato et al. 2003; Oberoi et al. 2016). 
Similarly, in another study, vaccine formulations were pre-
pared by entrapping monovalent detergent split influenza 
(A/Victoria/210/2009 H3N2) into unmodified liposomes, 
PEG-modified liposomes, and phospholipid-PEG conju-
gates and methyl glycol chitosan modified liposomes. It 
was revealed that methyl glycol chitosan-coated phospho-
lipid-PEG bearing liposomes (bearing both mucoadhesive 
and neutral charge) induced the most efficient flu-specific 
mucosal and systemic immunity (Oberoi et al. 2016). Inter-
estingly, another study revealed that the dose of antigens and 
the number of liposomes dictate the types of the humoral 
immune response (mucosal vs systemic) upon oral immu-
nization (Minato et al. 2003). A small number of PEG-
modified liposomes encapsulating the antigens was shown 
to be better at inducing mucosal immunity, whereas a larger 
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number of liposomes encapsulating a similar dose of antigen 
tends to improve systemic immunity.

Liposomes have also shown the potential to be used as 
cold-chain free vaccines. In one study, liposomes were modi-
fied to include a targeting moiety on the surface with a poly-
meric spacer such as PEG (Wang et al. 2014). It was shown 
that the inclusion of mannose-PEG-cholesterol conjugates 
in liposomes can efficiently entrap both the adjuvant (lipid 
A) and antigens and produce a stable liposome even after 
lyophilization. This vaccine formulation was able to induce 
potent mucosal and systemic immunity when given orally 
to a mouse model.

Another approach to facilitate the delivery of antigens is 
by coating the surface of the liposomes using a layer-by-layer 
(LBL) approach via polyelectrolytes (Marasini et al. 2016a, 
b, c). Using this approach, liposomes are usually coated with 
oppositely charged polymers which are mediated by electro-
static attraction between opposite charges. This approach 
protects the antigen from possible degradation, increase 
GI membrane permeation and retain the formulation at the 
site if mucoadhesive polymers are used. In a prior study, 
liposomes were engineered with chitosan and alginate and 
their efficiency to deliver lipopeptide vaccines was evaluated 
in mice (Marasini et al. 2016a, b, c). It was observed that 
the liposomes coated with cationic trimethyl chitosan pro-
duced a significant increase in antigen-specific serum IgG 
titers and antigen-specific mucosal IgA titers as compared 
to lipopeptides alone or lipopeptide-encapsulated liposomes. 
Similarly, another study using LBL to coat liposomes using 
vitamin  B12-chitosan and alginate showed enhanced uptake 
of LBL vaccine formulation by a macrophage cell line and 
was followed by significant enhancement of humoral immu-
nity (Verma et al. 2016).

Emulsion (oil‑in‑water)

Emulsions are employed as a safe and effective colloid for 
vaccine delivery against many infectious diseases. Emul-
sions are formed by amphiphilic surfactants formed via dis-
persing two immiscible liquids (Singh et al. 2017). Either 
water-in-oil or oil-in-water emulsions can be used to target 
mucosal membranes (Singh et al. 2017). Comparatively, 
water-in-oil emulsions have a better encapsulation and deliv-
ery ability than oil-in-water type, since the former can effi-
ciently incorporate hydrophobic antigens (Singh et al. 2017). 
Freund’s adjuvants is a classic example of a water-in-oil- 
emulsion adjuvant, which is usually emulsified with anti-
gens. MF59, AF03 and AS03 are squalene-based emulsion 
adjuvants, which have been already developed for influenza 
vaccines in the past 10 years. A study has shown that emul-
sion of Toll-like receptor agonists (TLRa) with squalene 
achieve modified pharmacokinetic and immunogenicity 
profiles against Neisseria meningitidis (Lodaya et al. 2018). 

However, none of these emulsions are used as carriers for 
oral delivery of vaccines.

Other lipids

Non-ionic surfactant vesicle stabilized bile salts (bilosomes) 
have been evaluated for oral delivery of peptides and pro-
teins. The bilosome-antigen conjugates have been reported 
as potential oral vaccines against several diseases including 
hepatitis B, influenza and tetanus (Mann et al. 2006; Shukla 
et al. 2010; Corthésy et al. 2018). Incorporation of diphthe-
ria toxoid (DTx) in bilosomes enhanced anti-DTx IgG and 
mucosal IgA levels without tolerance after oral immuniza-
tion in mice (Shukla et al. 2011). A study showed that a bilo-
some-based vaccine prepared by encapsulating recombinant 
baculovirus VP1 (Bac-VP1) produced a significant amount 
of serum IgG and mucosal IgA titers as compared to bilo-
some not associated with Bac-VP1 (Premanand et al. 2013).

Immunostimulatory complexes (ISCOMs)

ISCOMs are cage-like particles made from antigens, cho-
lesterol, phospholipid, and Quil A saponins (Lovgren et al. 
1988). Typically, they are spherical and micellar particles 
and are approx 40 nm in diameter, representing icosahedral 
symmetry (Özel 1989). ISCOMs can significantly induce 
both Th1 and Th2-biased immune responses (Lövgren 
Bengtsson et al. 2011). The combination of ISCOMs with 
Quil A (Quillaja) saponin gives them a particulate nature 
and provides immunomodulatory properties. Quillaja sapo-
nin is a plant glycoside composed of aglycone and two sugar 
chains (Hu et al. 2001). They can be used for hydrophobic 
proteins and peptides. ISCOMs are widely used in mucosal 
vaccine delivery. For example, the inclusion of ISCOMs 
with cholera toxin and S. aureus protein A (CTA1-DD) 
showed strong humoral immune responses upon oral admin-
istration (Mowat et al. 2001). ISCOMATRIX is a similar 
delivery system but without antigen. Some vaccines based 
on ISCOMATRIX are approved for clinical use (Siegrist 
2008).

Natural polymers

Chitosan is a naturally occurring linear polysaccharide 
derived from the exoskeleton of crustaceans and exists as 
copolymers of β-(1-4)-linked glucosamine and N-acetyl-
glucosamine (Sudarshan et al. 1992). Natural chitosan is 
largely insoluble at a pH > 6 which limits its biological 
application as a vaccine delivery vehicle. One of the meth-
ods to increase its aqueous solubility is by methylating its 
primary amino group (Marasini et al. 2016a, b, c). Chitosan 
is a mucoadhesive polymer that increases antigen residence 
time in the mucosa. It can also open tight epithelial junctions 
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by translocating tight junction proteins that enable smooth 
translocation of antigens (Smith et al. 2004). A chitosan-
based nasal vaccine delivery platform (ChiSys®) has been 
approved for human use as a mucosal adjuvant (Watts et al. 
2014) and it has shown good efficacy in a large number of 
diseases, including tuberculosis, influenza and chlamydia 
(Wu et al. 2017).

Ting and colleagues studied the feasibility of oral deliv-
ery of DNA vaccines using an M-cell targeting approach 
(Ye et al. 2014). A chitosan nanoparticle conjugated to 
M-cell targeting peptide ligand (CPE30) and encapsulated 
with plasmid encoding CVB3 predominant antigen pVP1 
was prepared and tested in mice after oral administration. 
The chitosan-peptide antigen formulation (CPE30-chitosan-
pVP1) showed increased mucosal and M-cell uptake com-
pared to other formulations without chitosan. Except for 
fecal SIgA and mucosal expression of T-cells, there was 
no significant difference in antigen-specific serum IgG lev-
els and T-cell responses. Another study prepared GI stable 
nanoparticles using tripolyphosphate, mannosylated chitosan 
and Eudragit® and encapsulated bovine serum albumin. 
Upon oral immunisation in rats, the nanoparticles targeted 
Peyer’s patches and showed antigen-specific system IgG and 
mucosal IgA responses (Xu et al. 2018).

Alginate

Alginate is a non-toxic, biocompatible, and biodegradable 
polymer with widespread use in drug and vaccine delivery. 
Its unique property to resist the low pH in the GI tract makes 
it a suitable carrier for oral delivery of protein, DNA and 
pH-sensitive antigens (Sosnik 2014). Alginate microparti-
cles have been examined as potential oral powder delivery 
systems that could replace the current practice of cold chain 
storage for injection. For instance, the whole attenuated 
pathogen V. cholerae was encapsulated into alginate and 
Eudragit® L30 D-55 microparticles by spray drying. These 
microparticles showed improved GI stability and retained 
their ability to induce strong antibody titers following oral 
immunization in mice (Pastor et al. 2013). Additionally, 
another study showed the feasibility of incorporating Bacille 
Calmette–Guerin (BCG) into alginate microparticles. After 
a single oral immunisation with BCG- encapsulated micro-
particles, they produced significant IgG and IgA titres in 
the lungs (Hosseini et al. 2015). In a recent study by Li 
and coworkers, alginate and chitosan-coated calcium phos-
phate nanoparticles encapsulating albumin were prepared 
and tested for stability in the GI tract. The alginate-coated 
nanoparticles were found to be stable and their oral immuni-
zation in mice showed a significant increase in mucosal IgA 
and serum IgG titres (Cao et al. 2020).

Hyaluronic acid (HA) is a linear polysaccharide 
formed by two sugar moieties: glucuronic acid and acetyl 

glucosamine monomers. Hyaluronic acid is biocompatible, 
biodegradable, and possesses mucoadhesive properties 
(Nashchekina et al. 2018). HA can be tailored to prepare 
stable nanoparticles loaded with antigens at a size close to 
100 nm (Bussio et al. 2019). HA has been shown to trig-
ger dendritic cell maturation and enhance T-cell activation 
(Mummert 2005). There are limited reports on the use of 
HA as an oral vaccine delivery system. However, they have 
shown great potential as a nasal vaccine against influenza 
and Yersinia pestis (Singh et al. 2001; Fan et al. 2015) and 
only have a ‘potential use’ in oral vaccines.

Glucan particles (GP) are porous and hollow micro-
spheres with 2 to 4-micron cell wall shells produced by 
1,3-D-glucan and trace amounts of chitin of Saccharomy-
ces cerevisiae (Baker’s yeast) with a series of alkaline, acid, 
and solvent extraction processes (De Smet et al. 2014). GP 
has been shown to have promising aspects in the delivery 
of oral vaccines. For instance, a study showed that albumin 
loaded GP particles were efficiently internalized by intestinal 
cells (Caco-2 and HT-29) and these particles downregulated 
TGF- β expression (indicator for oral tolerance suggesting 
feasibility for oral immunisation at large doses). Upon oral 
administration of these particles, mice showed increased 
production of intestinal mucosal IgA antibodies (De Smet 
et al. 2013). In addition to their ability to deliver proteins, 
GP is also known to facilitate the targeted delivery of DNA 
antigens to phagocytic cells (Soto et al. 2008).

Synthetic polymers

The application of synthetic polymers to oral vaccines has 
been extensively investigated in recent years. Poly(lactic-
co-glycolic acid) (PLGA) is a copolymer of polylactic acid 
(PLA) and polyglycolic acid (PGA). PLGA is a US FDA 
(Food and drug administration) approved biocompatible and 
biodegradable polymer widely used in the delivery of drugs 
and antigens (Silva et al. 2016). It can be tailored to pre-
cisely control the release kinetics of antigens and adjuvants 
in mucosal membranes (Silva et al. 2016). For instance, the 
ratio of lactic and glycolic acids (increasing ratio of PGA 
leads to faster degradation) and molecular weight of poly-
mers (low molecular weight gives faster degradation-burst 
release) could be easily adjusted for customized delivery of 
antigens (Silva et al. 2016).

PLGA has been explored as a suitable carrier for the co-
delivery of antigens and adjuvants. For instance, a study 
encapsulated toll-like receptor 4 (TLR4) ligand monophos-
phoryl lipid A (MPLA) with OVA antigens and evaluated 
their immunological efficacy upon oral administration in 
mice. With single immunization, PLGA nanoparticles 
encapsulating both the adjuvants and OVA antigens gener-
ated significant systemic IgG and mucosal IgA titers com-
pared to their controls (PLGA+OVA antigen) and a buffer 
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group (Sarti et al. 2011). PLGA can be functionalized to 
conjugate M-cell targeting ligands and be co-delivered with 
adjuvants. Wang and colleagues showed that PLGA can 
be conjugated to M-cell targeting ligands, ulex europaeus 
agglutinin-1 (UEA-1) and co-delivered with MPLA and 
OVA antigens as nanoparticles. These nanoparticles were 
stable in the GI tract, targeted M-cells and dendritic cells and 
produced efficient humoral responses upon oral administra-
tion in mice (Ma et al. 2014).

It has been shown that the efficacy of PLGA-based nano-
particles as an oral vaccine carrier is further enhanced by 
formulating with hydroxypropyl methylcellulose phthalate 
HP55 (Tan et al. 2017). This special polymer has gastric 
resistant properties and degrades at pH 5.5 or higher. The 
immunogenicity of PLGA nanoparticle-based vaccines 
incorporating H. Pylori recombinant antigen CCF was 
increased when nanoparticles were formulated with HP55. 
For example, HP55 based PLGA nanoparticles enhanced 
the Th1/Th17-bias protection against Helicobacter pylori 
infection without gastric acid degradation (Tan et al. 2017).

Others (cell‑membrane coating technology)

More recently, cell-membrane coating technology has 
become increasingly popular in the oral delivery of subunit 
vaccines. This technology allows the insertion of antigenic 
materials (cell-membrane containing toxins) on the surface 
of core–shell particles and protects the antigenic components 
against degradation during their journey in the GIT. For 
instance, one study assessed the delivery efficacy of mag-
nesium and titanium dioxide core–shell particles coated with 
antigenic materials, mucoadhesive and pH-resistant poly-
mers (Wei et al. 2019). The outer layer stabilized the parti-
cles against the harsh stomach pH and efficiently delivered 
antigens to the intestinal wall by improving retention time 
and permeability across the membrane. Upon oral immuni-
zation in mice, this technology was able to generate a high 
level of antigen-specific mucosal antibody titers.

Conclusion and future direction

Vaccine targeted at mucosal sites protects against patho-
gen invasion at both the mucosal sites and in the systemic 
circulation. While lots of pathogens infect the host via 
mucosal entry, there are only a handful of oral vaccines 
available for human use (Table 1). These include vaccines 
against polio, rotavirus, typhoid, and cholera. Most of 
these vaccines are formulated as live attenuated strains 
of microorganisms, except for a vaccine against cholera 

(Dukoral®), which is formulated as a mixture of chol-
era toxin B subunit strains and inactivated V. cholerae 01 
whole cells (New 2019). A licensed vaccine based on 
nano/microparticles is still lacking, although few nano/
microparticle-based vaccines are being trialled in humans. 
While current research is mostly focused on the develop-
ment of gold standard mucosal adjuvants (like alum for 
parenteral vaccines), the only questions remaining are 
whether these adjuvants would be potent enough to cover 
various types of antigens targeting different diseases and 
whether these adjuvants are safe in humans. The nano/
microparticle-based vaccine carriers currently utilized for 
oral vaccine delivery are summarized in Table 3.

The primary hurdle in oral vaccine development is 
retaining antigen stability against the harsh conditions of 
the GI tract, enhancing antigen transport from the apical 
to basolateral side in the intestine and targeting antigens 
to underlying immune cells. The use of a novel nano-
technological platform provides a promising prospect for 
enhancing the immunogenicity of oral vaccines (Fig. 3). 
Formulation strategies include the use of novel lipid and 
polymer-based nano/microparticle platforms where anti-
gens can be conjugated or encapsulated into particles and 
protected against the GI environment. The physicochemi-
cal properties can be tailored to enhance GI transport, pro-
long the release of antigens and attach ligands (M-cells 
and APC-ligands) to precisely allow site specific target-
ing by immune cells. Another novel way to enhance the 
immunogenicity is by linking TLR agonists with peptide 
or protein-based antigens.

Liposomes and chitosan-based delivery systems appear 
to be the most preferred delivery systems for oral vaccines. 
As these delivery systems have already progressed into the 
clinic for other modes of administration, there is high hope 
that they represent the “gold standard” for most antigens 
intended for oral delivery. Additionally, the development 
of new classs of pH-sensitive polymers and modification 
of the liposomes-based particles with those polymers pro-
vides an effective antigens protection and tailored release of 
antigens. The reports on optimum physicochemical proper-
ties of nano/microparticles for oral delivery of vaccines are 
conflicting. However, studies show that rod-shaped, nano/
micron size (< 2 microns), cationic and hydrophobic prop-
erties are the preferred physicochemical properties for oral 
nano/microparticle-based vaccines. Further research and 
development of nanocarriers and vaccine design should ulti-
mately lead to identifying the “gold standard” oral vaccine 
delivery system. This generic system is expected to provide 
an easy solution to roll out effective vaccination strategies 
in resource-limited developing countries.



435Journal of Pharmaceutical Investigation (2021) 51:425–438 

1 3

Acknowledgements NM was supported by a UQ development fellow-
ship and internal funding from the School of Biomedical Science, The 
University of Queensland.

Declarations 

Conflict of interest All authors (M. Li, L.M. Kaminskas and N. Mar-
asini) declare that they have no conflict of interest.

Table 3  Summary of nano/microparticle-based carrier utilized for oral delivery of vaccines

Particles Antigens Immune responses Reference

Liposomes M1 gene of influenza A virus Enhanced humoral and cellular 
immunity; protective immunity 
upon challenge studies

Liu et al. (2014)

Modified liposome (chitosan-
coated phospholipid-PEG bearing 
liposomes)

Monovalent detergent split influenza Enhanced mucosal and systemic 
immunity

Oberoi et al. (2016)

Modified liposomes (PEG-modified) Ovalbumin (OVA) Enhanced mucosal and systemic 
immunity

Minato et al. (2003)

Modified liposomes layer-by-layer 
polymer-coated liposomes

Peptide (J14) Enhanced mucosal and systemic 
immunity

Marasini et al. (2016a, b, c)

Modified liposomes (Mannose-
PEG-cholesterol conjugate (MPC) 
entrapped lipid A)

Ovalbumin (OVA) Enhanced systemic and mucosal 
immunity

Wang et al. (2014)

Bilosomes Tetanus toxoid Enhanced mucosal and systemic 
immunity

Mann et al. (2006)

Bilosomes Diphtheria toxoid (DTx) Enhanced mucosal and systemic 
immunity

Shukla et al. (2011)

Bilosomes Recombinant baculovirus displaying 
VP1 (Bac-VP1)

Enhanced mucosal and systemic 
immunity

Premanand et al. (2013)

Bilosomes Tetanus toxoid Enhanced mucosal and systemic 
immunity. Induced  Th2-biased 
immune responses

Mann et al. (2006)

ISCOMs Cholera toxin-CTA1-DD/ 
 OVA323–339 peptide epitope

Enhanced antigen-specific serum 
IgG antibodies

Mowat et al. (2001)

Chitosan (CS) conjugated peptide CPE30 peptide Production of antigen-specific fecal 
SIgAand mucosal T cell immune 
responses

Ye et al. (2014)

Eudragit® L100-coated-manno-
sylated chitosan nanoparticles

Bovine serum albumin (BSA) Enhanced mucosal and systemic 
immunity

Xu et al. (2018)

Alginate Heat killed V. cholerae Production of IgG and IgM 
responses and protective response 
against cholera

Pastor et al. (2013)

Alginate-encapsulated bacille 
Calmette-Guerin (BCG)

Bacille Calmette-Guerin (BCG) Enhanced mucosal and systemic 
immunity

Hosseini et al. (2015)

Alginate and chitosan-coated cal-
cium phosphate nanoparticles

Bovine serum albumin (BSA) Enhanced mucosal and systemic 
immunity

Cao et al. (2020)

Glucan particles Ovalbumin (OVA) Enhanced mucosal immunity De Smet et al. (2013)
Ulex europaeus agglutinin-1 (UEA-

1) conjugated PLGA NP contain-
ing monophosphoryl lipid A

Ovalbumin (OVA) Enhanced humoral immunity Ma et al. (2014)

PLGA + monophosphoryl lipid A 
(MPLA)

Ovalbumin (OVA) Enhanced mucosal and systemic 
immunity

Sarti et al. (2011)

Acid-resistant HP55/PLGA nano-
particle

H. pylori recombinant antigen CCF Induced potentTh1/Th17-bias 
immune response

Tan et al. (2017)

Cell membrane coating technology. 
(Mg-TiO2-RBC-toxin-chitosan-
entric coated particles)

Toxoids Production of antigen-specific 
mucosal antibody titers

Wei et al. (2019)
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