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Abstract: Polymeric nanoparticulate carriers play an important role and holding a significant potential for the de-
velopment of novel immunomodulatory agents as easily they are taken up by antigen presenting cells. They allow
an enhanced antigen stability, better immunogenicity and immunostimulatory effect with sustained and controlled
release of the antigen to the target sites. Better information and vital understanding of mechanism of action, inter-
action of such vectors with the APCs and dendritic cells and antigen release kinetics in immunomodulatory effects,
and improved knowledge of their in vivo fate and distribution are now needed, those collectively would speed up
the rational strategies of nanoparticles as carriers for vaccines and other protein antigens. The evolution of such in-
novative adjuvants for protein and DNA immunizations are an exciting and growing zone in immunology, which may
enhance the clinical outcomes in many infectious and non-infectious diseases. This review summarizes the recent
advances in nano-vaccinology with polymeric (especially biodegradable) carriers, their methods of preparation, sur-
face modification, their interaction with antigen presenting cells, release of antigens, its kinetics and mechanism in
the delivery of vaccines via non-invasive routes.
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Introduction

The process of vaccination to encourage an
adaptive immunity is thought to be used for
many infectious diseases and cancers. The
conventional forms of vaccines are primarily
composed of live attenuated viruses, inacti-
vated pathogens, or inactivated toxoids. These
methodologies are successful for vaccine de-
velopments those induce an antigen-antibody
and cytotoxic T lymphocyte (CTL) immune re-
sponses, and destroy infected host cells with
intracellular organisms. The currently devel-
oped new generation vaccines are much safe,
with defined components, but these vaccine
systems have low immunogenicity, hence need
some adjuvants and delivery carriers to indu-
ce sufficient immune responses [1]. Delivery
of vaccines and adjuvants those induce anti-
gen-specific humoral and cellular immunity are
much fruitful for efficient vaccine systems de-
velopment (Figure 1).

Due to the current progress in nano-sciences
the nanoparticles (NPs) have become very strik-
ing for their applications in the fields of drug
delivery, gene delivery, vaccine delivery and
other biomedical applications. Nanostructured
carriers (1-500 nm) exhibit unique functions
and properties due to their particle size, shape
and size distribution effects [2].

It is believed that nano-sized carriers would be
capable of improved interaction with cell mem-
brane and proteins as most of the bio-active
agents and macromolecules like viruses, pro-
teins and membranes are having natural nano-
structures. NPs shape and size allow these car-
riers to be incorporated into a number of bio-
medical devices for diagnostic and remedial
purposes [3].

The inventive progress in nanotechnology is
currently being influenced to formulate thera-
peutic agents in biocompatible and biodegrad-
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Figure 1. Simple depiction of immune response mechanisms following nano-sized particulate vaccination. Uptake and processing of particulate antigen by dendritic
cells is a crucial step that remarkably dictates the fate of immune response. The high cross-presentation ability of dendritic cells is a major trait that polarizes the
ultimate immune response towards cellular or humoral immunity.
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able nanocarriers like NPs, nanocapsules,
some magnetic NP conjugates, various micellar
formulation systems and superparamagnetic
iron oxide NPs. The small sized magnetite NPs
with narrow particle size distribution and high
magnetization values had been employed in
many biomedical applications [4], such as tar-
geted drug delivery [5], contrast agents in mag-
netic resonance imaging [6] and hyperthermia
treatment of cancers [7].

Recently, biodegradable polymeric carriers
have got a great attention by the researchers
for various drug delivery systems, the underly-
ing reason behind this superiority of biodegra-
dable carriers have potential advantages over
their non-degradable counterparts. As they
have reduced toxicity and side effects as well
as they do not accumulate in the cells and
tissues even after repeated administration.
Moreover, degradation of these carriers could
be used as a tool for the release of the thera-
peutic agents and release of plasmid DNA into
the cytosol [8, 9]. The evolution of NPs has
given an immense enthusiasm to the for-
mulators for the development of new immuno-
modulatory agents, because these nanocarri-
ers can easily deliver and efficiently manipulate
the antigens at the target sites [10].

Besides biodegradable some non-biodegrad-
able NPs were also investigated for the delivery
of vaccines [11], where carbon, silica and most
commonly gold [12] are used to encapsulate
antigens and more frequently to provide sur-
face for covalent attachment of antigens.
Among these the most frequently used are gold
NPs are 2-50 nm size range, Similarly, carbon
NPs have been explored for the delivery of vac-
cines for oral use. Silica NPs have also been
investigated as templates which were then car-
bonized using sucrose as a source of carbon
under nitrogen gas. The NPs so obtained were
around 400-450 nm size range with surround-
ed 50 nm mesopores on the surface of parti-
cles, within these receptacles an antigen could
be sheltered from the gastrointestinal tract’s
tough biological environment and encouraging
good mucosal immunity after oral administra-
tion [13].

A large number of drugs, vaccines and genes
are being delivered into the body using nanopar-
ticulate carriers through a number of adminis-
tration routes. Without any failure, the NPs are
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being used safely to deliver hydrophilic or
hydrophobic drug molecules, proteins, vac-
cines, and many other biological macromole-
cules into the body.

These new generation vaccines are safe with
well-defined ingredients, but here the antigens
are less immunogenic hence require some
adjuvants and suitable delivery systems to
encourage maximum immune responses [1,
14]. Adjuvants in immunology were firstly pro-
nounced by Ramon as “substances used in
combination with a specific antigen that pro-
duced a more robust immune response than
the antigen alone” [15]. Till now, phosphate and
hydroxide salts of calcium and aluminum are
the main adjuvants approved for human use.
However, there are some disadvantages asso-
ciated in the use of alum-type adjuvants for
vaccination [16]. So, the advancement of more
effective and safest adjuvants in the delivery
of vaccines to achieve a high and long-term
immune responses is prime focus for the re-
searchers in this era [17]. Therefore, develop-
ment of nanocarriers for vaccines in the field
of immunogenicity have drawn the attention
as some nanocarriers have been found them-
selves to be antigenic and some have been
revealed to increase antigenicity of even the
conjugated weak antigens and hence assist
as adjuvants. The property of nanocarriers to
increase antigenicity depends up on NPs sur-
face property (zeta potential) and their sizes
and can expressively contribute to the deve-
lopment of better quality vaccine formulations
[18-21].

Even though the previously established alum-
based adjuvants, often fails to induce cellular
immune responses and was found reactogenic
to the host cells, but the nanocarriers afford an
alternative for the delivery of antigens, which
not only triggers different components of the
immune system but also have excellent bio-
compatibility and biodegradability. Because
of their sizes, nanocarriers move and process-
ed as such in to cells through non-classical
pathways and easily express various immune
responses.

In this manuscript, we reviewed and discussed
mainly some biodegradable polymeric NPs con-
taining surface-immobilized and encapsulated
antigens as carriers for vaccine delivery via
non-invasive routes which are alternatives to
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the presently used traditional alum carriers for
vaccines.

Biodegradable polymeric nanoparticles: intro-
duction and development

Biodegradable polymeric nanoparticles

The biodegradable materials are natural and
synthetic in origin and by enzymatic or non-
enzymatic actions, can be degraded easily
when used in vivo, to produce biocompatible,
toxicologically safe by-products which can be
easily eliminated by the normal metabolic path-
ways of the body [22]. Several natural and
synthetic polymers like polylactide-co-glyco-
lide, polylactic acid, chitosan, alginate, carbo-
pol, gelatin, dextran etc., have been extensively
explored for the effective mucosal delivery of
vaccines and substantial results have been
obtained [23]. Biodegradable polymeric NPs
have been extensively used for site-specific
delivery of vaccines. Generally used biodegrad-
able polymers and their matrices for the devel-
opment of nanoparticle preparations are.

Poly (lactide-co-glycolide): On the basis of uni-
form particle size and better encapsulation effi-
ciency, poly (lactide-co-glycolide) (PLGA) is one
of the most successfully used biodegradable
polymeric matrices. They are hydrolyzed in the
body tissues and results in to lactic acid and
glycolic acid as monomeric metabolites which
are biodegradable in nature. Normally, lactic
and glycolic acids are found in the body where
they contribute in a number of biochemical and
physiological reactions, hence a minimum or no
systemic toxicity and side effects are associat-
ed in the use of PLGA for the drug delivery and
biomedical applications. Moreover, PLGA based
nanoparticulate carrier system have been ex-
tensively used to encapsulate proteins, pep-
tide, vaccines, and genes for in vivo delivery
[24-26].

Polylactic acid (PLA): It is a biocompatible and
biodegradable polymer which is broken in to
lactic acid monomeric units in the body tissues.
Lactic acid is a natural by-product of anaero-
bic cellular respiration, in the Cori cycle by the
liver it is converted into glucose and is used
as an energy source in the body, hence PLA
based NPs are safe and non-toxic [25].

Poly-e-caprolactone (PCL): Under the normal
physiological conditions in the human body,
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poly-e-caprolactone is broken down by hydroly-
sis to its ester forms and has minimum toxic
effects. The rate of degradation of PCL is slow-
er than the polylactides, so it is considered
as better candidate for making controlled and
sustained delivery carriers and implantable
devices [27]. A model antigen, tetanus toxoid
loaded small sized PCL NPs produced an M1/
M2-macrophages polarization of human blood
monocyte-derived macrophages and helper
T-cells polarization of autologous CD4* T cells
and an efficient CD8* T-cell responses were
also stimulated. In one study, tetanus toxoid
loaded small PCL NPs were found to be able to
produce persistent and strong cell mediated
and humoral immunity against tetanus toxoid
two months after single injection in mice and
without any booster dose [28].

Chitosan: Chitosan is a natural hydrophilic bio-
polymers, non-toxic, biocompatible, biodegrad-
able and have adsorption and mucoadhesion
properties. It is a biopolymer of residues of glu-
cosamine, obtained from wastes of seafood
like; shrimp, crab shell and cell wall of fungi
[29]. It has been found to be nontoxic in both
experimental animals and humans. Chitosan
are more focused than other polysaccharides
as it is biocompatible, degrade into non-toxic
byproducts in vivo and has capability to open
up the intercellular tight junctions of epithelial
cells [30]. It has immune-enhancing effects,
and has been used as adjuvant for vaccines,
carriers for gene delivery [31], carriers for
protein and many other drug molecules [32-
35]. Chitosan has been used as a carrier for
novel nasal vaccine delivery and are found suit-
able carrier for mucosal drugs and many other
vaccines [36]. Chitosan NPs strongly induces
immune response against many antigens and
enhances uptake of antigen by mucosal lym-
phoid tissues. As novel adjuvant for vaccines,
chitosan has been used as carrier for hepatitis-
B vaccine [37], piglet paratyphoid vaccine [38],
H3N2-influenza vaccine [39]. Chitosan oligo-
mer as an adjuvant for A/H5N1-influenza vac-
cine was used and found that it enhanced and
stimulated the immune response rate and high
titers of autoantibodies in mice [40]. Hence,
chitosan NPs are considered as an excellent
and potential adjuvant for A/HIN1 influenza
vaccines [41]. Moreover chitosan NPs has been
extensively investigated as a mucosal gene car-
rier, and chitosan based DNA NPs have been
found effective in the induction of mucosal and
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systemic immune responses in many studies
[42-44], also chitosan NPs as a pneumococcal
DNA vaccine carrier has been reported recently
[45].

Gelatin: Gelatin is a widely used ingredient in
medical and food products and is a good non-
toxic biocompatible and biodegradable alterna-
tive. Gelatins are nontoxic, biodegradable, bio-
active, and economic as well as they are effi-
cientin controlled drug delivery of many actives.
Being a poly-ampholyte gelatin consist of cat-
ionic and anionic groups along with hydrophilic
group, so the swelling behavior and thermal
properties of gelatin based NPs, depend up
on crosslinking between cationic and anionic
groups, hence these properties of gelatin can
be exploited to develop a preferred kind of
NPs [46, 47]. Cationized gelatin NPs have been
used as a biodegradable and well tolerated
carrier for immunostimulatory CpG oligonucle-
otides (CpG-ODN) in murine system and was
found that NPs enhanced the uptake of CpG-
ODN and strongly increase the activation of
the immune system [48].

Dextran: Dextrans are hydrophilic polysaccha-
rides with > 1000 Dalton molecular weights,
which have a linear backbone of a-linked D-
glucopyranosyl repeating units and have high
water solubility. The hydroxyl groups present in
dextran propose sites for derivatization, and
these functionalized glycoconjugates represent
a class of biocompatible, biodegradable and
environmentally safe compounds for the deliv-
ery of drugs and other actives [49]. In a study, a
model enzyme, horseradish peroxidase (HRP)
was encapsulated in an acid-sensitive, tunable
biodegradable polymer, acetylated dextran (Ac-
DEX) and the vaccine stability outside cold
chain conditions was evaluated. It was found
that Ac-DEX particles remained spherical in
nature, as compared to PLGA particles, and
HRP encapsulation reduces its storage temper-
ature dependence and enhances its stability
outside cold chain conditions. This indicates
that an Ac-DEX based micro or and nanopartic-
ulate carrier systems has extensive use as vac-
cines and other drug molecules [50].

Alginates: The anionic polysaccharide, alginate
obtained from cell walls of brown algae is a
linear copolymer with homo-polymeric blocks
of (1-4)-linked B-D-mannuronate and its C-5
epimer o-L-guluronate, respectively and linked
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covalently with each other in different blocks.
The diphtheria toxoid loaded NPs were devel-
oped by using alginates and characterized by
immunizing guinea pigs and immunization pa-
rameters were compared with the convention-
ally used vaccine, the diphtheria toxoid-loaded
alginate NPs showed highest humoral immune
response as compared to conventional ones.
Thus, alginate based NPs can be considered as
a novel promising nanocarrier for vaccine with
high immunogenicity adjuvant system [51].
Alginic acid-coated chitosan NPs as carrier for
oral delivery of legumain based DNA vaccine
was developed to protect against breast can-
cer [52]. The chitosan NPs coated with alginic
acid was found to be a safe and proficient
implement for oral delivery of legumain-DNA
vaccine and effectively improved the autoim-
mune responses and protected against breast
cancer in mice.

Development of biodegradable polymeric
nanoparticles

Previously the NPs and microparticles were
developed by using the polyalkyl-cyanoacrylate,
but due to the larger size ranges of microparti-
cles the initial zeal for their use in the field of
medicine was diminished. The microparticles
were not able to cross the intestinal mucosal
barrier of the gastrointestinal tract when they
were used as a carrier in oral drug delivery
system hence were assumed as failed delivery
system. On the other hand, due to their sizes
NPs have got benefit over microparticles and
found better even for intravenous delivery of
drugs [26]. Biodegradable polymeric NPs can
be synthesized by using a number of materials
like proteins, polysaccharides and synthetic
decomposable polymers and the choice of
these materials and polymers is depend on the
designing of delivery carriers and their applica-
tions. Number of methods is now available for
the preparation of various kind of polymeric
NPs, depending upon the nature and property
of drugs (solubility and stability) to be encap-
sulated in the polymer matrix, targeted organ,
and route of administration and mechanism
of drug release. Biodegradable polymeric NPs
for vaccine delivery are generally prepared by
using a number of polymers (discussed
above): e.g. poly (a-hydroxy acids), poly (@amino
acids) and polysaccharides to create a vesicu-
lar structure which can either accommodate
or adsorb antigens.
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Table 1. Preparation of chitosan nanoparticles by different methods

Methods Remarks

References

Self-assembly technique

The homogeneous solvents like, ethanol or hexane are used for the dispersion of NPs. [64]

Polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) are used as stabilizer in this
technique. NPs are formed by entropy-driven forces that lead to self-assembly.

Complex coacervation process

Formation of NPs occurs spontaneously when two hydrophilic colloids mix together and [63]

electrostatic forces take place e.g. cationic chitosan (CS) precipitates around anionic
plasmid DNA. The degradation of DNA by nucleases are also protected by CS.

Emulsion-droplet coalescence technique This technique is based on the emulsion crosslinking and precipitation of chitosan [65]
around the drugs or proteins. Preparation of gadopentetic acid-NPs for the treatment
of tumors, showed a sustained release and enhanced retention within the tumors.

lonic gelation method

Macromolecules those are hydrophilic natural polymers like gelatin, alginate, chitosan [66, 67]

and agarose have been used in this technique. NPs obtained by ionic gelation need
surface modifications, PEG are used for this to prevent the macrophages activity, as
well as to help in the absorption and to provide sustained release of drug.

Polymerization methods

Polymerization of monomers in an aqueous medium is the mechanism of NPs forma- [68, 69]

tion. Polybutyl cyanoacrylate and poly-alkyl-cyanoacrylate NPs have been prepared by

this method.
Nanoprecipitation method

This method is generally used for the encapsulation of hydrophobic and hydrophilic [70]

drug molecules. The polymers and drugs are dissolved in a polar and water-miscible
solvents, drop by drop addition of this solution into aqueous surfactant results desired
sized NPs directly by quick diffusion of solvent.

Salting-out method

Polymers are dissolved in water miscible organic phase and then emulsified by salts [71, 72]

(e.g. magnesium chloride hexahydrate or magnesium acetate tetrahydrate) which are
not soluble in the organic phases. The addition of water to the obtained primary o/w-
emulsion under magnetic stirring leads to the migration of the water-miscible organic
phase to the aqueous phase, resulting nanospheres formation. NPs are obtained by
ultracentrifugation to remove the agents responsible for salting out process.

Double emulsion-solvent evaporation techni-
que: The poly (a-hydroxy acids) used are poly-
D-L-lactide-co-glycolide acid (PLGA), and PLA
which are generally prepared by double emul-
sion-solvent evaporation technique [53], where
the polymer is dissolved in organic solvent
followed by the addition of the antigen then
homogenized to get a primary emulsion. With
the addition of an emulsifying agent a water-in-
oil-in-water multiple emulsion is then formed,
which results in the precipitation of the poly-
mer around the antigen [54, 55]. The obtained
multiple emulsion solution is dried by solvent
evaporation technique to prevent the polymer
degradation due to ester hydrolysis catalyzed
by water [56, 57]. However stabilizers are used
to prevent protein (antigen) denaturation, but
still this method has limitations because of
low antigen entrapment efficiency and protein
denaturation at the oil-water interface [58].
The problem of degradation and denaturation
of protein, as well as low encapsulation of anti-
gens can be solved by the use of stabilizers
like, carrier proteins (e.g., albumin) and surfac-
tants at the time of primary emulsion prepara-
tion, or by the use of some cryoprotectant like,
glucose, trehalose and mannitol to the protein
phase. Stability of proteins can also be im-
proved when they will be encapsulated as a
solid rather than in solution forms [59].
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Moreover, the antigen encapsulation and sta-
bility can be enhanced by the use of biocom-
patible amphiphilic copolymers i.e. poly (@amino
acids) like poly (y-glutamic acid) (y-PGA), poly
(e-lysine), poly (L-arginine) and poly (L-histidine)
which do not require an emulsion step for
the NPs preparation [60]. Moreover, the com-
mon protease enzymes do not easily recog-
nize these y-linked glutamic acids in y-PGA, so
provides more stability [58]. In this situation
dimethyl sulfoxide (DMSO) is used as organic
solvent and rather than emulsification, centri-
fugation process is used to prepare the NPs,
resulting a uniform sized with higher percent-
age of antigen-encapsulation efficiency, which
are stable over wide range of acidic pH for a
long duration [61]. Hence, it is thought that
the y-PGA linked with L-Phenylalanie based
NPs would have greater potential for drug and
vaccine carriers. Similarly, alkyl esters of y-PGA
based biodegradable NPs have been investi-
gated and reported as potential drug and pro-
tein carriers [62].

Preparation of chitosan nanoparticles pre-
pared by different methods: Polysaccharide
like chitosan is generally used to encapsulate
antigens. Because of the biocompatibility of
chitosan more attention has been given on it
for NPs preparation [30]. There are many ways
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of chitosan NPs preparation but a complex
coacervation process is preferred for the en-
capsulation of the protein antigens where NPs
are formed extemporaneously when two or
more hydrophilic colloids are mixed, the chito-
san precipitates and surround the plasmid-DNA
to prevent the nuclease degradation of plas-
mid-DNA [63]. An ionotropic gelation technique
is used for chitosan NPs NPs for vaccine deliv-
ery which is grounded on interaction of posi-
tively charged amino groups in chitosan mole-
cules and the negatively charged cross linkers
like, tripolyphosphate and so obtained colloidal
systems can be modified further with the addi-
tion of adjuvant like polyethylene glycol on the
particles surface to enhance antigen absorp-
tion and to attain a sustained and slow release
of antigens. Chitosan NPs are prepared by vari-
ous techniques which are summarized in Table
1.

Polymeric nanopatrticles for vaccines delivery

The researchers in recent era have given much
attention to the biodegradable polymeric nano-
carriers because of their ability to deliver both
hydrophilic and lipophilic therapeutic agents,
genes, vaccines etc. and of course they are bio-
degradable in nature [73]. Biodegradable poly-
meric NPs have been given much attention as
potential vehicles for vaccine antigens which
can stabilize antigens as well as act as adju-
vants. More important is that some of these
NPs are even have ability to enter antigen pre-
senting cells (APCs) by various pathways, hence
modulate the immune responses. Different bio-
degradable polymers have been already used
in solid particulate form for vaccine delivery
[74]. In these delivery systems the antigens are
either encapsulated within and/or adsorbed
onto the surface of the NPs. Attachment of anti-
gens onto the surface of NPs allow the immuno-
gen presentation to the immune systems in the
similar way that it would be presented by patho-
gens and hence engender a similar response
[58]. Wilson et al. developed a pH-responsive,
endosomolytic polymeric NPs carrier for vac-
cine delivery to enhance cellular and humoral
immunity. Such kind of NPs were developed by
using amphiphilic diblock copolymers (consist-
ed of ampholytic core-forming block and poly-
cationic corona block fixed with pyridyl disulfide
group to empower a dual-delivery of antigens
as well as immunostimulatory CpG oligodeoxy-
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nucleotide (CpG-ODN) adjuvants. They assem-
bled simultaneous packaging of CpG-ODN and
a thiolated protein ovalbumin (OVA) as antigen
in to polymeric NPs. The subcutaneous admin-
istration of the developed vaccine carrier in to
mice, the OVA-NP adjuvant significantly expre-
ssed higher CD8* T-cell response as compared
to the group of mice vaccinated with free OVA.
Similarly, intradermal injection of OVA-NP adju-
vant further amplified the cellular immunity.
They concluded that the developed pH-respon-
sive, endosomolytic NPs encouraged antigen
cross-presentation and boost cellular and hu-
moral immunity through dual-delivery of anti-
gens and CpG-ODN, hence this carrier system
is a promising and have potential for the deliv-
ery of protein subunit vaccines [75].

A targeted carrier for vaccine delivery was de-
veloped using biodegradable PLGA with super-
paramagnetic iron oxide particles and the
antigen was labeled fluorescently in single
particulate system [76]. The targeted delivery
of vaccine carriers coated with antibodies to
the dendritic cells in vivo was studied, which
are primarily responsible in the instigation
of adaptive immunity and recently have been
exploited in the immunotherapy against can-
cerous and many infections [77].

Vesicular carriers for oral delivery of vaccines

A number of technologies and vesicular ap-
proaches have been designed the delivery of
vaccines. The carriers like liposomes [78], non-
ionic surfactant based vesicles niosomes [79],
the highly flexible and soft membrane transfer-
somes [80], a novel lipid based and significant-
ly stable than liposomes oral delivery system
archaeosomes [81] and virosomes [82, 83] are
frequently used novel carrier systems for topi-
cal applications of therapeutics and vaccines.
The tetanus toxoid was applied topically on to
the skin of albino Wistar rats through vesicular
carriers like liposomes, niosomes and trans-
fersomes and their respective immune respon-
ses were compared by analyzing the antibody
serum 1gG, and they found that the immune
responses of such non-invasive immunization
by vesicular carriers were almost similar to that
of the invasive intramuscular injection of the
same dose of tetanus toxoid [84]. Topical use
of non-invasive vaccination on skin through the
above vesicular carriers would advance the
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vaccination curricula as there would not be
a trained personnel requirement and needle
pricking could be escaped. A number of im-
mune cells are present on skin, when it comes
in contact with immunogens, they provoke a
robust specific as well as non-specific immuno-
logical responses by various mechanisms. The
immunogens from such vesicular carriers can
transfer effectively across the skin via follicular
pathway, lamellar lipids and through corneo-
cytes as well [85].

The versatility and plasticity are the two major
advantages of liposomes, archaeosomes and
virosomes-based carriers for vaccine delivery.
On the basis of chemical properties, hydrophilic
antigens like, proteins, peptides, nucleic acids
and carbohydrates can encapsulated in the
aqueous inner space of liposomes and hydro-
phobic moieties like antigens, lipopeptides,
linker molecules and adjuvants are introduced
in the lipid bilayer [78, 86]. Liposomes have
been studied for their comparative potential in
non-invasive delivery of tetanus toxoid [84].
Modified liposomes as cationic adjuvant lipo-
somal preparations for vaccine delivery have
been developed with an adjuvant CAFO1 con-
sisting of mycobacterial cord factor glycolipid
trehalose dibehenate as immunomodulator,
and dimethyl dioctadecylammonium to give
positively charged surface. Similarly cationic
liposome-DNA complex have been developed
to establish an effective targeting of human
papilloma virus (HPV) type-16 for cancer immu-
notherapy [87] and muramyl dipeptide, mono-
phosphoryl lipid-A and listeriolysin-O as adju-
vants have been developed also for vaccine
delivery [88].

To activate the systemic and mucosal immune
systems, the immunity stimulating effects of
archaeosomes as carrier for oral administra-
tion have been found to be superior as com-
pared to liposomes and other conventional for-
mulations in providing antigen specific syste-
mic as well as mucosal immune responses.
Moreover, archaeosomes efficiently facilitates
antigen specific CD8* T-cell proliferation [89],
however the mechanisms of action is not well
known [90]. The study of archaeosomes indi-
cated that it had good stability in simulated
intestinal and gastric fluids, showed prolonged
residence in the Gl tract after oral administra-
tion, and immunity against ovalbumin (OVA)
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antigen were effectively enhanced by stimu-
lating the considerable systemic (IgG) as well
as mucosal (IgA) responses [81]. Therefore,
archaeosomes might be considered as a poten-
tial carrier for vaccines and adjuvant for effi-
cient oral immunization and may hold a great
promise in developing oral vaccines for weak
antigens [91].

Advances in surface modifications

NPs have different problems as delivery carri-
ers and have very short circulating life span
within the body after intravenous administra-
tion and rapidly cleared from the body due to
cellular phagocytosis, hence the therapeutic
efficiency of actives was slow down and could
not be sustained for a long duration. However,
by the surface modification technique for NPs,
the complexity of their phagocytic elimination
has been resolved, because the surface modi-
fied NPs are protected well from the cellular
phagocytosis and their early removal from the
vascular systems when delivered intravenously
[92].

When nanoparticulate carriers are used th-
rough intravenous route the macrophages de-
tects as they are foreign body and remove
them immediately in the body. Therefore, there
is need of surface modification of the injected
NPs in such a way that the macrophages did
not recognize as foreign bodies and will not be
engulfed by macrophages from the circulation
[93].

Biodegradable NPs loaded with antigen and
surface modified with bacterial lipopolysaccha-
rides were found to have dynamic improvement
in immune response against the encapsulated
antigen. Such kind of vaccine systems are th-
ought to be good as they are flexible in nature,
allowing easy addition of antigen, adjuvant, and
potentiators for immunity [94]. The surface
modification of NPs and mechanisms involved
in this process allow the specific moieties or
antigens to be incorporated into the modular
system without any significant alteration of
their transfection efficacy and safety [95]. By
taking a lead from the modular aspect of a
virus, a modular DNA-delivery system has been
developed by using DNA, dendrimer and silica
NPs and cellular fate of the modular DNA deliv-
ery were studied [96].

Am J Transl Res 2017;9(1):15-35



Biodegradable nano-vaccines

Modification of NPs surface with biomolecules
those are normally present in human body will
be capable to be present in the body for a long
duration, so that there will more chances for
the carrier system to reach safely, rapidly and
effectively to the target organ as compared to
non-surface modified NPs. Researchers have
developed many methods for NPs surface mod-
ification, among them the most common prac-
ticed method is surface coating of prepared
NPs with poly-ethylene glycol (PEG), this ap-
proach enhances the biological half-life of
such nano-carriers in the blood circulation. The
steric repulsion caused by PEG on the surface
of NPs are thought to be the reason to prevent
the opsonization of NPs and hence longer re-
tention in the circulation [97].

Protamine is also used as surface modify-
ing agent [98], encapsulated ovalbumin (OVA)
antigen into PLGANPs coated with protamine.
They used with and without protamine coated
OVA-NPs to stimulate murine bone marrow-
derived dendritic cells (BMDCs) and found an
increase in endocytosis of protamine-coated
NPs by BMDCs. Protamine coated OVA-NPs
caused significant upregulation of CD80, CD86,
and CD83, increased secretion of 1L-12p70,
and decreased production of IL-4 as compared
to non-protamine coated OVA-NPs by BMDCs.
The results of the study concluded that prot-
amine-coated OVA-NPs improve the cross-pre-
sentation of encapsulated exogenous antigen
by helping in uptake of the antigen and lyso-
somal escape, therefore protamine coated
OVA-PLGA-NPs are potent adjuvant and vector
for cellular vaccines [98].

Streptococcus equi enzymatic extract adsorbed
poly (lactic acid) NPs were developed and char-
acterized as well as surface of NPs was modi-
fied by using glycolchitosan (GCS). GCS treated
surface modified NPs improved the sustained
release profile of the adsorbed enzyme as even
after 30 days release study, 20% of protein
were found to be attached on the surface
of NPs. Desorption studies on developed NPs
shown initially a burst release profile, follow-
ed by a sustained release [56]. Other than
PEG, protamine and glycolchitosan some more
hydrophilic polymers like, Pluronics, Polysor-
bates, polysaccharides (dextran) are also being
used effectively as surface modifying agents
for antigen coated biodegradable NPs [99].
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Noninvasive routes of vaccine delivery

Administration of vaccines through needle and
syringe causes acceptability issues especially
in children and infants, moreover in some
developing countries the syringes and needles
are reused inappropriately which may cause a
high risk of infection. Therefore, a noninvasive
approach for oral vaccination would appear
a fruitful alternative. Till date, live attenuated
vaccines are only being used orally in human
beings and the efficacy of such vaccines great-
ly depends on the spread of these vaccines
in the gastrointestinal tract and their subse-
quent. Sometimes, the reversion of the vac-
cines to virulent forms might occur that limits
the use of live attenuated vaccines for many
infectious diseases [100]. Development of oral-
ly administered vaccines with replication-lack-
ing viral vectors could be a better substitute for
the live attenuated vaccines.

With the consideration of more than 90% of
infections occur through mucosal surfaces,
vaccination at mucosal sites is an important
objective for the researchers, as mucosal or
oral vaccination resulted in mucosal IgA-
immune responses in the respiratory tract
[101] in contrast to the current parenteral
vaccinations which provide virus-neutralizing
antibodies (IgG) in the lungs which might pro-
tect influenza infections [102]. On the ba-
sis of such findings, Tumpey et al. verified that
mucosal IgA responses exhibit cross-protect-
ive immunity against antigenic viruses, and
concluded that induction of mucosal immune
response by oral vaccination might offer wide
and better safety against drifted, heterologous
strains [103].

The stimulation of mucosal immune responses
needed the presence of lymphoid tissues
associated with mucosa that provide a source
of B-cells and T-cells [104]. Inductive sites in
the respiratory and gastro-intestinal tracts are
well defined which are consisted of aggregat-
ed lymphoid tissues (like, gut, nasal, and bron-
chial-associated lymphoid tissues) and muco-
sa-associated lymph nodes (like, mesenteric
and mediastinal lymph nodes). Whereas, the
vaginal mucosa is lacking of histologically per-
ceptible mucosa-associated lymphoid tissue
so at this site the role of inductive site is played
by draining iliac lymph nodes. Additionally,
antigen-uptake through the vaginal mucosa
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and immune responses in the genital tract
are regulated by the estrus phase and hor-
monal status in female, so the female genital
tract has some unique features that could
be considered in the development of mucosal
vaccination [105, 106].

In an attempt the T-cell priming was studied
after immunization through vaginal route in hor-
mone synchronized mice, and found an effec-
tive activation of CD4* T-cells, but antigen-spe-
cific CD4* T-cell clonal growth was even detect-
ed in iliac lymph nodes, and proliferated T-cells
scattered towards spleen and distal lymph
nodes, same as that has been observed after
immunization through nasal route [107]. They
concluded that vaginal immunization through
vaginal route is effective in stimulating CD4*
T-cell priming even though in the genital tract
there is no any organized mucosa-associated
inductive sites [108]. An early clonal growth of
antigen-specific CD4* T-cells were found in cer-
vical and mediastinal lymph nodes as well as
in the nasal-associated lymphoid tissues in
three days of post immunization via nasal route
by Streptococcus gordonii as recombinant vac-
cine vector [109], and the divided T-cells were
detected five days post priming in the respira-
tory, intestinal and genital tracts in the dis-
persed [110].

Generally lungs are considered as the major
site of infections and pathology, hence immu-
nity in this organ has shown a significant ef-
fect in controlling the primary infections caused
by Mycobacterium tuberculosis and immunity
against this microorganism majorly depends up
on stimulation of cell-mediated type of respons-
es, and an essential role in this process has
been played by gamma interferon in human
and animal models. Doherty compared oral im-
munization to subcutaneous immunization in
mice by using a subunit vaccine, loaded with
two immunodominant proteins of M. tuberculo-
sis, in a blend of detoxified monophosphoryl
lipid-A (MPL) based adjuvants. His result indi-
cated a significant induction in type 1 respons-
es after oral boosting comparatively to subcu-
taneous immunization protocols [111].

Mucosal immunization
In mucosal immunization process, vaccination

can be done by oral or intranasal routes by
nano-sized particle aerosol. In one study, a Rift
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Valley fever (RVF) MP-12 vaccine was given to
monkeys by intranasal drops, they developed
about 80% plaque reduction neutralization
titers of > 1:40 and the developed neutralizing
antibodies were found to protect RVF in mon-
keys when tested with the virulent RVF [112].
They concluded that immunization with RVF
MP-12 live attenuated vaccine via intranasal
route (aerosol) provided an effective immuniza-
tion against RVF and better alternative route of
administration as compared to the traditional
intramuscular route.

Diphtheria toxoid was encapsulated in to poly-
epsilon-caprolactone (PCL) based polymeric
NPs and subjected for their potential as a
mucosal vaccine delivery and compared with
the PLGA based polymeric NPs carrying the
same toxoid. They used Caco-2 cells for in vitro
study and found satisfactorily higher uptake of
hydrophobic PCL NPs as compared to PLGA
based nanocarriers and this similar higher up-
take of PCL NPs was also found in case of in
vivo experiments following nasal administra-
tion. PCL based NPs induced diphtheria serum
specific IgG antibody responses sufficiently as
compared to PLGA-NPs and significant posi-
tive correlation was found between hydropho-
bicity of PCL-NPs and the immune responses
following intranasal as well as intramuscular
administration of the nanocarriers. The cyto-
kine assays exhibited the serum IgG antibody
response induction was different through dif-
ferent routes of administration, which was
designated by the varying IL-6 and IFN-gamma
levels. They concluded that the nanocarriers
motivating the highest IgG antibody responses
did not essentially provoke the higher cytokines
IL-6 and IFN-gamma levels [113].

Oral spray immunization

Globally, there is a great challenge in the health
sector scientists and formulators in developing
the non-invasive needle-free vaccines [114]. In
an experiment by Stahl et al. a non-replicating
viral vector vaccines was developed and test-
ed whether a natural pathway to the inductive
site of the mucosa-associated lymphatic tis-
sues can be used for noninvasive immuniza-
tions [100]. On to the tonsils of rhesus ma-
caques, they sprayed the developed replica-
tion-deficient viral vector vaccines and named
the method tonsillar immunization, this method
of immunization caused the cellular and humor-
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al immune responses induced by simian immu-
nodeficiency virus (SIV) antigens [115, 116]. A
reduced level of viral-RNA after a stringent
SIV challenge was found and a protection level
almost equivalent after systemic immunization
with same vaccine was observed. Therefore,
the oral immunization with viral vectors against
systemic and predominantly respiratory tract
infections can be considered as a novel ap-
proach to avoid the difficulties associated with
syringe and needle. Moreover, such replication-
deficient vectors can be used to deliver vac-
cines to mucosal lymphatic tissues, can sweep
over the epithelial barrier and can prevent
any tolerance induction. Similarly, a subtopical
delivery of Ankara vaccines into the palatine
tonsils of rhesus macaques through needle-
free injection device induced a considerable
responses and suppression of viral burden
post challenge of SHIV89.6P [117].

Oral influenza vaccine

The oral influenza vaccines can be targeted in
the upper or lower part of the gastro-intestinal
tract to give an effective immune responses,
the same strategy has been tried in mice [118].
The study of Koping-Hoggard et al., 2005,
revealed that without adjuvant significant
systemic but little respiratory mucosal immu-
ne responses were encouraged in mice after
influenza subunit vaccine delivery to the upper
(intragastric) and the lower (intracolonically)
gastro-intestinal tract. They observed that
these responses were expressively enhanced
when the same vaccine was adjuvanted with
the heat-labile enterotoxin of Escherichia coli.
The delivery of the vaccine with adjuvant in to
the lower gastro-intestinal tract i.e. intracolonic
delivery, induced better cellular immune
responses and the preferred Thl-skewing of
the responses and the intragastric delivery of
the same adjuvanted vaccine were also found
to augment T-helper responses but no Thi-
skewing was found in this case. Hence, it
can be concluded that, the accurate blend
of strong mucosal adjuvant like, enterotoxin of
Escherichia coli and of course the site of
antigen delivery, e.g. in the lower part of the
gastro-intestinal tract potentiate effective
vaccination by means of oral route.

Nasal delivery of vaccines

The potential use of nanocarriers for mucosal
vaccine delivery has found considerable advan-
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tages in the field of nanotechnology. In fact
most of the vaccines including protein antigens
and DNA-vaccines are very unstable in biologi-
cal environment and limited efficacy due to
poor crossing capacity to biological barriers,
hence needs protection against degradation
and design of appropriate antigen carriers
overcome these challenges respectively [119].
The design of polymeric nanocarriers for nasal
delivery of vaccines is one of the appropriate
solution for these problems. Due to an effec-
tive and significant physical and chemical
defensive barriers the nasal delivery of naked
plasmid-DNA vaccine induces very weak im-
mune responses [120]. Therefore, to improve
the immunogenicity by mucosal delivery of DNA
vaccines, chitosan, a natural biodegradable
polymer based NPs as a carrier could be used.
Recently, chitosan NPs was used as a pneumo-
coccal DNA-vaccine carrier [45]. Xu et al.,
2011 immunized the BALB/c mice through
intranasal route by chitosan encapsulated
psaA-NPs, and evaluated its efficacy in devel-
oping the mucosal and systemic immune
responses and protection against nasopharyn-
geal colonization. They found that the mu-
cosal, systemic, and cellular immune respons-
es were encouraged with boosted level with
chitosan-psaA vaccines by intranasal immuni-
zation. Also, the nasopharyngeal carriage was
found to be decreased effectively in the im-
munized mice, suggesting that nasal delivery
of such vaccines could be a noninvasive, effi-
cient, convenient and easy route for DNA-
vaccines delivery against pneumococcal
infections.

Delivery of antigen from nanocarriers and its
interaction with antigen presenting cells (APC)

Nanocarriers can deliver antigens in various
ways, which has a considerable and thoughtful
impact on the immune responses, whether the
antigen is adsorbed on to the surface of NPs to
attach with the APCs or entrapped in to the
core of nanocarriers for sustained/controlled
release and enhanced the exposure duration to
the immune systems. NPs are adaptable and
flexible which can be modified easily with immu-
nostimulatory components to boost the inten-
sity of the immune responses and with the sur-
face modifiers to enhance their in vivo stability
and steadiness [58].

The biodegradable polymeric NPs carrying anti-
gens represent an exciting approach related to
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antigen-specific cellular and humoral immunity
through the targeting of antigens to antigen
presenting cells (APCs) and consequently in-
duce maturation and cross presentation of
antigens to initiate the strong immune respons-
es [24, 121]. Dendritic cells (DCs) and macro-
phages frequently targeted in designing of vac-
cines, are specific APCs considered as initia-
tors and modulators of immune responses
which competently uptake and process the
antigens [122]. The DCs and macrophages
both process antigens via major histocompati-
bility complex (MHC class-I and MHC class-Il)
pathways. The immature DCs come across the
antigens, nanocarriers, and pathogens (bacte-
ria and virus) at the site of administration and
phagocytosed them and then presenting anti-
gens on MHC class-Il or MHC class-I molecules
[123, 124]. Hence, delivery of antigens to DCs
is having significant meaning to develop effi-
cient vaccines. The safety, efficacy and speci-
ficity of antigen delivery to DCs, DC-targeting
approach is the latest technique which com-
prising a fusion antibody against DC-specific
antigen receptors where heavy chains are con-
jugated with an antigen and a systemic admin-
istration of adjuvants were given for the growth
of DCs [125], this technique has already been
used and validated in different diseases in
many experiments, e.g. LcrV is a virulence pro-
tein obtained from Yersinia pestis was targeted
to DCs in to mice which protected them against
pneumonic plague [126], similarly HER2/neu is
a non-mutated tumor antigen was targeted to
mature DCs for the induction of a combined
immunity in mice that protected them against
breast cancer [127]. Even though DC-targeting
approach seems to be a useful implication but
still having some limitations like, size and solu-
bility of antigens to the DC-targeting antibod-
ies, need of mammalian cell transfection to
produce well-designed antibodies, and adju-
vants may cause adverse reactions or hyper
activations due to systemic administration
[128, 129]. Use of nanotechnology to develop
nanosized protein cage for the advancement in
DCs-based vaccine strategy could solve these
challenges, as protein cages were found to
have better choice for accommodation of var-
ied sizes of antigens and their solubility, cost
effective as they are produced easily in E.
coli, and addition of selective adjuvants and
antigens together are possible in such cages.
Lumazine synthase protein cages as efficient
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DCs-based vectors for vaccines have been ana-
lyzed for its functional roles in various diseases
[130].

The physicochemical characteristics like size,
shape, and zeta-potential exert an important
function for the interaction of NPs and APCs.
In association with the targeting strategy the
size and shape, zeta-potentials and differences
in material properties of nanocarriers display
substantial part for the uptake of antigens. NPs
were effectively taken up by macrophages as
compared to microparticles [131]. The compa-
rable size of NPs to pathogens can easily be
recognized and subsequently taken up by APCs
to induce immunity. The virus sized NPs in
size ranges 20-200 nm are easily taken up by
DCs and the particles in micron size (0.5-5 pym)
are preferentially taken up by macrophages
[132]. PLGA-NPs of 300 nm sized showed good
internalization and high activation of DCs as
compared to 1 uym particles and similarly, high-
er acceptance of 200-600 nm sizes PLA-
NPs as compared to 2-8 um sized particles
were observed by macrophages [131, 133].
But there are differences in optimum size of
nanoparticulate carriers for vaccine, as DCs
were found to have higher uptake efficiency
of an amphiphilic poly (amino acid) based NPs
(30 nm) as compared to 200 nm sized NPs of
the same polymer, while there were no differ-
ences in macrophages uptake of polyacrylami-
de hydrogel NPs (35 nm) and microparticles
(3.5 uym). These differences in uptake of nano-
carriers might be due to the differences in
the materials properties, as different polymers
used as vaccine carriers have potency to initi-
ate an effective immunity at a particular opti-
mum size range [134].

In addition to the size, shape of NPs significant-
ly affects the interaction of APCs with the vec-
tors. The shape of nanocarriers has a leading
role in phagocytosis by macrophages because
engulfing of such carriers is strongly reliant on
their shape at the interface of APCs and vec-
tors. The solid spherical particles have been
found to have higher phagocytosis as com-
pared to other shaped particles as, gold NPs
(spherical in shape and 40 nm) as compared to
cubic and rod shape (20 nm) were induced
effective immunity, but in case of APCs uptake
behavior, the rod shaped gold NPS were found
more efficient as compared to the cubical and
spherical gold NPs [121, 135]. The above find-
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ings indicated that the NPs uptake by APCs
intensely governed by the confined geometry at
the boundary between cells and NPs.

In addition to size and shape of NPs, the sur-
face charge also significantly affects the activa-
tion of immunity. Due to anionic nature of cell
membranes, the cationic NPs and other posi-
tively charged nanocarriers have been found to
induce higher phagocytosis action of APCs,
which is due to electrostatic interactions of the
carriers with the anionic cell membranes [136].
In some in vitro experiments, it was found that
a cationic surface considerably increases the
micron sized polystyrene particles (but not
for NPs) uptake by DCs and macrophages as
compared to anionic and non-ionic surfaces
[137, 138]. Conversely, in vivo experiments
with positively and negatively charged lipo-
somes proved themselves as effective adju-
vants for cell-mediated immunity induction
[139, 140]. But there are some adverse effects
in the use of positively charged nanocarriers,
as cationic NPs induced platelet aggregation
and hemolysis which might be due to their
electrostatic interaction with anionic cell mem-
branes. Similarly, in many experiments it was
found that the hydrophobic NPs induced high-
er immunity as compared to hydrophilic NPs,
which was proved in a study where tetanus tox-
oid was encapsulated in to PLGA and PLA
hydrophobic NPs. The immune responses of
hydrophobic polymeric NPs were found much
better than that of the hydrophilic polymeric
NPs as well as than those of the conventional
alum adsorbed tetanus toxoids after single
dose vaccination of each by intramuscular in-
jection in to Wistar rats [141].

Release kinetics and mechanism

The release kinetics of the antigen plays an
important role in the humoral immunological
responses. The mechanism of release of pro-
tein antigen from polymeric nanocarriers might
be through diffusion and bio-erosion. Release
of antigens from nanocarriers may occur th-
rough the pores of polymeric matrix by means
of diffusion. The release of antigens can also
be controlled and regulated by slower dissolu-
tion of dispersed antigen within the matrix as
the aqueous phase diffuses to the inner part of
the polymer matrix and might be due to poly-
mer swelling in soluble carriers. The antigens
are equivalently dispersed in antigen-imperme-
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able glassy polymer in the case of swelling
mediated release carriers so through the dry
matrices no any diffusion occurs. When such
carriers are administered in to the body through
any route, the aqueous phases from the biologi-
cal environment causes swelling and penetra-
tion which in turn causes relaxation of polymer
chain and diffusion of antigens take place. In
the carriers those follow swelling process; dis-
solution of matrix largely depends up on chemi-
cal structure and physical states of the poly-
mers. The amorphous and linear polymers dis-
solve themselves in a faster rate as compared
to the completely or partially crystalline and
cross-linked polymers. Conclusively, we may
say that the release of antigens from such car-
riers follow a Fickian diffusion kinetics or case-
Il transport. When the carriers are constituted
from the bio-erodible matrices in which anti-
gens are present in dispersed manner. When
such carriers come in contact with aqueous
phases, sustained release of antigens in a con-
trolled way due to the bio-erosion of the matri-
ces takes place. Generally in bio-erodible carri-
ers, the release of antigens or drugs occur
through bulk or surface hydrolysis catalyzed by
some enzymes or chemicals, causes solubiliza-
tion and degradation of the polymer matrix in to
smaller aqueous soluble molecules. The mech-
anism of release from bio-erodible carriers
exhibit a zero-order kinetics when they undergo
surface hydrolysis if the carrier maintain its
constant surface geometry and a poorly water
soluble active agent is encapsulated in to such
carriers [142].

The release kinetics of loaded active agents or
antigens from polymeric NPs can be organized
by changing the polymer compositions [73].
The NPs prepared from a variety of polymers
like, polysaccharides, poly (a-hydroxy acids) or
poly (amino acids) for the formation of vesicles
which can either accommodate the antigens
inside it or adsorb on its surfaces. PLGA and
PLA are commonly used poly (a-hydroxy acids)
for NPs preparation by means of double emul-
sion-solvent evaporation method [53].

In general the polymer based NPs for the deliv-
ery of vaccines or drug shows a biphasic release
pattern of the active moiety, initially a burst
release within the initial hours after administra-
tion then a slow, basal plateau phase which
simulated the more sustained release of the
actives over the later hours, which might be
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due to the protein antigen encapsulated within
the interior core of polymer matrix of the PLGA-
NPs and sheltered from the outer biological
microenvironment [143]. Similar results were
observed in experiments where the antigen
was released from tumor antigen-containing
PLGA-NPs in a clinically applicable eight day
period [144]. Moreover, to explore the effect of
release kinetics on immunological responses,
investigated to two nanocarriers, namely PLGA-
NPs and liposomes carrying ovalbumin (OVA)
were investigated. Mice were vaccinated with
the two nanocarriers to compare the efficien-
cy of each in a long-term immunization study.
Immunization with PLGA-NPs exhibited prolong-
ed and higher circulating IgG antibody titers as
compared to liposomal formulation, and the
extent of cellular immune responses were high-
estin those animals vaccinated with PLGA-NPs,
which furthermore indicated a high occurren-
ce of effector-like memory responses on CD8*
T-cell phenotype, efficacy in pathogen recall
and recovery from pathogen infections, finally
causing an enhanced clearance of intracellular
bacteria [143]. They concluded that the differ-
ent performance of the above two nanocarriers
are not only due to their compositional differ-
ences but also due to the release kinetics of
the said antigen delivery.

Magnetic nanoparticles by some biodegrad-
able polymers

The use of magnetic NPs needs some surface
modifications to be more functional and bio-
compatible. The magnetic NPs generally have
a large surface area/volume ratio and have
a propensity to agglomerate and adsorb vari-
ous kinds of plasma proteins. Normally these
NPs are rapidly engulfed and cleared by macro-
phages in the body tissues when they are in
agglomerate state or are enveloped with the
plasma proteins. Hence, surface modifications
of magnetic NPs are needed in drug delivery
systems and in biomedical applications that
could stabilize and functionalize the magne-
tite NPs in the physiological conditions [4]. For
example, the magnetic NPS were surface-mod-
ified with poly ethylene glycol (PEG) and folic
acid, respectively, to enhance their intracellu-
lar uptake and capability to specific cells tar-
geting [145].

The most popularly used method of surface
modification of magnetic NPs is its encapsula-
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tion in a polymeric matrix, like polylactic acid
or polylactic-co-glycolic acid [146], which can
be used as a targeted drug delivery system.
Similarly, magnetic-thermoresponsive NPs can
be obtained by using some temperature-sensi-
tive polymers, like poly N-isopropyl acrylamide,
Pluronics F-68, Pluronics F-127, and these
Pluronics also acts as cryoprotectant and pre-
vents NP agglomeration [147]. Another method
of surface modification of magnetic NPs is
the polymer chains grafting with a number of
functional groups present on their surfaces.
The polymer chains stearic effect stabilizes the
magnetic NPs in the physiological condition,
and thus magnetic NPs get the new functional-
ity by polymer chains functional groups [148].
The uncharged hydrophilic residues and high
surface mobility of poly-ethylene glycol (PEG)
which is non-toxic and non-immunogenic, cau-
ses high stearic omission to stabilize the sur-
face of magnetic NPs in the physiological condi-
tions, and thus the adsorption of proteins and
adhesion of cells are effectively prevented on
their surfaces. Hence, the immobilized surface
of magnetic NPs by PEG is anticipated the im-
provement in terms of their stabilization and
biocompatibility [149].

Future remarks and alternative directions

Biodegradable nanoparticulate carrier systems
may be exploited either to improve or obstruct
the immunity or elude recognition of immune
system. These carriers with encapsulated anti-
gens like, DNA, peptides and proteins were
found to have sufficient prospective for the
delivery of vaccines via non-invasive routes of
administration. These adjuvants serves three
mechanical supports like, antigen stabilization,
delivering the antigen, and innate immunity,
moreover the prolonged and sustained delivery
of antigens provides effective immunity. There
are some nano formulations in clinical trials
and many are in different phases of preclinical
trials or toxicity studies. Still such carrier sys-
tems needed mechanistic observations for
their immunostimulatory and immunosuppres-
sive effects on the immune system, and ad-
vances in such carriers as non-viral vectors to
enhance their transduction efficiency remains
a critical area for upcoming exploration of tar-
geting and specificity of the vectors, to regulate
the expression of genes, and to find out the
synergistic effects of gene-based entities and
other therapeutics like anticancer agents. The
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safety and efficacy to deliver plasmid DNA in to
human beings still remains a major barrier to
pledge immunity and their prospective for fight-
ing in a number of infections. Specific self-
assembling synthetic non-viral carriers to deliv-
er DNA have been developed to act various
biological functions, like the delivery of their
genetic load to the target tissues specifically
and shielding them from biodegradation by
immune or metabolic pathways in to the body
tissues. Furthermore, they must exhibit no or
negligible toxicity and be assured that they are
safe enough for therapeutic applications as
well as they must show their competence to
express an antigen or gene for a defined dura-
tion in proper way. Here we conclude that all
these progression offers a number of obstruc-
tions at tissue and cellular levels. Hence, these
barriers could be overcome, which is the pri-
mary aim, with the development of an effective
biodegradable polymer-based DNA therapeu-
tics, proteins and peptides as antigens.

The presumed cytotoxicity of such biodegrad-
able NPs must be removed for their use in phar-
maceutical and other biomedical fields. Re-
cently, cationic polymers are the choice for the
formulators as non-viral antigen and gene carri-
ers due to ease of its preparation and efficient
delivery of the actives. But the low transfection
efficacy and unwanted toxicity of the cationic
polymers are the most puzzling phases; hence
these demerits can be removed by different
modifications, like surface modifications and
especially for cationic polymers, hydrophobic
modifications received highest consideration.
Moreover, various inorganic nano-sized carriers
are in progress, like magnetic NPs, colloidal
gold, semiconductor quantum dots, calcium
phosphate etc. The application of nanocarriers
in vaccine delivery permits not only an en-
hanced stability and immunogenicity to anti-
gen, but also provides sustained and controlled
release at targeted site, which suggest paths
for forthcoming research using NPs to develop
the specific and much targeted vaccine prepa-
rations for the management of several infec-
tions. In conclusion, it can be summarized that
the nanotechnology will continue to offer out-
standing visions to the immunologist for future
to use this technology for the induction of effi-
cient immune responses. The application and
advantage of nanotechnology in the field of
immunology would definitely affect new ap-
proaches for the prophylactic use, prevention,

29

in the treatment and management of human
ailments.
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