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Polymers are used in several immunological applications, for example in
designing new generation vaccines, implantation studies, therapeutics and for the
development of animal models that are mimicking human pathological
conditions. Polymers can function as attenuators to modulate host immune
responses in tissue transplantation, as suppressors to inhibit immune responses
against therapeutics or as an adjuvant in the activation of immune responses.
Among them, polymers as adjuvants are highly promising and are being
developed in the vaccination and autoimmunity fields. As an adjuvant, polymers
can efficiently deliver antigens and have the ability to modulate immune
responses toward an antigen. Adjuvant properties of the polymers are mainly
dependent on their extrinsic and intrinsic properties such as polymer chemistry,
format, charge and a fine balance between hydrophobicity and hydrophilicity.
Polymers can also be easily coupled with an antigen/immuno-modulator/ligand
either physically or chemically. Efficient delivery and protection against
degradation of antigens in vivo are some of the advantages of these polymeric
adjuvants. Present review focuses on various recent developments in polymeric
adjuvants and responsible factors that affect their adjuvant properties.
Key words: polymeric adjuvant, vaccine, animal model

INTRODUCTION
Over the past few decades, focus of materials science is
shifted more towards soft materials research, especially
polymers are gaining importance due to their easy and
controllable synthesis with a number of desirable
modifications for various biological applications. Polymers
are highly useful in different biotechnological as well as
biomedical applications such as in the delivery of
drugs/antigens/modified genetic elements, tissue engineering,
regenerative medicine and implantation of medical devices
(Figure 1). Polymer based drug delivery systems enable
release of drugs for a longer period of time in a controlled
way. Specific ligands can easily be coupled with polymers to
target specific tissues or cells. The appropriate drugs can be
conjugated with biocompatible polymers to make “polymeric
pro-drugs” to release such active drugs inside the body (Qian
et al., 2012; Xiao et al., 2012). Recently, researchers are
designing responsive/smart polymer based drug delivery
systems to release drugs in the presence or absence of a

specific environmental stimuli such as pH, temperature, ionic
strength etc. (Colson et al., 2012). Uses of these polymers
have also been reported in the fabrication of biocompatible
scaffolds for growing several different mammalian cells to
regenerate damaged organs/tissues. These polymeric
scaffolds can be designed in the form of three dimensional
porous networks, which will allow proper circulation of
nutrients for the optimal growth of the cells. These scaffolds
are mechanically stable but can easily be degradable (Tripathi
et al., 2009; Bhat et al., 2011). Polymeric materials have also
been used in the fabrication of biosensors, and in the
assessment of medical devices in vivo (Jenke et al., 2012;
McGraw et al., 2012). Polymeric systems used for the
implantation of medical devices should be biocompatible at
least on their surface. Though many medical devices are
designed as biocompatible, after implantation, they become
isolated from devices in the form of fibrous encapsulates that
are completely rejected by the body (Grodzinski, 1999).
However, these devices did not show or induce any
undesirable effects.
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Figure 1. Schematic representation of various polymer applications in the biomedical field. Polymers can be used in tissue
engineering as scaffolds for growth of mammalian cells, in the activation or suppression of immune responses, carrier for
delivery of drugs/antigens/modified genetic elements, in biosensors and in coating implantable devices/grafts to minimize
rejection.
Generally, polymers used for biomedical purposes should
be biodegradable and are not generating any harmful (toxic)
effects within the host as the result of their degradation.
Biodegradable polymers can be natural or synthetic and also
can be classified as bioerodible or bioresorbable polymers. In
other biological applications, polymers can also prevent
biological fouling of surfaces due to non-specific adhesion of
cells or proteins, which can be toxic for the body (Diagne et
al., 2012).
Polymers are extensively used in immunology as an
adjuvant, attenuator, stimulator or suppressor of immune
responses. As an adjuvant, polymers are promising
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candidates for enhancing immune responses of purified
recombinant and/or weak antigens, in the development of
animal disease models without any major bias in the ensuing
immune responses, possibly by inducing all classes of
cytokines and in vaccination studies as carriers. They can
induce specific immune responses, when given along with an
antigen (Shakya et al., 2013). As an attenuator, they can
reduce binding or adhesion of host immune cells over
implanted surfaces. Polymers can also be used as an activator
or suppressor of immune responses (Jalilian, 2012; Kim et
al., 2012). These points will be discussed in detail below.
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I. Polymers as immunological attenuators
Polymers can be used as an agent for reducing immune
responses during transplantation of organs or tissues to
prevent adverse immunological reactions. Thus, they can
replace conventional immunosuppressive drugs such as
cyclosporin, which is normally associated with risks of
infections and induction of certain forms of cancer. Blood
transfusion studies revealed that covalent conjugation of
monomethoxypolyethylene glycol (mPEG), a linear chain
amphiphilic molecule, to tissues or cells can significantly
reduce chances of rejection and can possibly induce tolerance
(Scott et al., 1997; Scott et al., 1998). Mainly loss of antigen
recognition and inability of antibodies to bind with epitopes
are major mechanisms involved in PEGylation. Dampening
of T cell activity because of increased resistance to
proteolytic degradation after PEGylation was reported with
egg-white lysozyme antigen (So et al., 1996). In addition,
PEGylation does not impair any cellular signalling pathways
as confirmed by transplantation of PEGylated isogenic rat
pancreatic islets (Chen et al., 2001). Therefore, unlike other
immuno-suppressive drugs, PEGylation works physically on
alterating immunogenicity of donor tissue without disturbing
recipient’s immune responses. Apart from PEGylation,
coating of polyelectrolytes on the cell surface can also
attenuate host immune responses. Recently a versatile
approach has emerged based on layer-by-layer self-assembly
of polyelectrolytes over red blood cells with an aim to make
universally acceptable RBCs (Mansouri et al., 2011).
Polyelectrolytes can attenuate or suppress binding of
antibodies to the donor red blood cells. These polyelectrolyte
coatings were composed of four bilayers of alginate and
modified chitosan with phosphorylcholine, which was further
surrounded by another two layers of alginate and modified
polyethylene
glycol.
While
encapsulating
with
polyelectrolytes, RBCs retained viability and functionality as
confirmed by haemolysis assay. The immunologic
attenuation was confirmed by reduction in the recognition of
antigens on RBC surface by respective antibodies.
Recently, biological therapy (including monoclonal
antibodies to cytokines to specifically inhibit their functions,
receptor blocking antibodies and new fusion receptors) has
emerged as a promising approach to treat allergic and
autoinflammatory diseases (Broderick et al., 2011). One of
the major disadvantages of using these bioactive proteins is
their immunogenicity. One approach is to humanize these
therapeutic proteins for better tolerance (Almagro et al.,

2008). PEGylation is another well-known strategy for
improvement of pharmacokinetic, pharmacodynamic and
immunological properties of therapeutic proteins/peptides.
Polyethylene glycol (PEG) is a typical polymer, which has
been used for conjugation of therapeutic proteins. Generally,
PEG conjugation improves circulating half-life, reduces
toxicity and minimizes immunogenicity of therapeutic
proteins. In 1977, for the first time, Auchowski et al.,
demonstrated that conjugation of PEG to protein reduced the
immunogenicity and antigenicity of protein with minimum
loss of functional activity (Abuchowski et al., 1977). Later,
the molecular weight ratio of mPEG to protein was shown to
determine immunotolerogenicity of mPEG proteins (So et al.,
1999). In pharmaceutical research, various PEG coupled
therapeutics like l-asparaginase, growth hormone, cytokines
are widely approved for human use (Abuchowski et al., 1984;
Jevsevar et al., 2010). However, few studies have also
reported significant loss of activity of protein by PEGylation
(Bowen et al., 1999). Moreover, because of the difficulties
involved with the PEGylation reactions, separation and,
characterization of the structure and activity of the products,
new bio-processing conditions are being developed for wider
application of PEGylated conjugates in medicine (GonzalezValdez et al., 2012). Furthermore, site-selective PEGylation
is used currently to obtain a single isomer with increasing
degree of homogeneity and bioactivity by targeting protein
N-terminus and free cysteines but further amino acid
positions can also be PEGylated by using disulphide bridges,
glutamines and C-terminus and, sites of O- and Nglycosylation or the glycans of a glycoprotein (Pasut et al.,
2011).
Several labs are also designing stimuli-responsive
polymers for conjugation of therapeutic proteins, which can
be used for treating tumours and inflammation. The major
advantage with these polymers is the ease with which their
functional activities can be switched on/off in the presence or
absence of a specific stimulus such as pH, temperature and
ionic strength (Chilkoti et al., 2002). Similar to PEGylation,
conjugation of proteins with polyvinyl alcohol (PVA) was
also shown to cause loss of most of the antigenicity of
antigens (Atassi et al., 1991).

II. Polymers as immuno-suppressors
Suppression of immune system can either be desirable or
dangerous for the body during organ transplantation.
Supression of the host immune system against infections is
highly undesirable but increasing the chances of therapy for
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allergies and autoimmune diseases by dampening an ongoing
immune response is favourable. Generally, state of immunosuppression achieved by immunosuppressive drugs are
associated with undesirable consequences of toxicities
(Descotes, 2004). These consequences may be circumvented
by the use of polymeric nanoparticles. Recently, few studies
were reported the immuno-suppressive role of polymeric
nanoparticles directly, such as inhalation of canban nanotubes
(CNTs), which suppressed the B cell responses and TGF-α
was suggested as a key element in the suppression process
(Mitchell et al., 2009). Another example is the water soluble
polyhydroxy C60 (fullerene) that has shown inhibitory effect
on type 1 hypersensitive reaction (Ryan et al., 2007).
Similarly, other polymers such as chitosan, poly(lactide-coglycolide)
(PLGA),
polymethyvinylether-co-maleic
anhydride based nanoparticles and dendrosomes have also
been used in the suppression of type I and III hypersensitive
reactions (Balenga et al., 2006; Gomez et al., 2008).
Recently, a synthetic peptide based dendrimers have shown
inhibitory effect on experimental allergic encephalomyelitis,
model for multiple sclerosis (MS) (Wegmann et al., 2008).
On the otherhand, natural polymers like water soluble
polysaccharides from the alga, Sargassum fusiforme,
composed of d-fucose, l-xylose, d-mannose and d-galactose
was shown to protect against cyclophosphamide induced
immunosuppression with a possibility of reducing the
severity of chemotherapeutic immunosuppression (Chen et
al., 2012).
Polymeric nanoparticles as carriers of immunosuppressors
On the otherhand, there are few studies reporting the
effect of polymeric nanoparticles as carriers in treating
autoimmune diseases. For example, PLGA particles loaded
with an autoantigen collagen type II, which is present
abundantly on the articular cartilage, site of inflammatory
attack in arthritis, suppressed arthritis significantly (Kim et
al., 2002). Similarly, suppression of diabetes in a mouse
model was observed with the delivery of IL-10 cytokine
expressing DNA using polymeric nanoparticles (Basarkar et
al., 2009). It was also possible to treat experimental
autoimmune uveoretinitis with betamethasone loaded
polylactide particles (Sakai et al., 2006). Furthermore, silica
nanoparticles loaded with cytotoxic T cell associated antigen
was used for the treatment of thyroiditis in canine model
(Choi et al., 2008). Mechanisms of action of these particles in
vivo are yet to be deciphered. However, these nanaoparticles
are not only biocompatible and biodegradable but also can
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deliver therapeutic proteins efficiently (Yun et al., 2012).
Recently, polymeric miscelles made up of methoxy
poly(ethylene oxide)-b-poly(ε-caprolactone) as vehicles for
the solubilization and delivery of cyclosporine A (Hamdy et
al., 2011) and rapamycin loaded pH-sensitive, biocompatible
acetylated dextran (Ac-DEX) microparticles were used
(Kauffman et al., 2011) for immunosuppression applications.

III. Polymers as immunological adjuvants
An adjuvant is not only an important component in
animal model(s) development, which are essential tools to
delineate pathogenesis of human diseases, but also in
potential vaccine formulations to prevent/contain such
diseases. Usually, adjuvants along with an antigen can be
taken by antigen presenting cells (APCs) and the processed
antigen can be presented on its cell surface to activate T cells.
Apart from cell-cell contact and co-stimulatory signals,
stimulation via secreted proteins like cytokines may also be
required for the optimal activation of T cells, which in turn
could potentially activate other T and B cells in the vicinity
into memory as well as effector cell populations. Activated B
cells can further differentiate into short and long-lived
memory B cells and plasma B cells, which produce sustained
antibodies against the antigen (Shlomchik et al., 2012; Winter
et al., 2012).
There are only few adjuvants that are approved for human
use by US Food and Drug Administration (FDA) including
alum, MF59, virosomes and montanide ISA 51. Among
them, alum is a well-studied material and is known for
tremendous activation of antibody responses but with less
cellular activation (HogenEsch, 2002). Alum can induce good
immune responses, but safety concerns are still associated
with these salts (Tomljenovic et al., 2012). Although
emulsions have the capacity to encapsulate various antigens
to induce antibody and cell mediated immune responses, they
are unable to induce Th1-type immune responses. Therefore,
there is a potential need for immunologically inert adjuvants.
In this context, polymers have the potential to be used as
alternatives because of their effectiveness and safety.
Polymers are known to enhance the shelf-life of antigens and
are capable of inducing long lasting antibody responses as
well as cell-mediated immunity (Shakya et al., 2011a). The
immunomodulators or ligands targeting specific cells can
easily be coupled to polymers, which can easily be developed
in the form of micro/nano based particulate adjuvants such as
emulsions, microparticles, liposomes (Huang et al., 2009;
Chen CH et al., 2012). Normally these particulate systems are
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directly taken up by APCs and present the associated antigens
on their cell surface to T cells.
Beside these formulations, researchers focus is now
shifting towards nanoparticles based on polymethacrylates,
poly(lactide-co-glycolide) PLGA, polycaprolactones (PCL),
polyvinylpyrrolidone (PVP) etc. (Madan et al., 1997; Benoit
et al., 1998; Lou et al., 2009; Moon et al., 2012). Unlike
conventional adjuvants, these polymeric particles are
biocompatible, degradable and are capable of delivering
antigens more efficiently. They can release antigen in vivo in
a controlled manner apart from stabilizing these antigens,
which is a major concern in vaccine formulations due to the
liable nature of many protein antigens. For example,
amphiphilic
polymer
composed
of
1,6-bis(pcarboxyphenoxy) hexane and 1, 8-bis(p-carboxyphenoxy)3,6-dioxaoctane has shown to stabilize Bacillus anthracis
antigen in the form of nanoparticles. These nanoparticles can
also be stored for a longer time, thus decreasing costs of
vaccination considerably (Petersen et al., 2012).
For other applications, oil based adjuvants are more
popular, for example in the induction of autoimmunity for the
development of new disease models to study pathological
mechanisms in human diseases. Apart from oil and alum
based compounds, various carbohydrates (acylated dextran,
mannan, lipomannan, inulin isoforms, lentinnan, chitosan)
are also capable of activating the immune system (Petrovsky
et al., 2011). Despite their good adjuvant potential, they still
possess considerable level of toxicity and degradation
problems. Recently our group discovered a novel application
for
the
thermo-responsive
polymer,
poly-Nisopropylacrylamide (PNiPAAm), which acts as an adjuvant
for enhancing the immunogenicity of the self-antigen,
collagen type II (CII) to induce a variant of collagen induced
arthritis (CIA), a classical animal model of Rheumatoid
arthritis. CIA is used to study disease pathogenesis of RA and
to discover appropriate targets for its therapy. Mice
immunized with polymer-CII developed arthritis with a
concomitant development of an anti-CII antibody response
comprising of all the IgG subclasses. After mixing with
polymer, CII still retained its native epitopes and native
confirmation of CII is a pre-requsite for its arthritogenicity
(Schulte et al., 1998). Usually, adjuvants enhance
immunogenicity by acting as a depot for slow release of an
antigen for sustained period of time, as an immunomodulator
or help in the processing of an antigen in a better way by
antigen presenting cells. In our experiments, gelated
PNiPAAm acted as a reservoir for CII and released CII at

physiological concentrations and also acted as a modulator of
immune system at the cellular level. A physical interaction of
CII with polymer was better compared to covalent linkage for
the induction of an antibody response. Inside the host,
polymer precipitates around the CII (gelation) and entrapped
it. Moreover, high molecular weight of polymer was better
for inducing robust immune responses due to its strong
precipitation property compared to small chains of the
polymer (Shakya et al., 2011a). Unlike the conventional
adjuvants, immune response induced by PNiPAAm is
independent of TLRs. In addition, polymer as an adjuvant is
immunologically inert and at the same time did not alter the
genetic susceptibility of CII. Activation of serum cytokines
IFN-, IL-4 and IL-17 were observed few days after the
immunization of mice with polymer-CII (Shakya et al.,
2011b).
Polymers have also been reported as a promising
candidate for their use as a scaffold for growing chondrocytes
in the regeneration process of articular cartilage within
arthritic joints. Natural biopolymers such as collagen based
polymers are known as good polymers for supporting the
growth of primary chondrocytes (Li et al., 2005). Apart from
these natural polymers, various synthetic polymer(s) based
scaffolds have also been tried for cartilage regeneration. For
example, neocartilage formation was observed using poly-Nisopropylacrylamide-co-acrylic acid (PNiPAAm-co-AAc)
polymer seeded with rabbit chondrocytes in the presence of
transforming growth factor-β3 (TGF-β3) (Yun et al., 2008).
In another study, acrylate based polymethacrylate-gelatin
cryogel scaffold has shown promising scaffold property for
primary chondrocytes during cartilage tissue engineering
(Singh et al., 2010). Recently, a more improved microtubular
oriented PLGA scaffold was developed for in vitro cartilage
regeneration (Zhang et al., 2012).

IV. Factors affecting the immunogenicity of an
antigen with polymeric adjuvants
Although polymers are considered as promising
candidates for induction of immune responses, there are
several factors which could affect adjuvant potential of them
such as size, shape, format, polymer chemistry and a fine
balance of hydrophobicity and hydrophilicity (Figure 2).
These factors are playing an important role in determining
their adjuvant property, which will be discussed in detail
below.
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Figure 2. Schematic representation of different polymer formats and the activation of the immune system. Polymers can exist
in solution, gel and particulate formats and antigen can be easily encapsulated within them. Antigen released from these
polymers is taken up by antigen presenting cells, processed and presented in the form of peptides to T cells leading to their
activation, secretion of different cytokines, an effective T-B co-operation, antibody production and the effector functions.

1. Polymer formats versus adjuvant potential
Particulate size of the polymers is an important factor for
their internalization by APCs and the efficacy of an
encapsulated antigen. These particulates can be taken into
lymphoid organs either within interstitial space or by
peripheral dendritic cells (DCs) (Swartz et al., 2008). The
particles with more than 100 nm are directly internalized by
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peripheral DCs and taken into lymph nodes. While particles
with less than 50 nm diameters are directly transported into
lymphatic vessels within interstitial space and internalized by
resident immature DCs (Reddy et al., 2006a; Reddy et al.,
2006b). Moreover, particle size is also of importance during
antigen delivery across the mucosal surfaces in mucous based
vaccines. Generally, mucus layer restricts entry of particles of
the size more than 100 nm, while particles with 50 nm size
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can easily penetrate through this barrier (Cone, 2009).
Because of this, it is a challenge to deliver vaccines through
mucosal route. Particles in micro/nano range can also
determine other immunological properties like antigen uptake
by APCs and their maturation (Kim et al., 2010). Normally,
higher cell uptake is observed with nano-sized particles
compared to micro-sized particles (Yue et al., 2010).
Nanoparticles in vaccine research are promising vehicles for
better antigen delivery due to tunable chemical and physical
properties, biocompatibility, stability, high loading capacity,
specificity to target cells, and other immuno-modulator
properties. They can also be made responsive for the target
cell environment by using smart/intelligent or stimuliresponsive polymer based particulates (Cui et al., 2012).
Nanoparticles could overcome the natural barriers such as
reticuloendothelial system and can easily be cleared though
kidney glomeruli. Non-specific accumulation can also be
minimized by modulation of physio-chemical properties of
the nanoparticles. Particles in micro/nano size can be
synthesized by various approaches like physical assembly of
interactive polymer chains, polymerization of monomers and
cross-linking of pre-formed polymers. Mostly, chitosan,
poly-L-lysine, dextran, alginic acid, hyalauronic acid, and
heparin natural polymers can be fabricated in the form of
nanoparticles. In the synthetic class, polymethacrylates,
polyglycolides, poly(d, l-lactic-co-glycolic acid), poly(caprolactanes) based particulate systems have been designed
for different vaccines (Benoit et al., 1998; Lou et al., 2009;
Moon et al., 2012).
The particulate system can be designed in a way to
stimulate or suppress an immune response based on the need
of the application. Kreuter and his group in 1986 analyzed the
size effect of the polymethylmethacrylate and polystyrene
particles encapsulated with influenza vaccines, which were
synthesized through gamma radiation. Due to less
aggregation of these polymers, they have synthesized
different size-based particles in the range of 62-306 nm and
found a better adjuvant effect with smaller particles
compared to bigger particles (Kreuter et al., 1986). Moreover,
an advantage with smaller sized particles is the availability of
high surface area for adsorption of the antigens. This allows
high encapsulation of antigens on the particles. Stimulation
of macrophages and other immuno-competent cells are
probable mode of action of these particles-based adjuvants
(Gaspar et al., 1992). Other than the particulate format,
polymers are also being used in solution form as adjuvants.
Recently, our group demonstrated the adjuvant capacity of

synthetic stimuli-sensitive polymer based poly-Nisopropylacrylamide as an adjuvant in solution form. Poly-Nisopropylacrylamide based polymers are temperaturesensitive and show reversible phase transition at their cloud
point around ~32°C. These polymers in solution form can be
mixed with any antigen, in our case with an autoantigen CII,
and can be injected easily. This polymer precipitated over the
antigen inside the host. The exact mechanism of action of
these polymers is yet to be completely delineated. However,
slow release of the antigen during long period of time could
possibly be considered as the mechanism of action. With an
antigen, these polymers can stay in the lymphatic system for
more than one month. As an adjuvant, these polymers are
biocompatible and do not show any type of toxicities both in
vitro and in vivo. Polymer-CII mixture can induce both
antibody and cell mediated immune responses significantly
(Shakya et al., 2011a). Interestingly, unlike the conventional
adjuvants like CFA and IFA, polymer based adjuvants
induced all the types of effector T cells, thereby effectively
precluding any major bias in the ensuing immune responses.
Simialarly, we observed adjuvant property of poly-Nisopropylacrylamide is TLR independent unlike TLR2
dependent conventional complete Freund adjuvant (Shakya et
al., 2011b).
2. Polymer chemistry
Polymer chemistry is another important factor for the
adjuvant capacity of polymers. Earlier Bennett et al., (Hunter
et al., 1984) studied adjuvant potential of non-ionic block
copolymers based on the variation of copolymer composition.
They have tested 17 surface active agents that can enhance
humoral immune responses and inflammation. These agents
were composed of hydrophobic polyoxypropylene (POP) and
hydrophilic polyoxyethylene (POE) blocks, which are
different from each other in terms of molecular weight and
types of linking between the blocks. These agents were
emulsified in oil-in-water and loaded with bovine serum
albumin as an antigen. Large and insoluble copolymers with
POE blocks flanking with POP chains were effective for
antibody formation. Moreover, activation of complement
system with the production of chemotactic factors were
observed with these block copolymers. Adjuvant activity and
inflammation decreased substantially with as increasing POE
content in the block copolymers. In another preparation,
block copolymers with POP blocks flanking with POE
induced granuloma formation rather than antibody formation.
While low molecular weight block copolymers with equal
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proportions of POE and POP content induced low immune
response with an increased inflammation (Hunter et al.,
1984). Moreover, in a comparison study, effect of polymer
composition on immunological properties of uricase antigen
was studied in conjugation with different polymers;
polyvinylpyrrolidone (PVP), poly(N-acryloylmorpholine),
branched monomethoxy polyethyleneglycol and linear
monomethoxypolyethyleneglycol.
Antigenicity
and
immunogenicity of uricase was altered and dependent on the
type of polymer used. Out of these four conjugates, PVP has
shown to have highest adjuvant property while
monomethoxypolyethylene glycol reduced the antigenicity of
uricase significantly (Caliceti et al., 1999). Recently, we have
tested the temperature responsive copolymers poly-Nisopropylacrylamide-co-allylamine (PNiPAAm-co-AAm) as
an adjuvant with CII autoantigen in mice. PNiPAAm based
copolymers were synthesized through copolymerization of
different proportions of allylamine (AAm). We observed
reduced antibody formation with an increasing AAm content
in the PNiPAAm-co-AAm terpolymer. In this case,
copolymerization of AAm decreased the cloud point of
PNiPAAm and as a result of this inherent precipitation
property immune responses were affected significantly
(Shakya et al., 2011a).
3. Molecular weight
Molecular weight significantly affects the adjuvant
potential of a polymeric adjuvant. Higher molecular weight
polymers enhanced the immune responses significantly
compared to low molecular weight polymers. Besides
molecular weight, the distribution of polymeric chains is also
another important factor that can affect adjuvant potency of a
polymer. For the first time Hunter et al., in 1991 has observed
the effect of molecular weight of the copolymer using
polyoxypropylene (POP) and polyoxyethylene (POE)
adjuvant system. Mean antibody titre values were effectively
increased as the molecular weight of POP blocks of
copolymer increased in POP-b-POE (Hunter et al., 1991).
Similarly, we have also observed the effect of increasing
molecular weight of PNiPAAm on its adjuvant effect. 120
kDa average molecular weight of PNiPAAm induced a
higher antibody response when injected along with CII
compared to PNiPAAm with 70 kilodaltons (Shakya et al.,
2011a).
4. Hydrophilic and hydrophobic balance
Hydrophilic and hydrophobic effect of polymers is
playing an important role in determining their adjuvant effect.
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Hydrophobic domain of polymers is favourable for protein
adsorption, which recruits more primary antigen presenting
cells for phagocytosis of the antigen, thus affecting potential
retention of antigens with the polymers (Nguyen et al., 2009).
For the first time, the effect of particle(s) hydrophobicity on
its adjuvant properties was demonstrated with oral
immunization (Eldridge et al. 1990), where higher
hydrophobicity favoured a significantly higher immune
response (Eldridge et al., 1991). This observation was further
supported by the study of Youan et al., who synthesized
hydrophobic polycaprolactone (PCL) particles, which
enhanced the phagocytosis of PCL particles by macrophages
(Youan et al., 1999). Cellular mechanisms by which
hydrophobic property affects adjuvant activity are not yet
clear. However, how they affect the humoral immune
responses through involvement of TLRs and induced
maturation of dendritic cells are well documented (Ferreira et
al., 2012). Apart from hydrophobicity, hydrophilic moieties
of polymers are also important to determine their adjuvant
potential. Generally, hydrophilic moiety of an adjuvant
mixture prevents non-specific interactions of proteins with
cells. Physically, hydrophilic part helps in the solubility of
antigens with an adjuvant, which helps in homogenous
distribution of antigen within the polymer-antigen mixture.
For example, PLGA nanoparticles coated with PEG
molecules help in non-specific interaction of particles with
other cells. On other hand, other property like loading
efficiency of antigens was substantially decreased after
coating with PEG molecules. Hydrophilic domain of an
adjuvant is also important in the aggregation of nanoparticles
(NPs) on mucus and their transport across the mucus layer.
Generally, short and dense grafting of PEG molecular chains
stabilized the NPs compared to longer and well dispersed
grafted PEG. Larger PEG chain might get entangled with
each other and prevent NPs phagocytosis by APCs.
Therefore, optimum hydrophilic effect is an important factor
for a better adjuvant effect (Huang et al., 2000; Lai et al.,
2009). Recently, contradictory findings were reported with
the adjuvant properties of saponins obtained from Chiococca
alba, a flowering plant in the coffee family, Rubiaceae.
Usually saponins are tripene bidesmosides, which contain
glycidic moieties. The adjuvant activity of saponins increased
with the increasing length and hydrophilicity of the sugar
chain attached to C-28 (Nico et al., 2012).
Recently, we found that a fine balance of hydrophilic and
hydrophobic moieties determined the adjuvant effect of
PNiPAAm and its copolymers in the induction of auto-
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immune responses with the CII antigen. We screened four
different synthetic polymers having hydrophilic and/or
hydrophobic moiety, viz., poly(N-allylisopropylamine), polyN-isopropylacrylamide,
poly-N-isopropylacrylamide,
polybut-3-en-2-one. In both mice and rats, poly-Nisopropylacrylamide showed highest adjuvant activity among
all the polymers. Structurally this polymer have isopropyl
group attached to an amide group, which is contributing more
to its hydrophobic nature. Interestingly, adjuvant activity was
decreased in polyacrylamide followed by polybut3-en-2-one,
which has ketone group contributing to the hydrophobicity of
this polymer. Furthermore, poly(N-allylisopropylamine) did
not show any adjuvant effect because of its complete
hydrophilic nature due to the presence of amine groups. Thus,
a fine balance of hydrophilicity and hydrophobicity is
important for determining the adjuvant activity of a
polymeric adjuvant.
5. Charge
Charge of the polymers is another factor for deciding their
adjuvant efficacy. Charge can affect the loading efficiency,
stability, bio-adhesive properties of antigens, especially in
DNA vaccines (Sharma et al., 2009). Generally, cationic
nano-gels can easily form complexes with DNA by
electrostatic interactions, thereby increasing the stability of
an antigen. Positive charge can also facilitates higher
transfection efficiency by favouring interactions of the
polymer with the negatively charged proteins of cell
membrane (Mao et al., 2001). Moreover, cationic polymer(s)
mediated delivery systems enhanced both localized and
systemic immunogenicity compared to other polymers
(Kumar et al., 2002).
A series of polyethylamines (PEI) complexed with DNA
and their in vivo expression was checked in a study to
enhance adaptive immune responses. All PEI were able to
increase 20 to 400 fold DNA expression in vivo and 10 to 25
fold more CD8+ T cell responses in BALB/c and C57BL/6J
mice respectively (Grant et al., 2012). Moreover, PEI
complexed DNA improved antigen-specific Th1 type of cells
and humoral mediated immunity substantially. Apart from
their adjuvant properties, PEI also has the ability to protect
DNA from degradation. Another cationic lipopolymer based
on liposome-polyethylene glycol-polyethyleneimine complex
(LPPC) proved to be a promising adjuvant, which can
strongly adsorb the antigen on its surface leading to enhanced
immune responses. LPPC has enhanced the antigen uptake
and surface marker expression on immune cells with an

increased activation of Th1-type of immunity (Chen et al.,
2012).

CONCLUSIONS
Polymers are having many promising applications in the
formulation of new generation vaccines, implantation studies,
therapeutics, development of new disease models and in the
activation or suppression of immune responses. As an
adjuvant, polymers can be efficiently used to deliver an
antigen and fine tune the ensuing immune responses.
Adjuvant properties of polymers are mainly dependent on its
extrinsic and intrinsic properties such as polymer chemistry,
format, molecular weight, charge and a fine balance between
hydrophobicity and hydrophilicity. Polymers are proved to be
promising candidates for antigen delivery and when mixed
with an antigen can induce an antigen-specific immune
response. But several questions remain to be explored further
like mechanisms of antigen processing and presentation, type
of cells recruited at the injection site and the nature of
signaling pathways involved during the induction of immune
responses involving polymeric adjuvants.

Acknowledgement
Supported by Swedish Rheumatism Association, King
Gustaf V:s 80-years foundation, Swedish Research Council
and KI (Fobi).

References
Abuchowski A, Kazo GM, Verhoest CR, Jr., Van Es T, Kafkewitz
D, Nucci ML, Viau AT, Davis FF. 1984. Cancer therapy with
chemically modified enzymes. I. Antitumor properties of
polyethylene glycol-asparaginase conjugates. Cancer Biochem.
Biophys., 7: 175-186.
Abuchowski A, van Es T, Palczuk NC, Davis FF. 1977. Alteration
of immunological properties of bovine serum albumin by
covalent attachment of polyethylene glycol. J. Biol. Chem., 252:
3578-3581.
Almagro JC, Fransson J. 2008. Humanization of antibodies. Front.
Biosci., 13: 1619-1633.
Atassi MZ, Manshouri T. 1991. Synthesis of tolerogenic
monomethoxypolyethylene glycol and polyvinyl alcohol
conjugates of peptides. J. Protein Chem., 10: 623-627.
Balenga NA, Zahedifard F, Weiss R, Sarbolouki MN, Thalhamer J,
Rafati S. 2006. Protective efficiency of dendrosomes as novel
nanosized adjuvants for DNA vaccination against birch pollen
allergy. J. Biotechnol., 124: 602–614.
Basarkar A, Singh J. 2009. Poly (lactide-co-glycolide)polymethacrylate nanoparticles for intramuscular delivery of

http://www.jbb.uni-plovdiv.bg

207

ISSN: 1314-6246

Shakya & Nandakumar

J. BioSci. Biotech. 2012, 1(3): 199-210.

INVITED REVIEW
plasmid encoding interleukin-10 to prevent autoimmune
diabetes in mice. Pharm. Res., 26: 72-81.
Benoit MA, Baras B, Poulain-Godefroy O, Schacht AM, Capron A,
Gillard J, Riveau G (1998). Evaluation of the antibody response
after oral immunization by microparticles containing as antigen
from Schistosoma mansoni. Biomedical science and technology
recent developments in the pharmaceutical and medical
sciences. Hincal A,K. H. New York, Plenum: 137-144.
Bhat S, Tripathi A, Kumar A. 2011. Supermacroporous chitosanagarose-gelatin cryogels: in vitro characterization and in vivo
assessment for cartilage tissue engineering. J. R. Soc. Interface.,
8: 540-544
Bowen S, Tare N, Inoue T, Yamasaki M, Okabe M, Horii I, Eliason
JF. 1999. Relationship between molecular mass and duration of
activity of polyethylene glycol conjugated granulocyte colonystimulating factor mutein. Exp. Hematol., 27: 425-432.
Broderick L, Tourangeau LM, Kavanaugh A, Wasserman SI. 2011.
Biologic modulators in allergic and autoinflammatory diseases.
Curr. Opin. Allergy Clin. Immunol., 11: 355-360.
Caliceti P, Schiavon O, Veronese FM. 1999. Biopharmaceutical
properties of uricase conjugated to neutral and amphiphilic
polymers. Bioconjug. Chem., 10: 638-646.
Chen AM, Scott MD. 2001. Current and future applications of
immunological attenuation via pegylation of cells and tissue.
BioDrugs., 15: 833-847.
Chen CH, Lin YL, Liu YK, He PJ, Lin CM, Chiu YH, Wu CJ,
Cheng TL, Liu SJ, KW. L. 2012. Liposome-based polymer
complex as a novel adjuvant: enhancement of specific antibody
production and isotype switch. Int. J. Nanomedicine., 7: 607621.
Chen CH, Lin YL, Liu YK, He PJ, Lin CM, Chiu YH, Wu CJ,
Cheng TL, Liu SJ, Liao KW. 2012. Liposome-based polymer
complex as a novel adjuvant: enhancement of specific antibody
production and isotype switch. Int. J. Nanomedicine., 7: 607621.
Chen X, Nie W, Fan S, Zhang J, Wang Y, Lu J, Jin L. 2012. A
polysaccharide from Sargassum fusiforme protects against
immunosuppression in cyclophosphamide-treated mice.
Carbohydr. Polym., 90: 1114-1119.
Chilkoti A, Dreher MR, Meyer DE, Raucher D. 2002. Targeted drug
delivery by thermally responsive polymers. Adv. Drug Deliv.
Rev., 54: 613-630.
Choi EW, Shin IS, Lee CW, Youn HY. 2008. The effect of gene
therapy using CTLA4Ig/silica-nanoparticles on canine
experimental autoimmune thyroiditis. J. Gene Med., 10: 795804.
Colson YL, Grinstaff MW. 2012. Biologically responsive polymeric
nanoparticles for drug delivery. Adv. Mater., 24: 3878-3886.
Cone RA. 2009. Barrier properties of mucus. Adv. Drug. Deliv.
Rev., 61: 75-85.
Cui W, Lu X, Cui K, Niu L, Wei Y, Lu Q. 2012. Dual-responsive
controlled drug delivery based on ionically assembled
nanoparticles. Langmuir., 28: 9413-9420.
Descotes J (2004). Immunotoxicology of drugs and chemicals: an
experimental and clinical approach. Amsterdam, Elsevier.
Diagne F, Malaisamy R, Boddie V, Holbrook RD, Eribo B, Jones
KL. 2012. Polyelectrolyte and silver nanoparticle modification
of microfiltration membranes to mitigate organic and bacterial
fouling. Environ. Sci. Technol., 46: 4025-4033.

208

Eldridge JH, Staas JK, Meulbroek JA, McGhee JR, Tice TR, Gilley
RM. 1991. Biodegradable microspheres as a vaccine delivery
system. Mol. Immun., 28: 287-294.
Ferreira SA, Gama FM, Vilanova M. 2012. Polymeric nanogels as
vaccine delivery systems. Nano. Med. Nano. Technol., (in press)
http://dx.doi.org/10.1016/j.nano.2012.06.001
Gaspar R, Preat V, Opperdoes FR, Roland M. 1992. Macrophage
activation
by
polymeric
nanoparticles
of
polyalkylcyanoacrylates:
activity
against
intracellular
Leishmania donovani associated with hydrogen peroxide
production. Pharm. Res., 9: 782-787.
Gomez S, Gamazo C, San Roman B, Ferrer M, Sanz ML, Espuelas
S, Irache JM. 2008. Allergen immunotherapy with nanoparticles
containing lipopolysaccharide from Brucella ovis. Eur. J. Pharm.
Biopharm., 70: 711-717.
Gonzalez-Valdez J, Rito-Palomares M, Benavides J. 2012.
Advances and trends in the design, analysis, and
characterization
of
polymer-protein
conjugates
for
"PEGylaided" bioprocesses. Anal. Bioanal. Chem., 403: 22252235.
Grant EV, Thomas M, Fortune J, Klibanov AM, Letvin NL. 2012.
Enhancement of plasmid DNA immunogenicity with linear
polyethylenimine. Eur. J. Immunol., 42: 2937-2948.
Grodzinski JJ. 1999. Biomedical application of functional polymers.
React. Funct. Polym., 39: 99–138.
Hamdy S, Haddadi A, Shayeganpour A, Alshamsan A, Montazeri
Aliabadi H, Lavasanifar A. 2011. The immunosuppressive
activity of polymeric micellar formulation of cyclosporine A: in
vitro and in vivo studies. AAPS. J., 13: 159-168.
HogenEsch H. 2002. Mechanisms of stimulation of the immune
response by aluminum adjuvants. Vaccine., 20: S34-39.
Huang MH, Huang CY, Lien SP, Siao SY, Chou AH, Chen HW,
Liu SJ, Leng CH, Chong P. 2009. Development of multi-phase
emulsions based on bioresorbable polymers and oily adjuvant.
Pharm. Res., 26: 1856-1862.
Huang Y, Leobandung W, Foss A, Peppas NA. 2000. Molecular
aspects of muco- and bioadhesion: tethered structures and sitespecific surfaces. J. Control. Release., 65: 63-71.
Hunter LR, Bennett B. 1984. The adjuvant activity of non-ionic
block polymer surfactants. II. Antibody formation and
inflammation related to the structure of tri-block and octablock
copolymers. J. Immunol., 133: 3167-3175.
Hunter R, Olsen M, Buynitzky S. 1991. Adjuvant activity of nonionic block copolymers. IV. Effect of molecular weight and
formulation on titre and isotype of antibody. Vaccine., 9: 250256.
Jalilian B EH, Vorup-Jensen T. 2012. Glatiramer Acetate in
Treatment of Multiple Sclerosis: A Toolbox of Random CoPolymers for Targeting Inflammatory Mechanisms of both the
Innate and Adaptive Immune System? Int. J. Mol. Sci., 13:
14579-14605.
Jenke D, Odufu A, Couch T, Chacko M, Strathmann S, Edgcomb E.
2012. Evaluation of the General Solution Compatibility of
Polymer Materials Used in Medical Devices such as Syringes.
PDA. J. Pharm. Sci. Technol., 66: 286-306.
Jevsevar S, Kunstelj M, Porekar VG. 2010. PEGylation of
therapeutic proteins. Biotechnol. J., 5: 113-128.
Kauffman KJ, Kanthamneni N, Meenach SA, Pierson BC,
Bachelder EM, Ainslie KM. 2011. Optimization of rapamycin-

http://www.jbb.uni-plovdiv.bg

ISSN: 1314-6246

Shakya & Nandakumar

J. BioSci. Biotech. 2012, 1(3): 199-210.

INVITED REVIEW
loaded
acetalated
dextran
microparticles
for
immunosuppression. Int. J. Pharm., 422: 356-363.
Kim H, Uto T, Akagi T, Baba M, Akashi M. 2010. Amphiphilic
poly(amino acid) nanoparticles induce size-dependent dendritic
cell maturation. Adv. Funct. Mater., 20: 3925-3931.
Kim JH, Noh YW, Heo MB, Cho MY, Lim YT. 2012.
Multifunctional hybrid nanoconjugates for efficient in vivo
delivery of immunomodulating oligonucleotides and enhanced
antitumor immunity. Angew. Chem. Int. Ed. Engl., 51: 96709673.
Kim WU, Lee WK, Ryoo JW, Kim SH, Kim J, Youn J, Min SY,
Bae EY, Hwang SY, Park SH, Cho CS, Park JS, Kim HY. 2002.
Suppression of collagen-induced arthritis by single
administration of poly(lactic-co-glycolic acid) nanoparticles
entrapping type II collagen: a novel treatment strategy for
induction of oral tolerance. Arthritis Rheum., 46: 1109-1120.
Kreuter J, Berg U, Liehl E, Soliva M, Speiser PP. 1986. Influence of
the particle size on the adjuvant effect of particulate polymeric
adjuvants. Vaccine., 4: 125-129.
Kumar M, Behera AK, Lockey RF, Zhang J, Bhullar G, De La Cruz
CP, Chen LC, Leong KW, Huang SK, Mohapatra SS. 2002.
Intranasal gene transfer by chitosan-DNA nanospheres protects
BALB/c mice against acute respiratory syncytial virus infection.
Hum. Gene Ther., 13: 1415-1425.
Lai SK, Wang YY, Hanes J. 2009. Mucus-penetrating nanoparticles
for drug and gene delivery to mucosal tissues. Adv. Drug Deliv.
Rev., 61: 158-171.
Li WJ, Tuan RS. 2005. Polymeric scaffold for cartilage tissue
engineering. Macromol. Symp., 227: 65-75.
Lou PJ, Cheng WF, Chung YC, Cheng CY, Chiu LH, Young TH.
2009. PMMA particle-mediated DNA vaccine for cervical
cancer. J. Biomed. Mater. Res. A., 88: 849-857.
Madan T, Munshi N, De TK, Maitra A, Sarma PU, Aggarwal SS.
1997. Biodegradable nanoparticles as a sustained release system
for the antigens/allergens of Aspergillus fumigatus: preparation
and characterisation. Int. J. Pharm., 159: 135–147.
Mansouri S, Merhi Y, Winnik FM, Tabrizian M. 2011. Investigation
of layer-by-layer assembly of polyelectrolytes on fully
functional human red blood cells in suspension for attenuated
immune response. Biomacromolecules., 12: 585-592.
Mao HQ, Roy K, Troung-Le VL, Janes KA, Lin KY, Wang Y,
August JT, Leong KW. 2001. Chitosan-DNA nanoparticles as
gene carriers: synthesis, characterization and transfection
efficiency. J. Control. Release., 70: 399-421.
McGraw SK, Alocilja E, Senecal A, Senecal K. 2012. Synthesis of a
Functionalized Polypyrrole Coated Electrotextile for Use in
Biosensors. Biosensors., 2: 465-478.
Mitchell LA, Lauer FT, Burchiel SW, McDonald JD. 2009.
Mechanisms for how inhaled multiwalled carbon nanotubes
suppress systemic immune function in mice. Nat. Nanotechnol.,
4: 451-456.
Moon JJ, Suh H, Polhemus ME, Ockenhouse CF, Yadava A, Irvine
DJ. 2012. Antigen-displaying lipid-enveloped PLGA
nanoparticles as delivery agents for a Plasmodium vivax malaria
vaccine. PLoS One., 7: e31472.
Nguyen D, Green J, Chan J, Langer R, Anderson D. 2009.
Polymeric materials for gene delivery and DNA vaccination.
Adv. Mater., 21: 847-867.
Nico D, Borges RM, Brandao LM, Feijo DF, Gomes DC, Palatnik
M, Rodrigues MM, da Silva AJ, Palatnik-de-Sousa CB. 2012.

The adjuvanticity of Chiococca alba saponins increases with the
length and hydrophilicity of their sugar chains. Vaccine., 30:
3169-3179.
Pasut G, Veronese FM. 2011. State of the art in PEGylation: the
great versatility achieved after forty years of research. J.
Control. Release., 161: 461-472.
Petersen LK, Phanse Y, Ramer-Tait AE, Wannemuehler MJ,
Narasimhan B. 2012. Amphiphilic Polyanhydride Nanoparticles
Stabilize Bacillus anthracis Protective Antigen. Mol Pharm., 9:
874-882.
Petrovsky N, Cooper PD. 2011. Carbohydrate-based immune
adjuvants. Expert Rev. Vaccines., 10: 523-537.
Qian X, Wu Q, Xu F, Lin X. 2012. Lipase-catalyzed synthesis of
polymeric prodrugs of nonsteroidal anti-inflammatory drugs. J.
Appl. Polym. Sci., (in press) doi: 10.1002/app.38375.
Reddy ST, Berk DA, Jain RK, Swartz MA. 2006a. A sensitive in
vivo model for quantifying interstitial convective transport of
injected macromolecules and nanoparticles. J. Appl. Physiol.,
101: 1162-1169.
Reddy ST, Rehor A, Schmoekel HG, Hubbell JA, Swartz MA.
2006b. In vivo targeting of dendritic cells in lymph nodes with
poly(propylene sulfide) nanoparticles. J. Control. Release., 112:
26-34.
Ryan JJ, Bateman HR, Stover A, Gomez G, Norton SK, Zhao W,
Schwartz LB, Lenk R, Kepley CL. 2007. Fullerene
nanomaterials inhibit the allergic response. J. Immunol., 179:
665-672.
Sakai T, Kohno H, Ishihara T, Higaki M, Saito S, Matsushima M,
Mizushima Y, Kitahara K. 2006. Treatment of experimental
autoimmune uveoretinitis with poly(lactic acid) nanoparticles
encapsulating betamethasone phosphate. Exp. Eye. Res., 82:
657-663.
Schulte S, Unger C, Mo JA, Wendler O, Bauer E, Frischholz S, von
der Mark K, Kalden JR, Holmdahl R, Burkhardt H. 1998.
Arthritis-related B cell epitopes in collagen II are conformationdependent and sterically privileged in accessible sites of
cartilage collagen fibrils. J. Biol. Chem., 273: 1551-1561.
Scott MD, Murad KL. 1998. Cellular camouflage: fooling the
immune system with polymers. Curr. Pharm. Des., 4: 423-438.
Scott MD, Murad KL, Koumpouras F, Talbot M, Eaton JW. 1997.
Chemical camouflage of antigenic determinants: stealth
erythrocytes. Proc. Natl. Acad. Sci. U S A., 94: 7566-7571.
Shakya AK, Kumar A, Klaczkowska D, Hultqvist M, Hagenow K,
Holmdahl R, Nandakumar KS. 2011b. Collagen type II and a
thermo-responsive polymer of N-isopropylacrylamide induce
arthritis independent of Toll-like receptors: a strong influence by
major histocompatibility complex class II and Ncf1 genes. Am.
J. Pathol., 179: 2490-2500.
Shakya AK, Kumar A, Nandakumar KS. 2011a. Adjuvant properties
of a biocompatible thermo-responsive polymer of Nisopropylacrylamide in autoimmunity and arthritis. J. R. Soc.
Interface., 8: 1748-1759.
Shakya AK, Nandakumar KS. 2013. Applications of polymeric
adjuvants in studying autoimmune responses and vaccination
against infectious diseases. J. R. Soc. Interface., 10: 20120536.
Sharma S, Mukkur TK, Benson HA, Chen Y. 2009. Pharmaceutical
aspects of intranasal delivery of vaccines using particulate
systems. J. Pharm. Sci., 98: 812-843.

http://www.jbb.uni-plovdiv.bg

209

ISSN: 1314-6246

Shakya & Nandakumar

J. BioSci. Biotech. 2012, 1(3): 199-210.

INVITED REVIEW
Shlomchik MJ, Weisel F. 2012. Germinal center selection and the
development of memory B and plasma cells. Immunol. Rev.,
247: 52-63.
Singh D, Tripathi A, Nayak V, Kumar A. 2010. Proliferation of
chondrocytes
on
a
3-d
modelled
macroporous
poly(hydroxyethyl methacrylate)-gelatin cryogel. J. Biomater.
Sci. Polym. Ed., 22: 1733-1751.
So T, Ito HO, Koga T, Ueda T, Imoto T. 1996. Reduced
immunogenicity of monomethoxypolyethylene glycol-modified
lysozyme for activation of T cells. Immunol. Lett., 49: 91-97.
So T, Ito HO, Tsujihata Y, Hirata M, Ueda T, Imoto T. 1999. The
molecular weight ratio of monomethoxypolyethylene glycol
(mPEG) to protein determines immunotolerogenicity of mPEG
proteins. Protein Eng., 12: 701-705.
Swartz MA, Hubbell JA, Reddy ST. 2008. Lymphatic drainage
function and its immunological implications: from dendritic cell
homing to vaccine design. Semin. Immunol., 20: 147-156.
Tomljenovic L, Shaw CA. 2012. Mechanisms of aluminum adjuvant
toxicity and autoimmunity in pediatric populations. Lupus., 21:
223-230.
Tripathi A, Kathuria N, Kumar A. 2009. Elastic and macroporous
agarose-gelatin cryogels with isotropic and anisotropic porosity
for tissue engineering. J. Biomed. Mater. Res. A., 90: 680-694.
Wegmann KW, Wagner CR, Whitham RH, Hinrichs DJ. 2008.
Synthetic Peptide dendrimers block the development and
expression of experimental allergic encephalomyelitis. J.
Immunol., 181: 3301-3309.

210

Winter O, Dame C, Jundt F, Hiepe F. 2012. Pathogenic long-lived
plasma cells and their survival niches in autoimmunity,
malignancy, and allergy. J. Immunol., 189: 5105-5111.
Xiao H, Song H, Zhang Y, Qi R, Wang R, Xie Z, Huang Y, Li Y,
Wu Y, Jing X. 2012. The use of polymeric platinum(IV)
prodrugs to deliver multinuclear platinum(II) drugs with reduced
systemic toxicity and enhanced antitumor efficacy.
Biomaterials., 33: 8657–8669.
Youan BBC, Benoit MA, Rollmann B, Riveau G, Gillard J. 1999.
Protein -loaded poly(e-caprolactone ) microparticles. II.
Muramyl dipeptide for oral controlled release of adjuvant. J.
Microencapsul., 16: 601-612.
Yue H, Wei W, Yue Z, Lv P, Wang L, Ma G, Su Z. 2010. Particle
size affects the cellular response in macrophages. Eur. J. Pharm.
Sci., 41: 650-657.
Yun K, Moon HT. 2008. Inducing chondrogenic differentiation in
injectable hydrogels embedded with rabbit chondrocytes and
growth factor for neocartilage formation. J. Biosci. Bioeng.,
105: 122-126.
Yun Y, Cho YW, Park K. 2012. Nanoparticles for oral delivery:
Targeted nanoparticles with peptidic ligands for oral protein
delivery. Adv. Drug Deliv. Rev., (in press), doi:
10.1016/j.addr.2012.10.007.
Zhang Y, Yang F, Liu K, Shen H, Zhu Y, Zhang W, Liu W, Wang
S, Cao Y, Zhou G. 2012. The impact of PLGA scaffold
orientation on in vitro cartilage regeneration. Biomaterials., 33:
2926-2935.

http://www.jbb.uni-plovdiv.bg

