
REVIEW
Design opportunities for actively targeted 
nanoparticle vaccines
 
 

 

Tarek M Fahmy1,2†, 
Stacey L Demento1, 
Michael J Caplan3, 
Ira Mellman4 & 
W Mark Saltzman1,3

†Author for correspondence
1Yale University, Department 
of Biomedical Engineering, 
USA
2E-mail: tarek.fahmy@
yale.edu
3Yale University School of 
Medicine, Department of 
Cellular & Molecular 
Physiology, USA
4Genentech Inc., Oncology 
Research Division, USA
  

A

part of

Keywords: DC targeting, 
nanoparticle, oral vaccination, 
PEG, PLGA, vaccine delivery
10.2217/17435889.3.3.xxx © 2
 
 

 ro
of 

Vaccines for many infectious diseases are poorly developed or simply unavailable. There 
are significant technological and practical design issues that contribute to this problem; 
thus, a solution to the vaccine problem will require a systematic approach to test the 
multiple variables that are required to address each of the design challenges. Nanoparticle 
technology is an attractive methodology for optimizing vaccine development because 
design variables can be tested individually or in combination. The biology of individual 
components that constitute an effective vaccine is often well understood and may be 
integrated into particle design, affording optimal immune responses to specific pathogens. 
Here, we review technological variables and design parameters associated with creating 
modular nanoparticle vaccine systems that can be used as vectors to protect against 
disease. Variables, such as the material and size of the core matrix, surface modification for 
attaching targeting ligands and routes of administration, are discussed. Optimization of 
these variables is important for the development of nanoparticle-based vaccine systems 
against infectious diseases and cancer.
uthor PVaccine design: what are the issues?
Vaccine development for many infectious dis-
eases, such as HIV, malaria and even cancer, is
not well advanced or is simply unavailable.
There are a number of significant scientific chal-
lenges that have limited this development. First,
most vaccines offer protection by eliciting neu-
tralizing-antibody titers. For many conditions
involving intracellular pathogens, such as HIV
and malaria, humoral immunity is not sufficient
protection and cellular immunity is critical for
complete immunity [1]. Unfortunately, few if any
approaches are available that prime cell-medi-
ated immunity efficiently by direct intracellular
delivery of antigen. Second, we have yet to
develop ‘tunable’ adjuvants that can be
engineered to optimize the magnitude and direc-
tion of an immune response [2,3]. Third, standard
immunization protocols, involving parenteral
(subcutaneous or intramuscular) injection, are
not practiced easily in underdeveloped nations,
where refrigeration and medical-support
resources are often limited. Finally, there is a lack
of a general approach to the design of oral vac-
cines that yield both systemic and mucosal
immunity. Oral vaccines are generally preferable
because they are painless, yield better patient
compliance and can be administered without
trained personnel. In light of these issues, there is
a critical need for safe and stable vaccine systems
that would address these factors [4–7].

Variables affecting vaccine design
Several key variables are assembled and inte-
grated in the design of vaccines (Figure 1) [8,9].
The first variable is the form of the antigen itself,
which can be whole inactivated or attenuated
pathogens, purified recombinant proteins and
peptides or DNA-encoded antigens. Pathogens
are emerging and changing continually (e.g.,
SARS and avian influenza), meaning that new
potential immunogens are appearing constantly.
Thus, there is a clear need to design vaccine sys-
tems that can test the efficacy of vaccines for
emerging pathogens rapidly and efficiently [10].
Unfortunately, large-scale and safe production of
stable vaccine products typically involves the
purification of natural or recombinant forms of
antigenic subunits. Once purified, however,
individual antigens often become less immuno-
genic compared with whole pathogens or crude
extracts, necessitating a means to amplify the
immune response against the purified subunit
antigen. Thus, a second necessary component of
a vaccine involves potentiating or stimulating the
innate and adaptive arms of the immune system
to the antigen subunit with an adjuvant [8,9].
Adjuvants can be defined broadly as systems
(molecules, particles, synthetic or natural) that
act nonspecifically (e.g., through the induction
of proinflammatory cytokines and/or stimula-
tion of Toll-like receptors [TLRs]). For simplic-
ity, we will define adjuvants as substances that
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can enhance an immune response and these could
be either immune potentiators or delivery systems
that stabilize antigen and increase the cellular
uptake, trafficking and presentation of the antigen.
Immune potentiators may include bacterial prod-
ucts, toxins or other molecules that augment spe-
cific immunity. Potentiators have various benefits
but also many attendant risks (e.g., triggering dele-
terious inflammatory responses). Vaccine-delivery
systems present a defined amount of bulk antigen
in a repetitive or sustained fashion to the appropri-
ate immune cells and to the appropriate compart-
ments within those cells. Although a number of
indirect delivery systems have been studied, such as
the ‘gene gun’ [11], a growing trend in vaccine-
delivery systems is to target and deliver both anti-
gen and immune potentiator molecules to target
cells of the immune system. This is highly reminis-
cent of the strategy of viruses that use specific com-
ponents of the immune system to their advantage
for delivery of their payload.

Vaccines in present use consist of live, attenu-
ated or inactivated pathogens; the only US FDA-
approved adjuvant is colloidal alum (aluminum
phosphate or aluminum hydroxide). Live or atten-
uated formulations can be administered but are
associated with many risks. Alum, which is used to

increase the effectiveness of whole inactivated or
component vaccines, has greatly limited immuno-
stimulatory properties [12,13] and associated allergic
side effects [13,14]. In addition, because of the
historical emphasis on eliciting humoral immune
responses, most adjuvants, including alum, are
optimized for the effective induction of high anti-
body serum titers but are ineffective at eliciting a
strong cellular, T-cell-mediated immune response
or mucosal immune response. T-cell responses are
essential for eliminating intracellular pathogens;
mucosal immunity is an important consideration
for complete protection against cellular and viral
pathogens transmitted through mucosal surfaces
[15] (e.g., herpes simplex virus and enteric patho-
gens). These factors, coupled with the difficulties
of manufacture, storage and transport, have
together limited the utility of current approaches
in the clinic and in the field [16–18].

Vaccine development with 
nanoparticle systems
Viruses and pathogens that elicit or subvert
immune responses are, in essence, small particles
endowed with the ability to interact with or avoid
cells of the immune system in a variety of ways.
Much has been learned about their individual

culate-based vaccines may address several of the key variables associated with 
ve vaccines.

eed to be incorporated in the design of optimal vaccines. Variables, such as the nature of the antigen, immune-
ery vehicle, can be integrated simultaneously into the design of particulates for vaccination. (B) A modular vaccine 
 matrix supports the encapsulation or direct conjugation of antigens. Targeting ligands, such as DC-specific 
ll-specific ligands, facilitate intracellular transport. Negotiation of the particulate through physiological barriers (low 
tract, elimination from bloodstream) can be achieved with the addition of protective elements to the particle surface.
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strategies and this new biological information is
instructive for the design of new, rational vaccine
technologies. Nanoparticles offer a new modality
for the design of vaccine systems. The attractive-
ness of these systems derives from their size and
the flexible addition and subtraction of antigen,
adjuvant, immune potentiators, molecular recog-
nition and transport-mediation elements, as well
as intracellular uptake mediators (Figure 1B).
Owing to the size of these materials, they can be
administered through several routes, such as oral,
subcutaneous and nasal passages. All these varia-
bles are important in optimizing an effective vac-
cine-delivery system and several approaches have
been proposed and demonstrated for this purpose,
as shown in Table 1. Detailed discussion of these
systems is beyond the scope of this review and the
reader is recommended to consult excellent
reviews on the subject [5,9,17,19–21]. Here, we high-
light a number of variables and design challenges
that have a role in optimizing biodegradable nan-
oparticle-based vaccines. These variables include:
the core material of the particle itself, surface
modification, targeting to dendritic cells (DCs)
for improved antigen presentation and transport
through the body for effective priming of the
immune system.

The core matrix
Synthetic or natural biomaterials have been used
as drug-delivery carriers and as vaccine-adjuvant
agents. However, advanced formulation of these
materials into modular systems for targeting differ-
ent cell types and administration through various
biological routes is a new application. Considering
the fact that these systems are normally perceived
by the body as foreign agents, induction of inflam-
matory reaction or immune responses is a natural
result after administration. For vaccines, this is a
favorable outcome because it replaces the role of
immune potentiators and primes the immune
response against associated antigen. For this rea-
son, it is not a surprise that nano- and micropartic-
ulates have gained attention in their role as potent
vaccine carriers.

Biodegradable nanoparticulates have been
reported as promising antigen-delivery systems for
different vaccine applications. One of the most
widely studied nanoparticle systems is that fabri-
cated from polylactides (PLA) and copolymers of
lactide and glycolide (PLGA). These polymers
have established use in humans and have a long
safety record [2,7,10] and, as a result, have gained
increasing attention as core substances for encapsu-
lation and delivery of antigens. Other polymeric

and lipid-based systems can also be considered
[22–24], but several factors should be considered in
the selection of the core material. First, the system
should offer control over the size range of fabrica-
tion, down to 100 nm and potentially even lower
– an important feature for passing through biolog-
ical barriers. Second, the particle system should
demonstrate reproducible biodegradability or effi-
cient clearance from the body. Third, a capability
for sustained release of an encapsulated or incorpo-
rated, protected antigen can potentially abrogate
the booster requirement. The PLGA system is a
good example of such a material in which the
release properties of encapsulated antigen can be
varied by adjusting factors, such as the PLA to pol-
yglycolic acid copolymer ratios [6,25,26]. Fourth, the
system should be amenable to scale-up for produc-
tion of the necessary quantities of material for mass
vaccination. Finally, and most importantly, is the
ability to control surface properties of the system
because surface properties enable the introduction
of modular functionalities, such as targeting lig-
ands to specific cells or protective elements and
transport mediator elements providing for efficient
transit of the particles into the appropriate body
compartments after administration.

PLGA has adjuvant effects comparable with
that of Freund’s complete adjuvant [27,28]. Animals
challenged either orally [29] or subcutaneously [30]

with particles encapsulating ovalbumin (OVA; as a
model antigen) show elevation in cellular and
humoral immune responses as well as the induc-
tion of immunological memory. The greatest asset
of this system may be that slow release from these
polymers may induce long-term effects. For exam-
ple, one oral dose of hepatitis B antigen entrapped
in PLGA yielded a long-term protection equiva-
lent to three doses of injected antigen [31]. This sin-
gle dose effect has also been reported for tetanus
[32] and diphtheria toxoid [33,34].

Particle size is an important consideration for
particle trafficking into the body as well as uptake
by antigen-presenting cells (APCs). For uptake
into cells, particles with an average diameter
below 1 µm are most suitable for the induction of
systemic immunity because they are internalized
efficiently by DCs as well as macrophages. The
influence of size on the induction of immunity,
however, is not clear and may depend on the route
of administration. For example, micron-sized par-
ticles administered either orally or intranasally can
illicit effective immune responses. The increased
size of the particles may facilitate their trapping in
gut-associated lymphoid tissue or nasal-associated
lymphoid tissue, thus inducing efficient mucosal
3www.futuremedicine.com
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responses [35]. Micron-sized particles injected
subcutaneously or intramuscularly can also elicit
greater humoral and cellular immune responses
compared with conventional vaccine adjuvants
[36,37]. For transport through the lymphatic vas-
culature, however, some recent studies suggest
that nanomaterials (<100 nm) provide enhanced
immunogenicity compared with larger systems.
For optimal transport through lymphatic vessels
after intradermal injection, the design of these
agents needs to take into account our current
understanding of interstitial transport mechanics
and the function of lymphatic vessels [38,39]. Par-
ticles injected intradermally can interact with
immature DCs residing in tissues nearest to the
external environment, such as underneath the
epidermis and the intestinal and nasal epithelia.
Once DCs encounter an antigen, the cells
‘mature’ and migrate to lymphatic organs, such
as the spleen and lymph nodes, to interact with
lymphocytes. This physiological targeting is
attractive because it harnesses local immune
responses directly. To facilitate transport through
lymphatic vessels and lymph nodes, an ideal
nanoparticle must be sufficiently large to prevent
leakage into blood vessels. At the same time, the
particle needs to be sufficiently small for rapid
transport through the lymphatics. Particles in
the size range 20–50 nm can satisfy both criteria
[40,41]. Further, it was discovered that, if such par-
ticles are surface modified with hydroxyl groups
rather than methoxy groups, they can recruit the
complement pathway, effectively activating DCs
and initiating a potent vaccine response [40].

Nanoparticle surface modification
The ability to modify and functionalize the sur-
face of particles should provide a powerful basis
for targeting to specific cells and/or coating with
protective polymers for systemic transport. For
PLA and its copolymers, particles can be fabri-
cated by a number of techniques, including sol-
vent evaporation, double emulsion, phase-
inversion nanoencapsulation, polymer precipita-
tion, polycondensation and electrospray methods.
To introduce functionality into PLGA surfaces,
several approaches have been studied, including:

• Fabricating particles with PLGA copolymers
with amine [42,43] or acid [43] end groups;

• Blending or adsorbing functional polymers,
such as polylysine [44,45], poly(ethylene-alt-
maleic acid) (PEMA) [46] or poly (ethylene gly-
col) (PEG) [47], into PLGA and forming parti-
cles and matrices from these blends [45,46,48–50];

• Plasma treatment of the PLGA matrix for the
purpose of modifying its surface properties
and introducing hydrophilic functional
groups into the polymer [51,52].
Our group has introduced functional fatty

acids that can be incorporated into the particle
during the formation process. This strategy facil-
itated a high density of incorporated ligands and
prolonged presentation while maintaining sus-
tained delivery of the encapsulated agent at the
target site [53]. Targeting modules can be added
to the particle surface easily using conventional
or recombinant monoclonal antibodies. In this
way, the particles can be used not only as a
means to encapsulate antigens but also as a
means to target antigens to APCs in conjunction
with other adjuvants required for eliciting the
desired type of immune response.

An important consideration is that an
immune response can be generated against the
nanoparticles themselves and/or against the sur-
face ligands [54]. This complication may induce
rapid clearance of the particles by neutralizing
antibodies but may also lead to adverse side
effects associated with the generation of an
immune response against the targeting vehicle.
Thus, an important design criterion needs to
account for this possibility by either masking the
vehicle or modifying the surface and associated
ligands to minimize recognition by the immune
system while maintaining potential for targeting
to APCs.

Targeting professional APCs
Recent work has established that targeting anti-
gen to DCs is a powerful and novel strategy for
vaccination [19,55–57]. Of the main types of APC
(B cell, macrophages and DCs), the DC is the
most potent and is responsible for initiating all
antigen-specific immune responses [58,59]. There-
fore, the priming or loading of DCs with antigen
controls whether subsequent immunity will
develop and whether effective vaccination can be
achieved (Figure 2). Any vaccine design strategy
should, if possible, take this principle into
account. One biological feature of DCs is their
ability to sense conditions under which antigen
is encountered, initiating a process of ‘DC matu-
ration’. Using receptors for microbial and
inflammatory products, DCs respond to antigen
exposure in different ways depending on the
nature of the pathogen (virus, bacteria, proto-
zoan) encountered. This information is trans-
mitted to T cells by altered patterns of cytokine
release at the time of antigen presentation in
5www.futuremedicine.com
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lymph nodes, altering the type of T-cell response
elicited [60]. Thus, by targeting DCs, the ability to
enhance the delivery of antigen and antigen
responses in general can be coupled to controlling
the nature of the immune response depending on
the desired vaccination outcome. The elucidation
of these basic features of DC biology has provided
important tools for engineering vaccines with
potent therapeutic outcomes [61,62].

Several approaches are being explored to
enhance the delivery of antigens to DCs. These
approaches make use of the fact that DCs express
cell-surface receptors that can mediate the endo-
cytosis of bound antigen. One such receptor, the
lectin DEC-205, which is expressed on lymphoid,
interstitial, epidermal Langerhans DCs and thymic
endothelial cells, has been used in vitro and in mice
to boost both humoral and cellular responses
[63–65]. In these experiments, antigens were fused to
an anti-DEC205 heavy chain and a recombinant
antibody molecule was used for immunization. In

a separate set of experiments, microparticles sur-
face-modified with anti-DEC205, when injected
subcutaneously into a mouse, targeted DCs and
induced efficient humoral and cellular responses to
model encapsulated antigens [62]. A variety of other
endocytic receptors, including a mannose-specific
lectin (mannose receptor) and IgG Fc receptors,
have also been targeted in this way with similar
enhancement of antigen-presentation efficiency
[66]. Similarly, TLR ligands (e.g., monophosphoryl
lipid A [67] or CpG DNA [68]), which target TLR4
or TLR9, respectively, have been incorporated into
biodegradable particles to target APCs. Thus, tar-
geting exogenous antigens to internalizing surface
molecules on systemically distributed APCs over-
comes a major rate-limiting step in immunization
and thus in vaccination: uptake of antigen by DCs.

An open question is which ligands should be
used for DC targeting and at what density they
should be arrayed on the particles to interact with
DCs most efficiently and how these parameters

oming to professional antigen-presenting cells dictates particle-design considerations.

on will dictate the particular design features of nanoparticle vaccines. Irrespective of the route of administration, 
le should be able to (1) bind professional antigen-presenting cells, such as DCs, effectively; (2) internalize and (3) 
s for efficient antigen presentation to CD8+ T cells.
oll-like receptor.

Oral route Subcutaneous route Intravenous route

Targeting dendritic cells

CD8+ 
T cells 

DC surface

CD4+ 
T cells

ptor
eceptor,

MHC class II

MHC class I
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affect antigen uptake and presentation by DCs.
These variables may also change with the route of
administration. Thus, it is possible that systemi-
cally administered particles may have different
requirements for efficient antigen presentation and
targeting to DCs to elicit immunity compared
with orally, intradermally or nasally administered
particles.

Other studies show that direct administration
of nanoparticles into the lymphatic system may
not require attachment of ligands to DC surface
markers. This strategy takes advantage of the phys-
iology of lymphatic drainage and the phagocytic
nature of DCs; particulate matter is internalized
into the vessels from the interstitial space and
internalized nonspecifically by DCs. As men-
tioned previously, size has a critical role in this
transport-mediated process.

Surface modification also has a role in extending
nanoparticle-trafficking time in vessels and
enhancing transport. Increasing residence time in
the lymphatics and bloodstream increases the
chance of nanoparticle encounters with APCs.
Thus, surface modification with steric-stabilizing
groups, such as PEG and block copolymers of
PEG and poly(propylene glycol) (Pluronics), may
have a key role in enhancing vaccine efficacy after
intradermal or subcutaneous injections [19]. PEG
or poloxamer modification of the nanoparticle sur-
face reduces nonspecific interactions in the inter-
stitium, extending convective transport times and
improving nanoparticle systemic trafficking, thus
increasing chance encounters with APCs [41,69–72].

Enhancing antigen presentation: 
disrupting DC endosomal compartments 
& cross-presentation
Another important feature of antigen presentation
is the intracellular compartments to which inter-
nalized antigens are delivered. Receptors used for
targeting, such as DEC-205, have the ability to
deliver antigens to late endosomal elements that
serve as efficient sites for the formation of immu-
nogenic peptides and their loading onto MHC
class II molecules (which are needed for CD4 T-
cell and antibody responses) [58,59]. Effective vacci-
nation, however, will also often require the produc-
tion of CD8 cytotoxic T-cell responses, which
occur only when antigen is present in the cyto-
plasm. DCs are adept at this function through
‘cross-presentation’, whereby exogenous antigens
escape endocytic vesicles and enter the cytoplasm
where they are cleaved into peptides by the protea-
some, imported into the endoplasmic reticulum
and loaded onto newly synthesized MHC class I

molecules (which are required for the stimulation
of CD8 T cells). It is possible to enhance the effi-
ciency of cross-presentation by artificially causing
the limited disruption of endosome-lysosome
membranes during antigen uptake. This has been
accomplished in vitro and in vivo using antigen-
loaded, pH-responsive particles [55,73,74]. Such par-
ticles are degradable at lysosomal pH and, indeed,
particle composition (degree of acid-induced
degradability) may affect the magnitude and path-
way of antigen presentation [62]. Thus, engineering
features in the nanoparticle through direct selec-
tion of the polymer material or co-encapsulation
of endosomal disruption elements may enable the
antigen to be delivered to the appropriate intracel-
lular compartment. This approach is analogous to
that taken by many pathogens, including viruses,
such as poliovirus and adenovirus, which effect
endosome disruption in order to gain access to the
cytosol for purposes of infection [75–78].

Oral administration: 
enhancing mucosal immunity
The potential efficacy of nanoparticle vaccine sys-
tems will be determined in part by their route of
administration into the body. Although parenteral
injection (i.e., intradermal, intramuscular or intra-
venous) is an acceptable solution, in many cases, a
vaccine product that is available orally would find
extended ease of use and applicability on a global
scale. Oral immunization generates IgA and CD8
T cells in the mucosa, thereby increasing the
immune system’s first line of defense against many
pathogens. For orally administered vaccines, epi-
thelial cells constitute the principal barrier that
separates an organism's interior from the outside
world [79–81]. Epithelial cells, such as those that
line the gastrointestinal (GI) tract, form continu-
ous monolayers that simultaneously confront the
extracellular fluid compartment.

It is epithelial cells that will first confront and
respond to nanoparticles administered to an intact
organism. The permeability and transport proper-
ties of epithelia will determine the extent to which
nanoparticles can gain access to all of the other cell
types in the body. To understand the potential
therapeutic and pathophysiological consequences
of nanoparticle challenge, it is critical to define the
ways in which nanoparticles interact with and
influence the functions of a variety of epithelial-cell
types. Remarkably little is known concerning the
mechanisms through which epithelial cells interact
with nanoparticles. As might be expected, the
capacity of epithelial cells to internalize particles by
endocytosis falls dramatically as the radius of the
7www.futuremedicine.com
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particle increases [82]. Unexpectedly, the transit of at
least certain types of nanoparticles across epithelial
tight junctions can increase substantially with par-
ticle size [83]. In addition, physical properties of
nanoparticles, including their electrical charges and
chemical compositions, profoundly influence the
nature of their interactions with epithelia. Finally,
different epithelial cell types exhibit markedly dis-
tinct reactions to the same nanoparticle popu-
lations [84]. Considerably more research is required,
therefore, to define a meaningful set of rules that
can be used to predict the effectiveness and
consequences of epithelia–particle interactions.

The intestinal epithelium provides a barrier
function, preventing easy passage of solutes into
the underlying tissue. However, through the proc-
ess of ‘antigen sampling’ [85,86], underlying
mucosal-associated lymphoid tissue sample the
environment for the presence of pathogens. This
sampling is carried out by an apical to basolateral
transcytotic event and is mediated by M cells
located in lymphoid follicle-associated epithe-
lium, which is present throughout the GI tract.
Indeed, many studies have focused on identifying
apical-membrane receptors as potential targets for
vaccine delivery [87,88]. In addition, absorptive
enterocytes may transport microorganisms or
other nanoparticulates to intraepithelial lym-
phocytes. Finally, recent evidence has suggested
that DCs may perform this function directly, with
a population of DCs being intercalated between
epithelial cells and extending processes into the
gut lumen to sample the microorganisms present
[89]. Because adherence to cells is an essential first
step in crossing the epithelial barrier by any of
these mechanisms, design of nanoparticulates
administered orally should include, in addition to
DC-targeting ligands, a second set of recognition
elements: those that target the epithelium and
mediate transcytosis to underlying APCs [90].

The importance of targeting the intestinal epi-
thelium is highlighted in studies that involved
feeding mice with polystyrene particles coated
with the M-cell target ligand, the lectin Ulex euro-
paeus 1 (UEA1) and a model antigen (OVA).
These mice showed systemic immune responses
that were elevated tenfold in comparison with
untargeted particles [90]. Similarly, UEA1-modi-
fied liposomes also targeted murine M cells
in vivo [91]. Recently, OVA-loaded PLGA-based
nanoparticles modified with RGD peptides that
interact preferentially with β1 integrins on the
apical surface of M cells concentrated in intesti-
nal M cells and produced significant IgG
responses [92]. A significant challenge in this

regard is that any system involving epithelial-cell
targeting would have to insure that the intestinal
epithelia are not the target of cytotoxic T cells. It
is feasible that some of the antigen will be proc-
essed by these cells and presented on MHC
class I, instigating undesirable immune effects.

The possibility of antigen tolerance with oral
immunizations should also be considered. The
immune system has developed a method of par-
tially suppressing systemic responses to agents that
pass through the GI tract in large amounts, such as
food and commensal bacteria [93]. This tolerance
induction presents a potential challenge for orally
administered particles, which often need to be
administered at larger doses compared with
parenteral routes of administration to overcome
degradation in the GI tract. Thus, in addition to
protection, particle administration by the oral
route needs to account for the possibility of
immune tolerance.

Protection during transit: nanoparticle 
transport through the GI tract
Vaccine particles administered orally will encoun-
ter a corrosive environment in the GI tract with
areas of low and high pH, as well as resident deg-
radative enzymes and solubilizing agents. One of
the reasons that biodegradable particulates have
gained attention as oral vaccines is because of their
ability to protect antigens en route to immune
sites across the intestinal epithelium [17,94–96]. But,
although the antigen is protected from environ-
mental elements in transit, little protection is
offered to elements coupled to the surface of the
particle during the journey to immune-effector
sites. This protection may be necessary to insure
proper particle function and targeting. For this
reason, a ‘shielding’ that protects the nanoparticu-
late and its immune-recognition elements may be
required for transit to the GI epithelium. Ideally,
this shielding should be environmentally sensitive,
pH responsive or simply protective. Subsequently,
on reaching its destination in the higher pH intes-
tinal site, particles will need to expose the recogni-
tion elements to enable specific interactions with
target epithelial cells followed by transcytosis
through the epithelium and subsequent interac-
tions with subepithelial DCs. In our own work,
we have demonstrated that a coating of a pH-
responsive surfactant, deoxycholic acid, can
enhance oral bioavailability of agents encapsulated
in biodegradable particles through a mechanism
that involves both protection of the particle in
the harsh environments of the stomach as well as
enhancing intestinal transport [97].
Nanomedicine (2008)  3(3) future science groupfuture science group



 
 

 

A

Design opportunities for actively targeted nanoparticle vaccines – REVIEW

future science groupfuture science group

Executive summary

Current vaccines: wha

• Failure to stimulate th
• Lack of flexibility in va
• Effective worldwide u

trained staff and reso
• Challenges associated

in protection.

Biodegradable vaccine

• Core matrix considera
• Surface modification 

specific cells, to enhan
 
 

 
 

uthor P
ro

of 

Conclusion
Both quantitative as well as qualitative characteris-
tics of the elements listed here will be equally
important in assessing the success of the nanoparti-
cle approach as vaccination agents. Thus, future
approaches for the rational synthesis of vaccine sys-
tems should be based on an understanding of how
individual components may enhance vaccine effi-
cacy for the particular route of delivery. The com-
ponents of such systems should be driven by
biological mechanisms and, like biological systems,
their qualitative and quantitative effects need to be
subjected to a thorough analysis before full synthe-
sis. Only after this understanding is achieved can
integration proceed to assemble novel vaccine
systems amenable to clinical translation.

Future perspective
The development of nanoparticle-based vaccine
therapeutics is progressing rapidly owing to a bet-
ter understanding of the biology of antigen
processing and presentation combined with new
innovative ways to produce nanoparticulate sys-
tems. These systems are not only capable of
encapsulating a wide range of antigen species but
also support the addition of modules that may
enable selective targeting to and uptake by desired
cell types, the introduction of specific immu-
nomodulators to guide the immune response and
the incorporation of elements that will deliver
internalized antigens to appropriate intracellular
compartments. In addition, these particles can be
derivatized with elements that can aid in penetra-
tion across epithelial barriers and survival in the
GI tract on oral administration. A special advan-
tage is that they can be assembled and modified in
a modular fashion, enabling the systematic evalua-
tion of each element or combination of elements
in terms of their vaccine efficacy.

Although biodegradable polymeric nano- and
microparticles have been tested as vaccine-delivery
systems for over 15 years [35,98], rarely did a prod-
uct enter clinical trials and none have been
approved yet for use in humans. Compared with
small-molecule drugs, relatively little is known
about how these nanomaterials interact with the
body; before advanced clinical trials can proceed,
an intensive study is needed into the in vivo traf-
ficking patterns of these systems as a function of
the different components that may be added to
the surface to enhance vaccine efficacy. In addi-
tion, more information is needed regarding how
these systems may interact with different immune
system cells beyond APCs. Recently, standard
guidelines purveying how to properly assess for
toxicity of nano-based therapeutics have been pro-
posed [54], however, some major questions still
remain regarding the pharmacokinetics and bio-
distribution of nanoparticle vaccine-based systems
by different routes of administration in various
animals models.
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e cellular arm of the immune response effectively.
ccine design that enables immune responses to a variety of antigens.
se of vaccines is limited by the robustness of current formulations and the availability in regions where 
urces are scarce.
 with the formulation of oral vaccines for many antigens have limited their number as well as their efficacy 

 delivery-vehicle design: what are the design variables?

tions – size, biodegradability, clearance, antigen release profile and control over surface properties.
with ligands – to enhance circulation time of particles, to protect particle integrity during transit, to target 
ce uptake and to induce better intracellular delivery of antigen.
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