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ABSTRACT

Particulate carrier systems are promising drug delivery vehicles for subunit vaccination
as they can enhance and direct the type of T-cell response. In order to develop vaccines
with optimal immunogenicity, a thorough understanding of parameters that could af-
fect the strength and quality of immune responses is required. Pathogens have differ-
ent dimensions and stimulate the immune system in a specific way. It is therefore not
surprising that physicochemical characteristics of particulate vaccines, such as particle
size, shape, and rigidity, affect multiple processes that impact their immunogenicity.
Among these processes are the uptake of the particles from the site of administration,
passage through lymphoid tissue, and the uptake, antigen processing and activation of
antigen-presenting cells. Herein, we systematically review the role of the size, shape,
and rigidity of particulate vaccines in enhancing and skewing T-cell responses and at-
tempted to provide a "roadmap" for rational vaccine design.
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1. Introduction

The implementation of vaccines has proven to be an affordable and effective strategy
to prevent disease. Concerted vaccine efforts in the 20th century have resulted in the
reduced occurrence or even elimination of infectious diseases [1, 2]. The first gener-
ation of successful vaccines was composed of weakened (attenuated) or inactivated
pathogens. Despite their enormous success, some problems arise when using these
types of vaccines. Firstly, there is a risk of genetic exchanges with other viruses, which
may restore the virulence of live attenuated vaccines [3]. Secondly, due to their complex
nature, these vaccines can induce adverse effects such as fever [4–6]. To circumvent
these issues, subunit vaccines, containing only the antigen(s) against which the im-
mune response must be targeted, have become more commonly used. These types of
vaccines lead to superior safety profiles at the expense of decreased immunogenicity,
due to the lack of pathogen-associated molecular patterns (PAMPs). Therefore, these
vaccines require the addition of adjuvants [7] and/or the use of a particulate delivery
system. The advantages of particulate delivery systems entail the protection of the in-
tegrity of antigens until they are delivered to antigen presenting cells (APCs) [8] and
co-localisation of adjuvant and antigen to the same APCs, which limits systemic expo-
sure to the adjuvant and thereby minimises adverse effects [9]. Furthermore, uptake
of particulate matter by APCs induces an inflammatory response, contributing to the
adjuvanticity [10].

Several classes of particulate vaccines have been developed which have been reviewed
in great detail [11]. Interestingly, not only the composition of the particle affects its im-
munogenicity, but a growing number of reports has covered the effect of particle size
on vaccine efficiency. More recently, several publications reported the effect of partic-
ulate vaccine shape or rigidity on immunogenicity. This is probably due to the fact that
techniques to alter and characterise particle shape and rigidity were developed later
than those for particle size. There are several ways to alter size, shape, and rigidity. The
size of particles is controlled by manufacturing conditions such as extrusion for vesi-
cles [12], centrifugation for vesicles or solid particles [13, 14], and emulsification condi-
tions for polymeric particles [15]. The shape of particles can be altered by mechanical
stretching [16] or by producing particles in a mould [17]. Rigidity, a measure of the parti-
cle’s ability to retain its shape under mechanical stress can be manipulated for instance
by varying the density of cross-linking in polymer hydrogel particles, by incorporating
cholesterol in liposomes, or by increasing shell layer thickness in capsules [18–20].

In this review, we discuss how particle size, shape, and rigidity affect biodistribution,
cellular uptake, antigen presentation and the resulting immune response in murine
models (unless stated otherwise), where appropriate as a function of the route of ad-
ministration. We acknowledge that more parameters, such as surface charge, particle
composition, biodegradability or the inclusion of adjuvants are important character-
istics that affect immunogenicity. However, the effect of these parameters has been
extensively described elsewhere [21–30]. In addition, vaccines equipped with targeting
ligands and adjuvants may induce immunological effects solely based on their physic-
ochemical parameters [31].
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2. Particle size

2.1. Particle distribution

Vaccination aims to mimic a pathogenic infection and induce immunological memory
for possible future encounters. For a vaccine to elicit an immune response, effective de-
livery of antigens from the site of injection to secondary lymphoid tissue, where APCs,
B- and T-cells reside, is the first requirement. Antigens can directly drain to lymphoid
organs (such as spleen or lymph nodes, LNs) through the interstitial fluid and the col-
lecting lymphoid vessels. Alternatively, particulate vaccines can be taken up by APCs at
the site of injection and subsequently travel through the lymphatic system to interact
with T and B cells that reside in the LNs [32, 33].

The size of particulate vaccines plays a crucial role in their transport to the LNs.
Upon intradermal injection, interstitial flow (drainage of fluids from the interstitial
space) transports small, non-liposomal nanoparticles (< 50nm) more efficiently into
lymphatic capillaries and draining LNs than particles larger than 100 nm. Smaller
particles are hypothesised to be convected much easier through the interstitial flow,
whereas larger particles require active transport by tissue-resident dendritic cells (DCs)
to shuttle them to the LN. These smaller particles show increased retention in the LNs,
due to efficient uptake by LN-resident DCs [34–36]. Of note, for larger-sized particles
(> 50nm), the efficiency of DC migration towards the draining LNs creates an extra
parameter that might affect the quantity of antigen that is able to reach the LNs [37].

The effect of size on antigen distribution is also evident for liposomal formulations.
Oussoren and colleagues reported a negative correlation between lymphatic uptake
and liposome size in rats upon s.c. injection [38]. Interestingly, small 40 nm sized lipo-
somes were poorly retained by the LNs compared to larger (> 400nm) liposomes. This
was due to more efficient phagocytosis of larger liposomes, as macrophage-depleted
LNs showed reduced LN localisation of large liposomes [39]. Small liposomes are pos-
sibly less affected, since they can be taken up by multiple cell types in the LNs via endo-
cytic pathways other than phagocytosis, such as pinocytosis. This, of course, will also
affect the immunogenicity of these particles as a lower percentage will reach APCs.

Different routes of administration impose different barriers for the antigen to reach
secondary lymphoid tissue. Thereby, different tissues contain different subsets of DCs,
such as Langerhans cells in the skin, CD103+ DCs in connective tissue and mucosal DCs
in the gut. The type of DC to which the antigen is delivered may influence the skewing
of the immune response, but this is outside the scope of this review [40]. A study using
orally dosed biodegradable polylactic acid (PLA) microparticles ranging from 1−26µm
in diameter showed that the uptake of these particles into intestinal lymphoid struc-
tures referred to as Peyer’s patches, increased with increasing particle size up to 11µm,
and decreased again hereafter [41]. Microspheres smaller than 5µm were subsequently
translocated via the lymphatic system from the Peyer’s patches to the spleen, whereas
larger particles remained in the Peyer’s patches in the jejunum. The authors suggested
that uptake by phagocytes of particles larger than 10µm was less likely to occur, ex-
plaining the decrease in splenic localisation when microparticle size exceeds this limit.
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Extending the size into the nanometre range, it was shown that oral administration of
nanometre-sized particles results in higher uptake in the rat intestine than micropar-
ticles [42, 43]. Nanoparticles are taken up more efficiently by the intestinal epithelial
cells and are able to penetrate deeper into the Peyer’s patches, which make them more
efficient than microparticles for oral delivery [14]. Thus, it appears that for optimal gut
barrier passage, particulate vaccines should be designed to have a size in the nanometre
range.

Concerning nasal delivery, it has been reported that migration of non-liposomal par-
ticles across the nasal mucosa of rats increases with decreasing particle size, resulting
in stronger immunoglobulin G (IgG) and IgA responses, which are markers for general
and mucosal immune responses, respectively [44]. Possibly, nanoparticles can perme-
ate the epithelial lining more efficiently than microparticles, resulting in enhanced im-
munity, as shown in rats and mice [13, 45, 46].

Overall, it can be concluded that smaller-sized particles (< 50nm) can directly drain
and penetrate deeper into the LNs. However, larger-sized particles are retained more
efficiently in the LNs, which emphasises the need for studies that find the optimal par-
ticle size to ensure efficient lymphatic drainage as well as retention. Furthermore, the
route of administration can affect the distribution and should be considered in vaccine
design as well.

2.2. Cellular uptake

An important step towards inducing a potent immune response is the uptake of
antigen-containing particles by APCs. APCs are continuously probing their environ-
ment for the presence of pathogens or danger-related signals, which enables them to
internalise pathogens or other antigens and process them into peptides. Extracellular
fluid, which may contain small antigens, is continuously taken up by APCs through
macropinocytosis. Larger particles are generally internalised via phagocytosis due to
binding to receptors on the plasma membrane of APCs, which triggers actin assembly
and drives particle engulfment. All resulting vesicles travel to endosomes within the
APC where their content is processed [47, 48].

Conceivably, due to their exceptional capacity for macropinocytosis, DCs appear to
preferentially take up nanoparticles. Studies in DC lines and DCs derived from human
mononuclear cells have shown an inverse correlation between particle size and inter-
nalisation for particles of different compositions ranging from 20µm to 150 nm [49–51].
Shima et al. have shown that 40, 100 and 200 nm sized poly(γ-glutamic acid)particles
also show excellent uptake by DCs in vivo in the LNs upon s.c. administration. Inter-
estingly, they report that the number of DCs that have taken up the 40 nm particles is
twice as high as the number of DCs that have taken up the 200 nm particles, while the
relative amount of antigen taken up was three times as high for 200 nm particles com-
pared to the 40 nm particles. This suggests that smaller-sized nanoparticles are taken
up more efficiently, but larger-sized nanoparticles can deliver a greater amount of anti-
gen to APCs [52]. In a study comparing uptake of polystyrene particles ranging from
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20nm−1µm in lung-draining LN upon intranasal administration, it was reported that
smaller (< 50nm) particles were preferentially taken up by LN-resident DCs [53].

Examining the behaviour of particles in the extremely small size ranges, le Guével et
al. produced gold nanoparticles of 12 nm and nanoclusters (clusters of gold atoms)
of 2 nm in size [54]. Comparing the number of particles per human-derived DC, the
nanoclusters showed a higher uptake compared to the nanoparticles. However, only
the nanoparticles induced DC maturation and subsequent Th1-mediated immunity.
Of interest, the nanoclusters have a higher diffusion capacity than the nanoparticles.
This suggests the nanoparticles are taken up by receptor-mediated endocytosis, which
is less efficient than diffusion, resulting in lower uptake, but the particles taken up via
this process are able to induce immunity.

Of note, the mechanism of antigen delivery has been reported to differ between nano-
and microparticles. Here we discuss the consequences of particle size on uptake, how-
ever, it must be noted that attachment of microparticles to the APCs, without endo-
cytosis of the delivery system, appears to be sufficient to deliver the antigen to the
APCs [55, 56].

2.3. Antigen presentation and APC activation

Following antigen uptake by APCs, these cells need to become activated via the recog-
nition of PAMPs by pattern recognition receptors (PRRs) [57]. Effective processing lead-
ing to robust antigen presentation is required to induce potent immune responses. Af-
ter uptake, antigen loaded particles are deposited in the endosome, where the parti-
cle and antigen are broken down by enzymatic degradation upon acidification of the
endosome, resulting in short peptide sequences. These small protein fragments are
loaded upon major histocompatibility complex (MHC) class II molecules, leading to
CD4+ T-cell activation. Alternatively, particles can be modified to facilitate endosomal
escape, after which the antigenic peptide can reach the cytosol and, after proteasomal
degradation, can be loaded upon MHC class I molecules, which can activate CD8+ T-
cells. This process, referred to as cross-presentation, can occur via two pathways: the
presently described ‘phagosome to cytosol pathway’ and via the ‘vacuolar pathway’ in
which antigens are loaded onto MHC class I molecules within the phagosome, which is
not necessarily TAP-dependent [58–60].

Nanoparticles appeared to be efficient at inducing class I antigen presentation in vitro,
whereas microparticles induced almost no MHC class I antigen presentation [61].
Particles larger than 500 nm were delivered into phagosomes, which subsequently
fused with early endosomes, whereas smaller (< 200nm) particles localised rapidly into
late endosomes which fused with lysosomes. MHC class II complexes were recruited
to both compartments, but delivery to the prelysosomal (early) compartment was
shown to be more efficient in processing and presenting an encapsulated antigen.
Consequently, the larger particles (> 500nm) produced enhanced CD4+ T-cell activa-
tion compared to smaller particles [12]. It has been suggested that the accumulation
of nanoparticles within the lysosomes may have caused lysosomal overload, which
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resulted in defective lysosomal degradation, which may explain the reduced MHC class
II antigen-presenting capacity [62].

Considering cross-presentation, it was suggested that particles in the nanometre
size range induced MHC class I presentation via the phagosome-to-cytosol pathway,
whereas the larger micrometre-sized particles were processed via the vacuolar pathway,
which yielded relatively fewer MHC class I complexes [60]. Together, these studies pro-
vide strong evidence for a size-dependent effect of both liposomal and non-liposomal
particles on endosomal antigen processing and subsequent presentation.

2.4. Skewing immune responses

Pathogens can infect host cells via various routes, occupy different (intracellular or
extracellular) compartments and cause acute or chronic infections. Therefore, clear-
ance of pathogens requires a specific approach. CD8+ T-cells play a seminal role in
detecting and clearing intracellular pathogens as they recognise infected cells through
specific epitopes presented upon MHC class I molecules, upon which they exert in-
flammatory and cytotoxic functions [63, 64]. CD4+ T-cells recognize MHC class II via
their T-cell receptor (TCR) and can be subdivided into different classes, the principal
of which are T helper 1 (Th1), Th2 and T-regulatory (Treg) cells, characterised by the
expression of T-bet, GATA-3, and FoxP3, respectively. Th1 cells produce inflammatory
cytokines and are major producers of interferon-γ (IFN-γ) and TNF-α, which are piv-
otal for cell-mediated immunity (e.g. macrophage activation, CD8+ T-cell help). The
Th2 subset is characterised by a different cytokine profile, including cytokines such as
interleukin 4 (IL-4), IL-5, IL-10 and IL-13, and is associated with the induction of hu-
moral (antibody-mediated) immunity. Finally, Treg cells are a tolerogenic subset that
suppresses inflammatory responses through secretion of anti-inflammatory cytokines
(e.g. IL-10, TGF-β) [65].

As clearing a pathogen requires a specific type of immune response, skewing of the
response after immunisation is an important aspect that particles can influence. As
the size of a particulate vaccine affects the extent of MHC class I or MHC class II pre-
sentation, this directly influences effective CD8+ and CD4+ T-cell priming. However,
the size of particles also appears to influence the type CD4+ T-cell that is induced.
Nanoparticles (ranging in size from 100− 600nm) induce the most prominent activa-
tion of DCs (as measured by CD80 expression) compared to micro-sized particles. As a
result, nanoparticles generated the highest antigen-specific CD8+ T-cell response and
a higher proportion of IgG2a antibodies relative to IgG1 antibodies, which indicates
skewing towards a Th1 phenotype. Other studies showed that particles of 40− 50nm
in size are most potent in inducing IFN-γ mediated Th1 immunity compared to parti-
cles in the 100 nm range, which induced stronger IL-4 responses. It has been suggested
that smaller (< 100nm) particles may enter APCs through one of the mechanisms used
by viruses, such as clathrin-coated pit-mediated uptake, which may induce a stronger
Th1 immune response [66, 67]. This suggests there is an optimal particle size of around
50 nm that triggers Th1 responses.
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Microparticles (2−8µm) were not taken up but instead attached to the surface of the
APC, releasing their antigen into the cell in both mouse and rat models. This favoured
IL-4 secretion and showed a higher IgG1/IgG2a ratio and higher antibody titres.
Thereby, microparticles upregulated MHC class II expression, whereas nanoparticles
induced more MHC class I. This suggests that nanoparticles induce a Th1 type immune
response while microparticles induce a Th2 type response [49, 55, 68]. There appears
to be an upper size limit for effective Th2 response; 5µm poly(lactic-co-glycolic) acid
(PLGA) microspheres containing hepatitis B surface antigen in pulmonary immunisa-
tion in rats induced higher antibody titres compared to larger (12µm) PLGA particles,
which could be due to less efficient uptake or adherence of particles that are larger in
size than DCs [56]. Thus, the optimal size for inducing Th2 responses is approximately
1−5µm.

Thus far we have seen a trend that smaller solid (polymeric or gold) particles induce
stronger Th1 and CD8-mediated responses, whereas larger particles seem to skew to-
wards a Th2 and B-cell mediated response (Fig. 1). Lipid vesicles, however, have been
reported to show an opposite trend; small (< 200nm) liposomes appear to induce Th2
mediated immunity, whereas larger liposomes skew towards Th1 responses [12, 69, 70].

The reason for the apparently contradictory effects observed for liposomal and non-
liposomal particles could be explained by the differences in lysosomal degradation
rates. Tran and colleagues studied the intracellular trafficking of 50 nm, 500 nm or 3µm
particles and showed that OVA conjugated to 50 nm polystyrene beads was rapidly
exposed to an acidic environment in the lysosome [71]. This led to fast degradation
of the antigen in the lysosome and, therefore, inefficient presentation. Furthermore,
antigens bound to 500 nm and 3µm particles remained in a less acidic environment
within the phagosomes for a longer period of time, resulting in more efficient MHC
class I presentation.

Figure 1: Schematic overview of the effect of non-liposomal particle size on inducing T-cell immunity.
Ultra-small particles (2 − 10nm) are taken up very efficiently by APCs but are poorly immunogenic. 10 −
200nm nanoparticles are most efficient at inducing Th1 and CD8-mediated immunity, whereas larger 200−
500nm nanoparticles tend towards Th2 mediated responses. Microparticles adhere to the cell membrane
and release antigen into the cell, which is presented upon MHC class II molecules and skews the immune
response towards Th2 mediated responses.



6

129

3. Particle shape

3.1. Particle distribution

Besides particle size, shape is an important parameter influencing the immune re-
sponse. A common way of characterising particle shape is by using the ratio between
the height and width of the particle, denoted as the aspect ratio (AR). Huang et al.
reported that the shape of mesoporous silica nanoparticles affects the biodistri-
bution of these particles after intravenous (i.v.) administration in mice [72]. Both
short-rod-shaped particles (185 nm, low AR) and long-rod particles (720 nm, high AR)
were trapped in the spleen and liver. However, compared to the short-rod particles,
the long-rod particles were more prominent in the spleen. Furthermore, short-rod
particles were cleared faster from the body by urine and faeces than long-rod particles.
Likely, the shape of the particles affects the ability for uptake by tissue-residenT-cells,
which in turns affects the biodistribution and retention ability in the tissues. However,
a size effect cannot be excluded in this experiment [72]. Injected filomicelles, micelles
with a tubular shape (high AR), remained in circulation in rats and mice for up to one
week [73]. Short tubular micelles were cleared from the circulation within two days.
Filomicelles longer than 3µm could not be taken up by human macrophages, whereas
shorter filomicelles could be taken up via phagocytosis. The authors suggest that
longer circulation time of the long filomicelles can be explained by the theory that they
are stretched out by the blood flow, thereby minimising interactions with phagocytes
and the blood vessel wall. Shorter cylinders will be less affected by the blood flow
and interact more with phagocytes, resulting in more efficient uptake and thus faster
clearance from the circulation. However, it must be noted that these particles were
injected i.v. and therefore, this study focused on the uptake from the circulation,
instead of lymphatic trafficking [73]. Upon oral administration of mesoporous silica
nanoparticles, different effects were observed; decreasing ARs (5, 1.75 and 1) of the par-
ticles resulted in increased absorption by the small intestine, whereas urinary secretion
was decreased [74]. Indeed, particles with the smallest AR showed the highest content
in the spleen compared to the other particles, which were mainly deposited in the
liver, lungs and kidneys. These results suggest that upon oral administration, spherical
particles will exhibit a more favourable biodistribution profile than non-spherical ones,
emphasising that the route of administration is an important parameter influencing
the effect of particle properties on immunogenicity.

3.2. Cellular uptake

Similar to particle size, particle shape also plays a major role in the uptake of partic-
ulate vaccines by APCs. Non-spherical long-rod polystyrene particles stretched from
3µm spheres were shown to exhibit negligible phagocytosis in a macrophage cell line,
as observed by time-lapse imaging [75]. Moreover, spherical particles of similar size
were internalised efficiently by macrophages. Spheres and rods of 1µm in size showed
the same differential phagocytosis as 3µm spheres and rods. The authors suggested
that macrophages cannot take up the rod-like particles, as the shape is mostly flat and
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only contains curvatures on extreme ends, which hinders phagocytosis. Niikura et al.
tested macrophage uptake of gold particles of different shapes; spheres of 20 nm and
40 nm in diameter, 40nm×10nm rods (AR = 4) and 40×40×40nm cubes [76]. Interest-
ingly, rod-shaped particles appeared to be taken up more efficiently by macrophages
than spherical or cubic particles (with cubic particles being the least effective), but in
fact, the spherical particles had more efficient uptake per weight. Sharma et al. pro-
duced initially spherical polystyrene particles that were stretched to either prolate el-
lipsoids (high AR) or oblate ellipsoids (lower AR) [77]. The phagocytosis efficiency was
in the order of oblate ellipsoids>>spheres>prolate ellipsoids. Even though oblate el-
lipsoids did not have the highest cell attachment, almost 90% of the attached particles
were internalised, compared to 50% of the prolate ellipsoids and 70% of spheres. The
combination of relatively high attachment and internalisation gives oblate ellipsoids a
clear advantage for phagocytosis. Champion et al. reported that the particle shape at
the point of cell contact dictated whether or not phagocytosis was initiated [78] (Fig. 2).
Polystyrene particles were fabricated in the shapes of spheres, oblate ellipsoids, prolate
ellipsoids, elliptical discs, rectangular discs or flying saucer shapes. The orientation of
the particle towards the phagocyte was of great importance in Fc receptor-mediated
phagocytosis by macrophages. Actin polymerisation in the shape of a cup occurs be-
neath the particle, which then forms an actin ring that forces the membrane along the
particle surface until it is engulfed. When this initial actin attachment forms on the
flat side of a particle, the formation of the actin ring is not supported. The contact
angle between the membrane normal and the particle, therefore, is an important de-
terminant of the internalisation efficiency. Particles for which this angle is small are
phagocytosed more efficiently, as only gradual expansion of the actin ring is required,
which is a metabolically intensive process. If the contact angle is too large, the cell will
spread across the surface of the particle but cannot internalise it. Therefore, the uptake
of (near) spherical particles is always favourable, whereas that of rod-shaped particles
depends on the likelihood of the particle approaching at a favourable contact angle,
thereby negatively influencing the uptake of such particles (Fig. 2). Indeed, Huang et
al. manufactured mesoporous silica nanoparticles of different lengths and ARs; 100 nm
spherical (AR = 1), 240 nm short rod (AR = 2) and 450 nm long rod (AR = 4) [72]. In-
cubation with human melanoma cells showed the formation of well-organised F-actin
bundles for the particles with ARs 1 and 2. However, F-actin was disorganised for cells
incubated with the particles with an AR of 4. This may explain why near-spherical par-
ticles are taken up more effectively as described in the aforementioned papers.

Yi and Gao created a theoretical model for membrane wrapping of particles of differ-
ent shapes [79]. Keeping rigidity constant, they found that longer and thinner rods re-
quire more energy for cellular wrapping than more spherical particles. Furthermore,
non-spherical particles undergo an orientation change during wrapping, which also
contributes to increased energy expenditure. Both in vitro and in silico models sug-
gest that spherical and slightly ellipsoidal nanoparticles are most efficiently taken up
due to favourable energy expenditure during actin membrane wrapping. It can also be
noted that small spheres inherently require less polymerisation of the actin cytoskele-
ton, compared to larger spheres; hence, less energy is expended in this process. This
might explain the preferential uptake of smaller compared to larger spheres.
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3.3. Antigen presentation and APC activation

The effect of particle shape on antigen presentation is currently poorly described. In
one study, rod-shaped gold particles (40 nm long, AR = 4) coated with West Nile virus in-
duced production of IL-1β and IL-18 in bone marrow-derived DCs; these cytokines are
secreted upon inflammasome activation. It is known that lysosomal rupture can induce
inflammasome activation and indeed, rod-shaped particles were able to escape from
the lysosome into the cytosol, suggesting lysosomal rupture could have occurred. In
contrast, spherical and cubical particles induced production of tumour necrosis factor-
α (TNF-α), IL-6 and IL-12, which are not associated with inflammasome activation [76].
Mathaes et al. reported that both nano- (150 nm) and micro-sized (1.5µm) spheri-
cal PLGA particles induced stronger activation of DCs as measured by upregulation of
CD83 and CD86 than similar sized, non-spherical, stretched particles [50]. As these
molecules provide important co-stimulatory signals during antigen presentation, this
finding may suggest that spherical particles result in more efficient antigen presenta-
tion. However, more research is required to study this relationship.

3.4. Skewing immune responses

Recent observations suggest particle shape directly influences the type of immune re-
sponse. In the aforementioned study by Niikura et al., spherical 40 nm gold particles
coated with antigen derived from West Nile virus, induced superior levels of West Nile-
specific IgG as compared to cubical and rod-shaped particles of similar size [76]. Kumar
et al. performed an elegant study in which they used spherical polystyrene ovalbu-
min conjugated particles of 190 and 520 nm in diameter, which they stretched into rod-
shaped particles of 380 and 1530 nm in length [16]. They found that the 190 nm spheres
were most potent at inducing IgG2a antibody responses, whereas the 1530 nm rods
induced the highest IgG1 antibody responses. Moreover, they showed that the small
spheres were most potent at inducing IFN-γ responses, whereas IL-4 was consistently
produced in all groups. From this, it can be concluded that the smaller-sized nanopar-
ticles are more effective than larger particles are inducing Th1 and CD8+ T-cells, and
this effect is most pronounced when these small particles are spherical. In contrast, the
larger-sized nanoparticles are more potent at inducing Th2 responses, which are most
effective when using rod-shaped particles.

4. Particle rigidity

4.1. Particle distribution

Apart from size and shape, rigidity can also affect the biodistribution and elimination
rate of particles. Merkel et al. produced red blood cell mimics (RBCM); hydrogels con-
taining particles of a similar shape, size (6µm) and rigidity as compared to RBCs [80].
By altering the rigidity, they observed that circulation time was inversely correlated with
rigidity, with the most rigid RBCMs being eliminated much faster than the least rigid



6

132 Orchestrating immune responses

ones. This was likely due to the less rigid particles being able to reach areas with con-
stricted blood flow, increasing circulation times. Similarly, "soft" polyethylene glycol
(PEG) based hydrogel nanoparticles were formulated which had a longer distribution
half-life (rate of particle distribution from plasma into tissues) and elimination half-life
(rate of particle clearance from plasma) than rigid particles [81]. Analysis of tissues after
30 min and 12 hours showed that soft particles were found at a higher concentration in
almost all tissues (spleen, kidney, heart, lungs, brain, and blood) except for the liver. The
differences in biodistribution were attributed to the longer circulation time of the soft
nanoparticles, which led to increased retention in organs with high blood flow. Possi-
bly, the soft nanoparticles were degraded in the liver, explaining their reduced retention
in this tissue. Moreover, it was found that more rigid particles accumulated in the capil-
laries in the lungs while the less rigid particles avoided lung filtration and instead were
found mostly in the spleen, suggesting that more rigid particles become trapped in the
first tissue with microvasculature they encounter [80].

It was found that liposomes containing phosphatidylcholine (PC) with a high transition
temperature (i.e., high rigidity) injected i.v. remained in the blood for a longer period
of time than similar liposomes containing PC with a low transition temperature. This
was combined with a decreased uptake in the liver and spleen [82, 83]. Similar results
were observed by Senior et al. who hypothesised that longer circulation was due to
less interaction between the liposomes and high-density lipoprotein in the blood [84].
There is evidence that ApoA-I and ApoA-II on high-density lipoprotein react with PC
and cholesterol-containing liposomes, which results in faster clearance [85]. After i.m.
injection, rigid cationic liposomes remained at the site of injection longer than less
rigid ones. This corresponded with higher amounts of non-rigid liposomes found in
the draining LNs [86]. In contrast, Kaur et al. observed no effects of cholesterol content
(which also affects rigidity) in cationic liposomes on drainage from the site of injection
or transport to LNs after i.m. injection [87].

It appears that similar to particles of increasing size, lymphatic trafficking of particles
with increasing rigidity will be hindered by a decreased ability to navigate through nar-
row lymphatic vessels.

4.2. Cellular uptake

To understand the importance of particle rigidity on cellular uptake, one must first ex-
amine the interplay between the cell membrane and the particle. The first theoreti-
cal model of adhesive wrapping of a vesicle by the cell membrane was created by Yi et
al. [88]. They theorised that the degree of wrapping was dependent on adhesion en-
ergy between the vesicle and the cell surface, vesicle size, the surface tension of the
cell membrane upon contact with the vesicle, and the difference in rigidity of the cell
membrane and the vesicle. They concluded that rigid particles are in general more eas-
ily wrapped by the cell membrane due to cell membrane deformation by the particles
and that flexible particles spread out more across the cell membrane. This was sup-
ported by molecular dynamics simulations by Sun et al. [89]. Experimentally, Beningo
and Wang reported that macrophages preferentially phagocytosed 1−6µm-sized rigid
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particles over softer particles due to rigid particles stimulating actin filament assembly
in macrophages [90]. The previously described RBCM hydrogels also showed minimal
(< 10%) uptake by human umbilical vein endothelial cells, probably due to a combina-
tion of low rigidity and large (6µm) particle size [80]. Similarly, Anselmo et al. found
that PEG-based rigid particles had significantly higher uptake than flexible particles
(both spheres of 200 nm) in an endothelial brain cell line (bEnd.3), an epithelial tu-
mour cell line (4T1) and macrophages (J774) [81]. As previously stated, phagocyto-
sis by macrophages is important for retention of particles in the LNs, which improves
the overall immunogenicity of the particles [39]. Similarly, cationic gel-state liposomes
with higher cholesterol contents (i.e., lower rigidity) showed reduced uptake by THP-
1 macrophages [87] and gel-state liposomes consisting of high transition temperature
lipids had increased APC uptake compared to fluid-state liposomes made up of low
transition temperature lipids [86].

Generally, it can be stated that rigid particles are most efficiently taken up, whereas
more flexible particles are deformed by the membrane, resulting in increased energy
expenditure and consequently reduced uptake (Fig. 2).

Figure 2: Cellular uptake of a flexible sphere, rigid sphere and rigid rod approaching the cellular mem-
brane at a perpendicular or tangential angle. The rigid sphere is taken up more efficiently than the flexible
sphere; while the membrane envelopes both particles, the flexible particle deforms leading to slower uptake.
For rod-shaped particles, the angle at which the particle approaches the cell is important; when the particle
arrives at a tangential angle, it would require too much energy to form an actin cup around the particle lead-
ing to no uptake. Therefore, an orientation change is needed, which also requires high energy expenditure.
The rigid rod approaching the cell at a perpendicular angle requires much less energy to be taken up.

4.3. Antigen presentation and APC activation

Once a particle has been taken up by a cell, intracellular processing can also be affected
by rigidity. Hartmann et al. produced microcapsules of about 4µm with varying shell
thickness that altered their rigidity [91]. By observing uptake and acidification of the
microcapsules in HeLa cells, they found that more rigid capsules had longer endosomal
processing times and reached the lysosome later than more flexible capsules. Unfortu-
nately, it was not reported how this affects the efficiency of antigen processing. Cui et
al. prepared capsules of around 1µm composed of polyglycolic acid (PGA) cross-linked
to the adjuvant CpG [92]. They altered rigidity by increasing the cross-linker concentra-
tion. Incubation with plasmacytoid DC (pDCs) showed increased particle association
to pDCs with increasing rigidity. The authors also showed a rigidity-dependent increase
in pDC activation as measured by CD86 and CD40 levels. Thus, the effect of rigidity on
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uptake by macrophages and DCs may have important implications for immunity. In
the case of liposomes, Christensen et al. showed that more rigid cationic liposomes
injected i.m. resulted in increased activation of DCs in draining lymph nodes, as mea-
sured by CD40 and CD86 upregulation [86].

To our knowledge, no reports have been published that specifically examine antigen
presentation as a function of particle rigidity. However, since antigen presentation is
largely dependent on particle uptake by APCs, and it was shown above that rigid parti-
cles are more likely to be taken up, we suggest rigid particles shall have more efficient
antigen presentation. Thereby, it can be speculated that the shorter endosomal pro-
cessing time of rigid particles shall enhance antigen stability and lead to more efficient
MHC presentation compared to flexible particles. This will mainly affect MHC class II
epitopes as they require endosomal processing, whereas MHC class I epitopes are de-
rived from the cytosol.

4.4. Skewing immune responses

Several studies have shown that particle rigidity can affect the skewing of the immune
response. In two studies by the same group, the immune response was measured in
mice after immunisation with liposomes composed of phospholipids with different
transition temperatures. They found that liposomes containing high transition tem-
perature lipids elicited higher antibody responses [93, 94]. A similar rigidity effect on
antibody [95, 96] and T-cell responses [97, 98] has been found by other groups. There is
some evidence that reducing liposome rigidity by the addition of cholesterol or by se-
lecting lipids with lower phase transition temperatures leads to reduced Th1 responses
after i.m. immunisation. In contrast to the studies mentioned above, the authors state
that there is no measurable effect of particle rigidity on Th2 or antibody responses.
However, this was hypothesised to be due to reduced APC uptake of non-rigid lipo-
somes from the site of injection [86, 87].

Arnal and colleagues reported that the presence of virulence factors in Bordetella per-
tussis increased rigidity; a non-infectious mutant deficient of filamentous haemagglu-
tinin (FHA) had lower rigidity [99]. The authors postulate that FHA increases the rigidity
of the cell, specifically by creating rigid nanodomains that could enhance the adhesion
of B. pertussis to cells. Studying different strains of Lactobacillus and Bifidobacterium,
Mokrozub et al. found that Lactobacillus strains with elastic cell walls were more effec-
tively digested by macrophages in vitro and enhanced their ability to produce nitric ox-
ide and accumulate reactive oxygen species. However, the more rigid strains had higher
IL-12 and IFN-γ production (indicative of a Th1 immune response). In the case of Bi-
fidobacterium strains, uptake of the more rigid strains increased macrophage effector
functions while also enhancing IFN-γ production [100]. The authors hypothesise that
strains with more rigid cell walls remain viable within macrophages longer, prolonging
cytokine production. For viruses, it was shown in two separate papers by Kol et al. that
rigidity differs between the immature (non-infectious, viral budding) and mature (in-
fectious, entry into cells) stage, for both murine leukaemia virus (MLV) and human im-
munodeficiency virus (HIV) (about 100 nm in size). In the case of MLV, the mature form
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of the virus is more rigid. Conversely, immature HIV is much more rigid than mature
HIV, suggesting that a more flexible viral structure is beneficial for cell entry [101, 102].

It can be concluded that, for lipid vesicles, immunisation with more rigid particles re-
sults in higher antibody and T-cell responses. Studies that examine the effect of particle
rigidity on the immune response would be extremely valuable to further understanding
and the role of this parameter in vaccine design.

5. Summary and conclusions

Here we reviewed how the immunogenicity of particulate vaccines is directed by their
shape, size, and rigidity. Clearly, the choice of the optimal physicochemical parame-
ters depends on multiple factors, such as the route of administration, which immune
cells are targeted and what type of immune response is preferred. Importantly, in most
of the studies discussed here, not only the shape, size or rigidity of the particles differ,
but other parameters are also (indirectly) altered. Particle shape and rigidity are es-
pecially closely related, since highly deformable particles can alter their shape during
circulation or cellular uptake. Additionally, differences in rigidity measurements and
calculations can result in different definitions of "soft" or "rigid" particles. We strongly
plead for systematic investigations where only one particle parameter is changed and
all others are kept constant. This will help to accurately define the relationship between
particle size or shape and the immunogenicity of particulate vaccines.

This review suggests it is important to take the physicochemical characteristics of par-
ticulate vaccines into account in order to induce maximal antigen responses. For in-
stance, what may be a favourable characteristic for, e.g., transport towards the LN may
not be ideal for inducing the desired skewing of the immune response. Therefore, the
choice of particle size, shape and rigidity must involve a careful consideration of the ef-
fects of these on all of the events influencing the immunogenicity. Figure 3 could func-
tion as a "roadmap" and when the desired immunologic outcome is known, it might
provide a model for rational vaccine development.

For instance, the development of a CD8+ T-cell activating vaccine (e.g. cancer vaccines)
may be most efficient when a small (< 200nm), rigid, elliptical non-liposomal nanopar-
ticle is used. The elliptical shape, as well as rigidity, will ensure efficient uptake by APCs
and a size smaller than 200 nm will skew the immune response towards Th1 and CD8+
T-cell immunity. Alternatively, the development of a Th2-directed vaccine (e.g. hep-
atitis B vaccines), could benefit most from a small (< 200nm), spherical, slightly more
flexible liposomal particulate formulation. Since liposomes show opposite trends com-
pared to non-liposomal formulations in skewing immune responses, this will ensure a
Th2-directed response. Thereby, the uptake of this particle by APCs will still be efficient
due to the small size. As rigid bacterial strains and liposomes are known to skew the
immune response towards type 1 immunity, it could be desirable to use a more flexible
particle. However, more energy is needed for uptake of soft particles, which may have
a negative influence on the antigen presentation. Thus, depending on the application,
one could also choose to use a larger, non-liposomal particle. Micro-sized particles are
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Figure 3: Summary of the general trends of the effects of shape, size and rigidity on different parameters
affecting the immunogenicity of particulate vaccines. The height of the red line represents the efficiency
per parameter. Size ranges from left to right from ultra-small (2 nm) to large (> 100µm) microparticles. Shape
ranges from left to right from spherical (AR = 1) to long filomicelles (AR >> 20). Rigidity ranges from left to
right from very elastic particles to non-deformable particles

known to tether to the membrane of APCs and deliver their antigens without being in-
ternalised. This also results in skewing towards a Th2-mediated immunity.

Overall, it appears that small, rigid, near spherical nanoparticles are the most
favourable particles to reach APCs in the LNs and induce strong immune responses.
The exact size can be tailored based on the type of particle used, to skew towards
either Th1 or Th2 mediated immunity. Due to the scarcity of research, particularly
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in the field of shape and rigidity, more studies will inevitably contribute to a more
thorough understanding of how these parameters influence the immune response.
This knowledge, in turn, will be of great importance for the rational design of more
efficient vaccines, especially for diseases for which there is currently no vaccine, such
as HIV, cancer or tuberculosis.
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