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Nanoscale materials can improve the efficacy of
vaccines. Herein we review latest developments that

use nanomaterials for vaccines. By highlighting the
relationships between the nanoscale physicochemical
characteristics and working mechanisms of
nanomaterials, this paper shows the current status of
the developments where researchers employ functional
nanomaterials as vector and/or immunoregulators for
vaccines. It also provides us some clues for improving the
design and application of nanomaterials to optimize the
efficacy of vaccines.
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1. Introduction

On the nanoscale, the chemical compositions, physical char-
acteristics, and biochemical modifications of materials all
determine their biological effects in vivo. These parameters
are important for the applications of these nanomaterials in
vaccines.['! Vaccines represent one of the most effective and
least costly means for the prevention and control of human
diseases. For certain diseases that have no cure because the
pathogen integrates its own genetic material into its host, vac-
cination may represent the only possible means of the fight
against these pathogens. One such example is HIV (human
immunodeficiency virus). Human beings, however, have only
limited access to effective vaccination. Many serious diseases
still have no effective vaccines, for instance, HIV, HCV (hep-
atitis C virus), lung cancer, and mad cow disease.[>5] Nano-
materials have brought new hopes for people with diseases
that currently lack effective vaccines. The unique properties
of nanomaterials can improve vaccines in a number of ways,
including enhancing the immunity of the vaccine, improving
biosafety, and optimizing immunization routes.’) However,
the detailed molecular working mechanisms are still largely
unknown, and few studies focus on investigating the rela-
tionship between the physiochemical characteristics of nano-
materials and their bio-effects in vivo. Herein, we provide
examples of selected studies that show practical applications
and working mechanisms of multiple nanomaterials in the
field of vaccines. By summarizing six different chemical com-
positions of nanomaterials—i.e., peptide backbones, carbon,
gold, silver, calcium, and polymers—this review shows the
diverse biological effects of these materials for regulating
immune responses of vaccines based on their various phys-
ical characteristics (size, shape, aspect ratio, and so forth) and
biochemical modifications (Table 1 and Table 2). This review
also analyzes how these materials work via targeting and
affecting major components in the immune system, such as
dendritic cells, macrophages, and T and B cells, to shape the
eventual profiles of the immunity of vaccines (Figure 1).

2. Peptide-based Nanomaterials

Peptide-based nanomaterials arise from naturally occurring
molecules, typically have fairly high levels of biocompat-
ibility, and can trigger robust immune responses. The shapes
of peptide-based nanomaterials mainly determine their bio-
effects, half-life, and in vivo distribution.’”] One potential
disadvantage of such a nanomaterial is the instability of its
shape. Their shapes might be dynamically modulated along
with the changes of pH, salt concentration, and types of sol-
vent,?$¥] resulting in various regulations of immunity over
time. Luckily, the stability of their shape can be improved via
some modifications, like PEG or its derivative,[*! therefore
exhibiting potential as an ideal vaccine immunoregulator.
As a platform for vaccines, peptide-based materials display
abundant antigen epitopes on their surface. Such an ultra-
strong antigen-loading capability is a great advantage for an
ideal vaccine carrier candidate. Moreover, the peptide back-
bone of peptide-based materials allows us to conveniently

Y. Liu et al.

Table 1. Definitions of biological terms used in the current review.

Professional term Definition

Immunoregulator The factors which can activate or inhibit immune

responses.

Dendritic cells A kind of important antigen-presenting cell that present

antigens to active T cells.

Macrophage A kind of important antigen-presenting cell that present
antigens to T helper cells.

Nanovector Nanoscale materials that carry and deliver vaccine to
host.

Epitopes An amino acid sequence on an antigen which can be
recognized by antibodies.

Hapten A small molecule that can elicit an immune response

only when attached to a large carrier such as a protein.

Neutralizing antibody ~ The antibody which can prevent pathogens from

entering host cells.

Cellular responses Immune responses that release various antigen-specific

cytokines.

Humoral responses Immune responses that release various antigen-specific

antibodies.

CpG A kind of vaccine adjuvant composed by short single-

stranded unmethlyated DNA molecules.

Memory immunity Immune responses that exist in the long term, and
rapidly adapt to a robust level when encountering the

same pathogen again.

modify them by covalently linking all kinds of chemical
groups or biological markers to their surface. By such artifi-
cial operations, peptide nanomaterials can be endowed with
more biofunctions for optimizing the immunity of the vac-
cine. Actually, vaccines composed of either DNA or short
peptides, assisted by peptide nanofibers and/or nanoparti-
cles, have indeed triggered significantly enhanced immune
responses in animal models, compared with naked vaccines.
Herein, we review the promising applications of peptide-
based nanomaterials with regard to improving the efficacy of
vaccines.

2.1. Nanofibers

Fibers probably represent the most common type of shape
for peptide-based nanomaterials. Some papers have reported
the outstanding property of this kind of nanomaterial for
enhancing antigen-specific humoral and cellular immune
responses. For example, in our recent work, the four-amino
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acid  backbone  (glycine—phenylalanine—phenylalanine—
tyrosine) peptide (henceforth abbreviated as G-NMe)
modified with naphthalene acetic acid (N-terminal) and
an N-methyl group (C-terminal) can rapidly assemble into
nanofibers in the presence of alkaline phosphatase (Figure 2).

Such nanovectors exhibited the best record reported so
far for DNA vaccines against HIV. This vector could result
in a balanced immune response (strong antibody secretion,
IFN-yand IL-4 secreting lymphocyte production, all of which
play crucial roles in the preventiion of the infection and con-
trolling the in vivo spread of HIV). It was rarely seen in other
adjuvants or delivery systems, and is considered to be crucial
for protecting human beings from HIV infection. A com-
prehensive analysis of the safety of this nanovector showed
that it was non-toxic in the long-term study and could com-
pletely degrade within 21 days in vivo. Such a property might
facilitate its eventual clinical application. The reason for the
impressive efficacy of this nanovector is that this hydrogel
can form left-handed nanofibers which can bind with and
package DNA, and doing so allows the DNA to enter host
cells [this process was characterized and confirmed by trans-
mission electron microscopy (TEM), circular dichroism
(CD), and optical microscopy].’l Moreover, such nanomate-
rials are also convenient for preparation under mild, common
laboratory conditions. Such properties further increase the
likelihood that this kind of material will be used as the vector
for HIV vaccines. More importantly, unlike peptide vaccines
which only present linear epitopes to the host, DNA vac-
cines can eventually express 3D structural proteins in host
cells. Nanofibers may therefore be better for presenting the
conformational antigen epitopes. It is crucial to induce the
production of neutralizing antibodies, which depend on the
spatial conformation of the antigen, thus preventing infec-
tions from pathogens.[*1#2]

Similarly, an enhanced antibody response induced by
peptide-based fibers was reported by Yan-mei Li’s group in
the field of cancer therapeutic vaccines.[’] The sequence of
peptide Q11 contains eleven amino acids, which are QQK-
FQFQFEQQ (Q, K, F and E respectively mean glutamine,
lysine, phenylalanine, and glutamic acid). It can self-assemble
into networks of beta-sheet-rich nanofibers under mild physi-
ological conditions. Because these nanofibers induce no
obvious immunity, negligible tissue responses, and have a
large loading capability, they are an ideal vector candidate to
enhance the efficacy of vaccines (Figure 3).

Q11-based nanofibers carrying multiple antigen epitopes
could trigger strong IgGl, IgG2a, IgG3, IgM responses, but
undetectable IFN-y, IL-2, IL-4 responses, therefore suggesting
that the Q11 peptide tends to induce humoral responses via a
T-cell independent way.[*3l Q11 can assemble to present clus-
tered T-cell epitopes (an artificial peptide that contains only
the main antigenic epitopes of the protein) of ovalbumin
(OVA, a model antigen) in one nanofiber to elicit strong
antigen-specific primary and memory immune responses,
which could protect the host from subsequent infection. This
Q11 assembly itself could be degraded rapidly and excreted
from the injection site to avoid potential inflammation.!*4!
In another study, nanofibers based on QI1 succeeded in
presenting the antigen epitopes and significantly improving
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antibody responses against malaria.[*’] These studies show
that using peptide-based nanofibers can significantly improve
the efficacy of vaccines.

These studies employing peptide-based nanofibers have
several common mechanisms of action. Generally speaking,
increased antigen uptake would lead to an enhanced immune
response. This inference is also well supported by published
data that nanofibers can carry more linear epitopes, or con-
dense DNA antigens into the compact structure, or sig-
nificantly improve the attachment between host cells and
antigens, all of which help to increase the antigen intake of
antigen-presenting cells (APCs).[04] More interestingly,
many important findings have provided some novel explana-
tions for enhancing immune responses to vaccines caused by
nanofibers. Compared with the naked antigens, those pack-
aged by peptide-based nanofibers could improve the antigen
presentation of DCs and macrophages, both of which are
crucial antigen-presenting cells in vivo. Moreover, peptide-
based nanofibers can significantly promote the differentia-
tion of T and B cells,[**°% suggesting adjuvant effects of these
materials.

2.2. Nanoparticles

Particles are another form of peptide-based nanoscale mate-
rial. The strategies for using peptide-based nanoparticles to
optimize the efficacy of vaccines are divided into two broad
categories. The first category is the use of peptide-based
nanoparticles as the platform to display and deliver antigen
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Table 2. The main characteristics of nanomaterials as vaccine vectors and/or immunoregulators.
Chemical composition Main characteristics Vaccines Ref.
Physical characteristics Modification
Size Shape
Peptide 2 nm (diameter) Fiber None HIV [6]
2 nm (diameter) Fiber None Epithelial tumor [71
10-50 nm Particle None Avian Influenza [8]
10-30 nm Particle None SARS [9]
10-100 nm Particle None Human papillomavirus [10]
Non-peptide polymer  PLGA 200 nm, 2000 nm Particle DC target antibody Tetanus toxoid [11]
Polystyrene 20-200 nm, 500-2000 nm Particle None Virus like particle [12]
Chitosan None Particle CpG Hepatitis B virus [13]
Carbon 30-60 nm Fullerene particle Polyhydroxy HIV [14]
8-53nm Nanotube Amino Foot-and-mouth disease [15]
diameter 20-30 nm, length Nanotube Carboxyl Tumor lysate protein [16]
50 nm
diameter 20-30 nm, length Nanotube Maleimido Plasmodium vivax [17]
0.5-2nm
diameter 50 nm Nanotube Carboxyl Tuberculin [18]
Gold 1-9nm Particle Chitosans Hepatitis B virus [19]
2-50nm Particle Citrate Foot-and-mouth disease [20[
17 £2nm Particle Citrate Merozoite surface protein [21]
40+3nm Particle Chitosan Tetanus toxoid [22]
15nm Particle None Human nogo-66 receptor [23]
15.6 nm Particle Citrate Yersinia pestis [24]
2-10nm Particle Carbohydrate-coat Tumor [25]
5-20 nm Particle Tn-antigen glycan Polymerizable Tn-antigen [26]
glycan
length 50—-60 nm, aspect Rod CTAB-, PDDAC-, HIV [27]
ratio is 4 PEl-coating
20 and 40 nm, 40 x 10 nm,  Particle, Rod, Cubic Protein coating West Nile virus [28]
40 X 40 x 40 nm
Silver 11 nm Particle None Avian influenza virus [29]
Calcium 1000 nm Calcium Phosphate None Herpes simplex virus [30,31]
Particle
50-100 nm Calcium Phosphate None Foot-and-mouth disease [32]
Particle
190-295 nm, 50 nm Calcium Carbonate Par-  Poly-L-gluta-mic acid, Influenza virus [33,34]
ticle, Calcium Phosphate poly-L-lysine
Particle
<50 nm Calcium Phosphate B-cyclodextrin, amino Newcastle disease virus [35]
Particle propyl, triethoxy silane
30-45nm Calcium Phosphate Lipid, Mannose Cancer [36]

Particle

Abbreviations in Table 2: PLGA, poly(lactid-glycolide acid); HIV, human immunodeficiency virus; SARS, severe acute respiratory syndrome; DC, dendritic cell; CTAB, cetyltrimethylammonium
bromide; PDDAC, poly dimethyl diallyl ammonium chloride; PEIl, polyetherimide.

epitopes. We herein call them antigen-presenting nano-
particles (APNPs). The second category is the assembly of
the antigen itself into nanoparticles (antigen as nanoparticles/
AANPs) (Figure 4).

APNPs are usually composed of both a non-antigenic
backbone and antigenic epitope peptides, where antigen
epitopes are displayed repetitively on the particle surface.

www.small-journal.com

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Compared with naked antigens, APNPs can more effec-
tively enter APCs and present antigen epitopes.’1*? An in
vivo experiment indicated that APNPs displaying 4E10 and
2F5 epitopes of HIV on their surface (two crucial targets for
inducing neutralizing antibodies) induced potent antibody
responses against important neutralizing antibody epitopes,
which are crucial to prevent HIV infection.[3] Even for the
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Figure 1. Major ways of immunity regulation mediated by nanomaterials appeared in our current review.

poorly immunogenic antigens (for example, actin), APNPs
could induce significant, detectable antigen-specific immune
responses.l*l Moreover, APNPs with multiple layers of pol-
ypeptides can effectively improve internalization by DCs
and promote DC maturation without triggering secretion
of inflammatory cytokines, and eventually induced a potent
and balanced cellular and humoral immunity profile via
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cross presenting antigen epitopes to both CD8" and CD4*
T cells (two main T-cell subtypes, classified by their surface
molecules: either CD8 or CD4). Moreover, epitope peptides
carried by peptide-based nanoparticles protected mice from
attacks of Listeria Monocytogenes, indicating the superior
performance of peptide-based nanoparticles as a vaccine
platform.[3] For mucosal immune responses, jelly peptide

DNA + G-NMe DNA+G-NMe

——0.3Wm%
——0.5Wm%
——1.0M%

21

Figure 2. (a) Schematic illustration of the process of peptide-based nanofibrous hydrogels for enhancing immune responses of HIV DNA vaccines.
(b) TEM images of G-NMe nanovectors with or without DNA. Scale bar: 100 nm (black); 50 nm (white). (c) Fluorescence images of 293 T cells
transfected by G-NMe nanovector/EGFP plasmid. Scale bar: 100 pm. G-NMe could effectively carry DNA into the cells. (d) Cellularimmune responses
elicited by different immunization regimens, including antigen-specific IFN-y or IL-4 producing splenocytes generated by G-NMe complexed with
DNA or DNA alone using ELISPOT assays, and anti-HIV antibody productions. G-NMe significantly enhanced the humoral and cellular immune
response. (e) Radioactivity remaining (% of activity at day 0) at the injection sites of G-NMe containing 0.3, 0.5, and 1 wt% precursor at different
time points. The data indicated that G-NMe could be degraded in vivo. Reproduced with permission.!®! Copyright 2014, American Chemical Society.
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Figure 3. (A) H1, (B) H2, () H3, and (D) H4 are names of vaccines.
They were prepared in a 400 uM solution, and allowed to aggregate for
8 h at room temperature. The aggregates were negatively stained with
tungstophosphoric acid, and imaged with TEM. ELISA results of IgG titers
elicited by four kinds of vaccines. Each spot represents the serum of one
mouse after the fifth immunization. Black line represents the average
value in each group. (E) H1, H2, H3, and H4 elicited antibodies against
the B-cell epitope, and (F) almost no antibody against Q11. Reproduced

with permission.[”? Copyright 2012, American Chemical Society.

particles consisting of a cationic type of cholesteryl-group-
bearing pullulan significantly improved adhesion to the
nasal epithelium. It thus was more effectively taken up by
mucosal cells via the intranasal vaccination pathway. Such
nanoparticles also induced effective protection via trig-
gering vigorous neutralizing serum IgG and mucosal IgA in
mice.l?]

AANPs can also effectively improve the efficacy of
vaccines. For example, the avian influenza antigen M2e,
which self-assembled into a tetrameric form of nanopar-
ticle, induced significantly stronger antibody responses than
monomeric M2e proteins. Chickens vaccinated with such
tetra-M2e also gained protection against the infection of

e o220
A ® .. + Q _— ..' ?.
PY [ ) (J
[ .-.,‘.-.

Antigens Nanoparticle Antigen-presenting nanoparticles (APNPs)
®
[} S
B % >
PY [}
Antigens Antigen as nanoparticles (AANPS)

Figure 4. Antigens combined with nanoparticles which are used as the
platform for presenting antigens. Such a complex (antigen-presenting
nanoparticles/APNPs) is usually composed of both non-antigenic
carriers and antigenic antigens (Part A). Antigens themselves are
assembled into nanoparticles (antigen as nanoparticles/AANPs)
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H5N2 (a low pathogenicity avian influenza virus).[®! The
dominant epitope in the HRC elements (C-terminal heptad
repeat region) of severe acute respiratory syndrome (SARS)
can self-assemble into nanoparticles (the trimmer where
the structure of each monomer is coiled) via the GCN4 (a
self-assembly peptide) sequence. It induced the highly con-
formational (3D structured) epitope-specific antibody in
serum, which showed good neutralization against virus in
the infection inhibition assay in vitro.l”’ Human papilloma-
virus (HPV) is the pathogen that causes cervical cancer. The
peptide-based self-assembled nanoparticle of HPV antigen
was also demonstrated to enhance the frequency of CDS8*
memory T-subtype cells, decrease tumor growth, and main-
tain a long-term survival in a mouse model.l All of the
above-mentioned results indicate advantageous properties
of peptide-based nanoparticles for optimizing the efficacy of
vaccines.

3. Non-peptide Polymeric Nanomaterials

Non-peptide polymer nanomaterials herein are defined as
nanoscale complexes which contain large non-peptide mol-
ecules made of many smaller molecules of the same kind.
The shape of this kind of material plays a crucial role in
determining its biological functions. For example, different
shapes of polymeric nanomaterials exhibit significantly dif-
ferent adhesion capabilities, which is an important param-
eter to evaluate antigen-uptake efficacy.> Similarly, larger
aspect ratio (AR) particles have a greater impact on multiple
physiological behaviors of cells, such as proliferation, apop-
tosis, cytoskeleton formation, adhesion, and migration. For
example, silica nanoparticles with large ARs were taken up
in remarkably large amounts and more quickly than those
with smaller ARs.[%] These results suggest a real shape effect
of polymer nanomaterials on regulating immune responses
induced by vaccines.

Size is another crucial physical feature to affect the bio-
function of non-peptide polymeric nanomaterials on regu-
lating the immunity of vaccines. Polymer micelle assemblies
can persist in circulation up to one week (ten times longer
than monomers) after intravenous injection. Circulation time
is an important indicator for estimating the duration and
strength of immune responses. This result therefore suggests
that the size of the polymer could affect the immune response
via controlling the circulation cycle in vivo.’”] Various sizes
of nanobeads (from 20 to 123 nm) carrying antigen epitopes
also exhibit different IFN-y and IL-4 immune responses. The
IFN-y response was significantly stronger for both 40 and
49 nm beads than for larger ones. In contrast, a higher IL-4
response was triggered by large beads (93, 101, and 123 nm).
It indicates that precise selection of nanobead size for vac-
cination can regulate the type of immune responses.”®! In
another study, among three sizes of poly(propylene sulfide)
nanoparticles (20 nm, 45 nm, 100 nm), only 20 nm and
45 nm could significantly improve nanoparticles to enter
into antigen presenting cells.’”! As such, for two types of
PLGA core particles with remarkably different sizes (200 nm
and 2 um), only the 200 nm particle could effectively target
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human DCs.["'] Moreover, small size (20200 nm) polystyrene
nanoparticles can freely transport to lymph nodes from the
injection site. By contrast, large nanoparticles (500-2000 nm)
cannot migrate to lymph nodes.[?]

Besides the physical features of nanomaterials like shape
and size, chemical or biological surface modifications are also
excellent options to optimize the bio-effects of nanomate-
rials. Generally speaking, the antigen uptake by cell is the
first step for recognition by the immune system of pathogens.
It is crucial for the form of the eventual immune response.
The charge quantity on the particle surface can affect the
capture of host cells against positively charged nanopolymer
particles, suggesting that charge modification is a method for
regulating immune response.[®)! CpG is a common vaccine
adjuvant. CpG-modified chitosan-based polymer nanoparti-
cles coated with HBV antigen can induce an enhanced IFN-y
secretion from the spleen in mice, and achieve balanced cel-
lular and humoral responses.['3] Mild tri-methylation modifi-
cation on the chitosan surface can significantly optimize the
solution of chitosan over a broad pH range, and also improve
its bio-adhesive properties. Chitosan as the vector of mucosal
vaccines can effectively trigger potent humoral and mucosal
immune responses.[!] Moreover, studies have investigated
the release ratio of DNA vaccine encapsulated by chitosan
or loaded by PLGA, which is highly related to immune
responses. The results indicate that a reasonable modifica-
tion could regulate release: acidic conditions (pH 2) triggered
50-60% DNA release, whereas basic solutions (pH 10) trig-
gered less release (21-25%).[2931 PLGA surfaces modified
with targeting antibodies to DCs or negative charges could
effectively improve the antigen uptake and activation of DCs,
and induced a stronger immune response. 6463

In most cases, vaccine-specific immune responses are
influenced by factors such as shape, size, and modification of
polymeric nanomaterials. Such views have been supported
by an increasing number of studies. Among unmodified silica
beads with various shapes (spheres, quasi-hemispheres, cyl-
inders, discoids) and diameters (from 700 nm to 3 pm), only
small-and-spherical nanosilica can reduce their accumulation
in the organs in non-reticuloendothelial system, and such in
vivo distribution is considered a crucial factor affecting vac-
cine efficacy.l¢7] For nanoparticles based on polypropylene
sulfide (PPS) which is modified with polyhydroxylate, both
surface chemistry (polyhydroxylate) and size synergisti-
cally contributed to modulate the reaction of a complement
cascade. In particular, 25 nm polypropylene particles modi-
fied with polyhydroxylate exhibited the best activation for
the complement cascade.’®] A similar phenomenon was
also found for carboxylated polystyrene core nanoparticles.
Immune responses induced by OVA-conjugated carboxy-
lated nanoparticles are dependent on the size of particle.
Nanoparticles 40~50 nm in diameter exhibited optimized
effects: bead-linked vaccines can protect mice from devel-
oping tumors in two different model challenges (OVA and
HPV tumor models), and/or clear those established tumors
more rapidly.[®]

In general, non-peptide polymeric nanomaterials as vac-
cine carriers or immunoregulators are probably closest to
clinical application because of their good biological safety
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and effectiveness in vivo. Typically, PLGA (a kind of poly-
meric nanomaterial) is one of few drug carriers that has been
licensed for use in clinical treatments by the Food and Drug
Adminstration (FDA) of the US. However, the complex cor-
relations between biological effects and physiochemical char-
acteristics present a major obstacle when using polymeric
nanomaterials for vaccines. To exclude the unpredictable
hidden dangers, large-scale screening is still the most depend-
able means to comprehensively evaluate the biological effects
of polymeric nanomaterials.

4. Carbon Nanomaterials

This section will discuss vaccines based on zero-dimensional
(fullenene and its derivatives), one-dimensional (carbon
nanotubes), and two-dimensional (graphene) carbon nano-
materials. There have been extensive studies on the use of
carbon nanomaterials as adjuvants or carriers for various
kinds of vaccine. Their immune effects are significantly
affected by their physicochemical properties, especially sur-
face modifications.

4.1. Fullerenes

Fullerene Cgy, and its derivatives can up-regulate the expres-
sion of certain cytokines and activate innate or adaptive
immunity. For example, the conjugates of fullerene Cy, and
immunomodulating peptide tuftsin (Thr-Lys-Pro-Arg) could
enhance the phagocytosis, chemotaxis, and MHC II mol-
ecule expression of murine peritoneal macrophages as com-
pared to natural tuftsin.["®! Polyhydroxylated fullerene Cg,
C¢o(OH),, could activate an innate immunity to inhibit the
growth of murine H22 hepatocarcinoma; pointing to the pos-
sibility that cancers such as carcinomae can be treated using
nanoparticle-activated immunity.”"! Similarly, we found that
C4(OH),, nanoparticles significantly inhibited the growth
of Lewis lung carcinoma, and such an effect was associated
with an increased TNF-o production and CD,*/CDg" lym-
phocyte ratio.[’”l Moreover, our research on a Cy, derivative,
Gd@Cg,(OH),, nanoparticles, also revealed a remarkable
anti-tumor effect as a result of immunity activation./’?l Fur-
ther investigation showed the activation effect of Gd@
Cg,(OH),, on inducing phenotypic maturation of dendritic
cells, and mice immunized with a mixture of ovalbumin and
Gd@Cg,(OH),, exhibited enhanced ovalbumin-specific cel-
lular immune responses.”?] These results suggest that the
Gd@Cg,(OH),, nanoparticle can promote immune responses
against tumors and is a promising nanoadjuvant for cancer
vaccination.

Recently, we designed a fullerenol (polyhydroxy fuller-
enes) nanoparticle that can assemble into virus-like particles
with an average size of 40 nm, which as a dual-functional
nanoadjuvant brought forth both strong immune responses
and a high delivery capacity against the HIV-1 DNA antigen
in mice.l' Virus-like particles (VLPs) can usually self-
assemble by viral capsid subunits and can induce strong
immune responses. The self-assembly property of fullerenol

www.small-journal.com

MICRO

4511



4512 www.small-journal.com

I [eviews

Y. Liu et al.

a b C Immunization Routes
* 350 a
" = 30 A
Iy, S 250 +
vy WA E 200 A2
: E 150 °
L > O 100 *
s B gm REE X
NN DN
R ~\\.° .\\,6‘ .\\,6‘ \99 \,,."' ~\\.° ~\\.°
S S e o
FLEF S K
o o o o
&(\ & @o @(\
N ) 4
S & &S
d e e f
;\2 807w Fullerenol-100 uM e
~ LPS 3
] - TLR6 Up Stream Molecules Regulation of Adaptive Immunity
e TLR1 ) cpss )
£ TLR3 I} MAP3K7{ |
é n TLRe] h cpsof}
< TLRS [T TRAF6{ |-
s T IL-12a i
H - TLR2{ H 16 |
4 TLR9 J—i O
= TLRS — L2 ]
04
CD11¢*MHCIT* CD80*CD86*-Mature DC 0 20 40 60 1250 2501 0 1530 45 150030004500
Fold Change Fold Change

Figure 5. (a) Schematic illustration of HIV-1 envelope protein gp145 (Env) plasmid DNA encapsulated during the self-assembly of fullerenol into
a virus-like particle. (b) TEM image of fullerenol-Env complex. (c) Compared to naked Env immunization group, IFN-y production was significantly
enhanced when mice were immunized with fullerenol-Env complex via various immunization routes, including intradermal (i.d.), intramuscular
(i.m.), subcutaneous (s.c.) and intranasal (i.n.) injections. (d) Fullerenol significantly promoted the maturation of DCs. (e,f) Fullerenol-Env complex
significantly up-regulated almost all TLRs except TLR7. (e) and adaptive immunity pathways. (f) compared with DCs treated with naked Env.

Reproduced with permission.[*4l Copyright 2013, John Wiley & Sons, Ltd.

allows the encapsulation of DNA antigen encoding the
HIV-1 envelope protein gpl45 (Env) and formulation of
fullerenol-Env complex. In vitro, these VLPs significantly
enhanced DNA transfection of enhanced green fluorescent
protein (EGFP) DNA plasmid in human embryonic kidney
293 (HEK293) cells compared with DNA alone. The com-
plex enhanced both innate and cellular immunity via var-
ious immunization routes. These fullerenol-based VLPs also
induced DC maturation and triggered polyvalent immuni-
ties via the activation of multiple Toll-like receptor (TLR)
signaling pathways. The fullerenol-based VLPs up-regulated
many genes involved in the TLR signaling pathways. This is
the first report showing that fullerenols designed as virus-like
particles can be used as an effective vaccine nanoadjuvant
(Figure 5).

The immune effects of fullerene derivatives and their
potential use as vaccine adjuvants are most probably deter-
mined by their surface functionalization. For instance, Cg,
conjugated to the N- and C-terminals of immunomodula-
tory peptide tuftsin have different biological activity.""]
Also, TNF-o secretions in RAW264.7 macrophages exposed
to fullerene derivatives with different surface modifications
were significantly different.[’ Thus, appropriate modification
on the surface may modulate the immune adjuvant effect of
fullerene derivatives.

4.2. Carbon Nanotubes (CNTs)

Interactions between CNTs and the immune system are
investigated and their potential uses as vaccine carriers
and adjuvants have been reported in a number of studies.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dumortier et al. found that modified water-soluble CNTs had
excellent biocompatibility. They could be internalized quickly
by B, T lymphocytes and macrophages, and had a negligible
effect on cell viability and immune function.I”” Carboxyl-
and taurine-modified multiwalled CNTs (MWCNTs) are also
reported to be engulfed by immature DCs without affecting
cell viability or causing phenotype changes.”! These results
indicated that MWCNTs have good compatibility to immune
cells. Pantarotto et al. covalently linked a peptide antigen
from the foot-and-mouth disease virus (FMDV) to single-
walled CNTs (SWCNTSs). This conjugation not only retains
the structural integrity of the peptide, but also elicits a strong
peptide-specific antibody response in mice with undetectable
cross-reactivity to SWCNTs.[>77] The conjugation of tumor
lysate proteins and MWCNTs improved the cure rate for
H22 hepatoma in mice and enhanced the anti-tumor immune
response.['] Another conjugation involving N-terminus Plas-
modium vivax apical membrane antigen-1 (AMA-1) peptide
and MWCNTs was able to preserve the correct peptide con-
formation to generate high levels of antibodies.'’] Due to
their larger surface areas, CNTs were used to absorb T cell-
stimulating antibodies such as anti-CD3 to induce potent acti-
vation of T cells, which can stimulate T cells more effectively
than soluble anti-CD3.7*] Moreover, CNTs linked with CpG
exerted increased immunostimulatory activity in vitro.[””!
The conjugation of synthesized tuberculin purified protein
derivative (PPD) and carboxylated SWCNTs generated a
preferential cellular response in the absence of potential
cytotoxic effects in mice.['8! For some weak immunogens (for
example, human tumor antigens), SWCNTs as a carrier could
be rapidly internalized into professional antigen-presenting
cells within minutes, and induced specific IgG responses
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against the antigen, while the same antigen alone or that
mixed with an adjuvant failed to induce a similarly potent
response."] Other data indicated that simultaneous immuni-
zation with embryonic stem cells (ESC) and MWCNTSs could
lead to enhanced tumor rejection and significant antitumor
responses in mice.[3!]

Intrinsic physicochemical properties such as size and
length can influence the effect of CNTs on regulating the
immune responses induced by vaccines. This view was clari-
fied in the experiment of Parra et al., in which complexes
of short and thick CNTs, coupled covalently with the azox-
ystrobin derivative hapten AZc6 and bovine serum albumin
(BSA), CNT-BSA-AZc6, produced the best antibody
response under all tested conditions, thus proving that the
adjuvant capability of CNTs might be dependent on shape
and size.[®?l The conjugation method also influences the
immune effect of the delivered antigens. For instance, the
monoconjugate of SWCNTs and the FMDV peptide antigen
induced higher antibody titers than their bis-conjugate.””)
Therefore, with appropriate functionalization method, it
is possible to improve the vaccine efficiency of antigens by
using CNTs as carriers.

4.3. Graphenes

Graphenes are two-dimensional nanomaterials. Several
studies have revealed immune effects of graphenes and have
utilized them as vaccine carriers and adjuvants. Chen et al.
uncovered simultaneous induction of autophagy and TLR4/
TLRY regulated inflammatory responses in macrophages
by graphene oxide (GO), and the autophagy was consid-
ered at least partly regulated by the TLR pathway.[*3] Zhou
et al. reported an interaction between pristine graphene
and macrophages. They revealed that graphene stimulates
the expression of cytokines, including IL-1, IL-6, IL-10,
TNF-a, GM-CSF, as well as chemokines such as MCP-1,
MIP-1, MIP-1 and RANTES. These responses were induced
probably by TLR activation and nuclear factor-kappa
B-dependent transcription.[4]

An in vivo study indicated that graphene nanosheets
actuate the humoral immune response one day after intra-
venous administration, and this response is mediated by the
TL-33/ST2 pathway.[®* Recently, Ni et al. utilized antibody-
absorbed GO as a potent vaccine adjuvant.®! Anti-TL10R
antibody-absorbed GO can enhance LPS-induced immune
responses both in vitro and in vivo. This is the only report on
the adjuvant effect of graphene, which suggests the potential
use of modified GO as an adjuvant for vaccination.

As mentioned above, surface modification can modulate
the immune activity of graphene, which was also verified
by Zhi et al. They found that polyvinylpyrrolidone (PVP)-
coated GO had a lower immunogenicity than unmodified
GO.¥l Sasidharan et al. also reported that the carboxyl-
functionalization of graphene significantly reduces the active
interaction with macrophages and ROS-mediated toxicity
effects.’8] Therefore, it is possible to modulate the immune
activity of graphene and develop graphene-based nanovac-
cines by rational modification.
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Fullerene, CNTs, and graphene have all been investigated
for their adjuvant effects for various vaccines. These carbon
nanomaterials exhibit relatively good biocompatibility and
therefore are promising candidates for new vaccine adju-
vants. Although their sizes and shapes are different, the adju-
vant effects of all these carbon nanomaterials are affected by
the surface modification. However, its might be interesting to
compare the influence of the shape on the adjuvant effects of
these three nanomaterials. Further work should also be done
to elucidate the mechanisms for their adjuvant effects.

5. Gold Nanomaterials

Multiple gold-based nanomaterials, including gold nano-
particles (AuNPs), gold nanorods (AuNRs), gold nanoshells
(AuNSs), and gold nanocages (AuNCs), can stimulate the
immune system. By investigating the immune responses of
macrophages to different sizes in vitro, researchers found that
AuNPs up-regulated expressions of pro-inflammatory genes
IL-1, IL-6, and TNF-¢, and this effect was more potent with
small particles (<10 nm).[¥”) AuNRs functinalized with car-
boxyl groups induce expression of pro-inflammatory mRNA,
while amino groups induce expression of anti-inflammatory
mRNA. However, incubation of AuNPs with dendritic cells
did not change the phenotype of the cells, while the secretion
of cytokines was significantly modified.[””! Enhanced cellular
uptake and cytokine secretion by N9 cells when CpG was
modified by the AuNPs were also demonstrated.[?!]

The use of gold nanomaterials as vaccine adjuvants has
been reported since 2006. Dykman et al. reported that col-
loidal gold complexed with either haptens or complete anti-
gens could induce highly specific antibodies even without
using Complete Freund's adjuvant (a common adju-
vant made up of inactivated and dried mycobacteria).l’
The delivering of DNA vaccine by AuNPs with cova-
lently attached low molecular weight chitosans induced an
enhanced serum antibody response 10 times more potent
than that induced by naked DNA vaccine, as well as potent
cellular responses via intramuscular immunization in mice.[™]
FMDYV peptide antigen conjugated with AuNPs of different
sizes initiated a size-dependent antibody response, with the
maximal antibody production in the range of 8-17 nm size
of AuNPs. A three-fold increase in the antibody response
was observed when 8 nm diameter AuNPs were adminis-
tered, compared to a pFMDV-keyhole limpet hemocyanin
positive control.?’] Parween et al. investigated the adjuvant
effect of AuNPs on a weak immunogen C-terminal 19 kDa
fragment of merozoite surface protein 1 (MSP-1(19)).[]
They found that recombinant PEMSP-1(19) or PvMSP-1(19)
coated on AuNPs or in alum was poorly immunogenic in
mice. However, a strong antibody response was observed
when PIMSP-1(19)/PvMSP-1(19)-coated AuNPs were immu-
nized with alum. Therefore, antigen-coated AuNPs with con-
ventional adjuvants may be useful in the development of an
alternate adjuvant formulation. Tetanus toxoid (TT)-loaded
AuNPs elicited significantly higher mucosal responses fol-
lowing oral administration, while TT alone did not elicit
any mucosal response.[’2l Also, the formulation containing
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AuNPs, TT antigen, and immunostimulant Quillaja saponaria
(QS, a normal immune stimulator) elicited enhanced immune
responses after oral administration in mice.”l The increased
titer of antibodies in animals immunized with transmissible
gastroenteritis virus-conjugated AuNRs was also reported.[®”]
Wang et al. conjugated a recombinant protein vaccine tar-
geting human Nogo-66 receptor (hNgR-Fc) to 15 nm AuNPs
to develop a therapeutic vaccine for spinal cord injury
therapy. They found that the conjugate produced higher titers
of anti-NgR antibody than that with Freund’s adjuvant, and
improved the repair of spinal cord-injured rats.[’] Yersinia
pestis Fl-antigen coated on the surface of 15 nm AuNPs gen-
erated a greater IgG antibody response in mice compared to
F1-antigen alone.[*]

The immune effects of AuNRs have been extensively
investigated. The surface chemistry of AuNRs had also strong
effects on the activation state of human macrophages. For
instance, AuNRs functionalized with carboxyl groups induced
expressions of pro-inflammatory mRNAs, whereas amino
group modifications induced expressions of anti-inflamma-
tory mRNA.[l Recently, for the first time, we reported that
poly(diallydimethylammonium chloride) (PDDAC)- and pol-
yethyleneimine (PEI)-modified AuNRs can act as adjuvants
for HIV DNA vaccine. The two cationic polyelectrolytes
PDDAC- and PEI-AuNRs exhibited good transfection capa-
bilities, while cetyltrimethylammonium bromide (CTAB)-
modified AuNRs did not. Both PDDAC-AuNR-Env and

Y. Liu et al.

PEI-AuNR-Env significantly enhanced cellular and humoral
immunity.[?”l They also could promote the maturation of den-
dritic cells, which might be the mechanism for the adjuvant
effects of PDDAC-AuNRs and PEI-AuNRs. This is the first
report on the use of AuNRs as DNA vaccine adjuvants and it
provides insight into the rational design of nanoadjuvants by
surface-engineering (Figure 6).

Moreover, AuNPs have been used for cancer vaccines.
Brinas et al. reported tumor-associated glycopeptide antigens
conjugated to AuNPs.>] To construct a local lymph node
(LN)-targeted vaccine for cancer therapy, researchers conju-
gated the model antigen red fluorescent protein (RFP) and
CpG ODN as a TLRY ligand to 7 nm AuNPs. This complex
elicited antibody production and cellular response, and also
exhibited a significant antitumor effect in a RFP-expressing
melanoma tumor model.’”l In another work, Parry et al.
developed ‘multicopy multivalent’ nanoscale glycoconju-
gates by conjugation of a polymerizable Tn-antigen glycan to
AuNPs for cancer immunotherapy, which generated strong
and long-lasting production of Tn-antigen glycan-specific
antibodies.*’]

Immune effects of gold nanostructures are mainly influ-
enced by their size and shape. Niikura et al. investigated
the influence of the shape and size of AuNPs on immune
responses in vivo and in vitro.[?8] Spherical, rod, and cubic
Au nanostructures coated with West Nile virus envelope
(WNVE) protein were injected into mice. Spherical Au
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Figure 6. (a—d) HEK293 cells transfection capability by CTAB- (a), PDDAC- (b), and PEI-AuNRs (c). PEl serves as a positive control (d). (e-j) AuNRs
influence immune responses and dendritic cell maturation. (e) IFN-y analyzed by ELISPOT. (f) CD3*CD4* T cell proliferation. (g) CD3*CD8* T cells
proliferation. (h) Env specific antibody titer. (i) Determination of the type of immune response after mice immunized with AuNR-Env complex. (j)
The effect of AuNRs and the AuNR-Env complex on DC maturation. Reproduced with permission.[2”] Copyright 2012, American Chemical Society.
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nanostructures (diameter 40 nm) induced the highest level of
antibodies. Mechanism studies indicated that Au nanostruc-
tures enhanced the immune response via different cytokine
pathways depending on their size and shape. The surface
chemistry is also an important determinant for immune
effects of Au nanomaterials, which has been demonstrated by
Bartneck et al.l%! and also by us.l?”l Therefore, rational modi-
fication of the surface of the Au nanostructure can modulate
the immune responses of delivered antigens. Furthermore, it
has been proven that gold nanostructures exhibit promising
adjuvant effects on various kinds of vaccines, including those
for infectious diseases and cancer. The potential application
of gold nanostructures in vaccine development should be
paid more attention.

6. Silver Nanoparticles

Silver nanoparticles (AgNPs) are reported to possess an anti-
inflammatory ability, which is useful for accelerating wound
healing.®®%] Carlson et al. found that hydrocarbon-coated
AgNPs increased the secretion of cytokines in rat alveolar
macrophages in a size-independent manner.'"] Other
reports also evidenced the size-dependent inflammatory
and toxicological effects of AgNPs on macrophages.[101102]
In vivo, orally administrated AgNPs induced inflamma-
tory responses, showing increased production of cytokines,
B cell distribution, and inflammatory cell infiltration.%3] In
both healthy and asthmatic mice, AgNP inhalation induced
allergic and infammatory responses indicated by bronchiolo-
centric infammatory infiltration.'™ The above-mentioned
studies suggest a potential biological regulation on the whole
immune system in vivo.

One report on directly applying AgNPs as antigen car-
riers or adjuvants for vaccination showed that intraperito-
neal administration with montmorillonite-entrapped AgNPs
and antigen derived from sheep red blood cells had no effect
on modulating the function of plasma cells, which seems to
imply a poor capability of AgNPs to improve antigen-specific
immune responses.l'%] Jazayeri et al. developed an oral DNA
vaccine by formulating the plasmid-encoding hemagglu-
tinin (HA) gene of avian influenza virus HSN1(pcDNA3.1/
H5) with PEG-coated AgNPs.*l The AgNP/HS plasmid
was detected in the duodenum of the inoculated chicken
1 h post immunization. Oral immunization of chickens with
AgNP/HS increased cytokine production, as well as inducing
humoral and cellular immune responses. Recently, Xu et
al. evaluated the adjuvant effects of AgNPs both in vitro
and in vivo. They found that AgNPs significantly enhanced
the immune responses of model antigen OVA and bovine
serum albuminin in mice by both intraperitoneal and sub-
cutaneous immunization. AgNPs elicited a humoral immune
response, indicated by the increase of the IgG1/IgG2a ratio
and antigen-specific IgE.[1%] These results imply adjuvant
effects of AgNPs and the potential use of AgNPs as vaccine
adjuvants.

According to the literature, both cytotoxicity and immune
effects of AgNPs are affected by their size and concentration.
Smaller sized AgNPs increased the production of IL-8, while
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4 nm AgNPs at high concentrations (>6.25 g/mL) decreased
the production due to nanoparticle-induced cell death.[!]
An in vivo study also demonstrated size-dependent biodistri-
bution and inflammatory induction of AgNPs by oral admin-
istration.['%] Other physicochemical properties such as the
surface properties and shape also need investigation for their
influence on immune effects.

7. Calcium Nanomaterials

Calcium-based inorganic nanomaterials, especially calcium
phosphate nanoparticles (CaP-NPs), are stable in physi-
ological conditions and have been widely used as non-viral
DNA vectors.[197:19] I these nanomaterials, the cations CaZ*
or calcium phosphate can form complexes with the backbone
of nucleic acids.'™ DNA vaccines encapsulated by CaP-
NPs would not only be immediately taken up by cells, but
would also prevent DNA from degradation by lysosomes.!!"]
Moreover, calcium phosphates are biocompatible and easily
biodegradable.l'''13] Therefore, CaP-NPs are considered
biocompatible and safe systems by the FDA and have gained
wide clinical application.''*1] Considering the release of
encapsulated materials in CaP-NPs is mainly related to its
pH-dependent solubility,'?”] the pH environment changes
from neutral to acidic during cellular uptake processes would
dissolve endocytosed CaP-NPs to release encapsulated
materials into the cytoplasm.[''Y CaP-NPs therefore can
naturally release incorporated contents without any external
trigger. Previous studies reported that surface-modified CaP-
NPs of 80 nm size could target genes in the liver, protect
the inner DNA from external DNase both in vitro and in
vivo, and exhibit more effective transfection to mammalian
cells.[107.120.121]

Calcium nanomaterials are also investigated as an alter-
native to aluminium as an adjuvant for many vaccines. For
example, CaP-NP injection elicited little inflammation at
the site of administration and a little IgE response in animal
models, which shows an obvious advantage over the injec-
tion of commercial alum compounds.’!! Moreover, other in
vivo experiments have indicated that micrometer-sized CaP
aggregates could induce high titers of neutralizing antibody,
and showed high protection against viral infection, which is
more potent than the aluminium adjuvant.?%3!l The same
method can also be used to encapsulate DNA vaccines. The
resulting complex (Cap/DNA, a size of 50-100 nm diameter)
induced significant cellular and humoral immune responses,
and protected animals against virus challenges.?]

CaP-NPs can also be prepared in a multishell way and
functionalized with targeting molecules or biological macro-
molecules. The finding that CD11c (one kind of antibody)-
functionalized calcium phosphate nanoparticles could
specifically target DCs resulted in many clinical applications
in delivering biological molecules into cells.'?? By modi-
fying biodegradable calcium phosphate nanoparticles with B
cell antigens on their surfaces, these nanoparticles could be
preferentially bound and internalized by B cells. In addition,
they could increase the surface expression of B cell activa-
tion markers, and promote the activation of B cells (100-fold
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more efficient than soluble antigen).'?] Since B cells are cru-
cial for antibody production, these CaP-NPs are promising as
a vaccine adjuvant for inducing humoral immunity.

Meanwhile, the structure of CaP-NPs can also be used
to enhance the immune responses of other adjuvants. For
example, flagellin functionalized with calcium phosphate nan-
oparticles could produce stronger proinflammatory cytokines
(TL-8, TL-1B, IL-6) than naked flagellin.l'?* Additionally, anti-
gens such as viruses, proteins, or peptides can be linked onto
calcium nanomaterials by a continuous flow method, calcium
binding domain, or a layer-by-layer method. These calcium
particles composed of vaccines are remarkably biocompat-
ible,! and could induce DC maturation,/®)] balanced cellular
and humoral immune responses,['?°! and robust antigen-spe-
cific cellular memory responses.* Another mannose-mod-
ified lipid-calcium-phosphate LCP nanoparticle delivered
both tumor antigen (Trp 2 peptide) and adjuvant (CpG oligo-
nucleotide) to dendritic cells, resulting in an increased level
of tumor infiltrating CD8* T cells and an decreased level
of regulatory T cells, which significantly inhibits melanoma
tumor growth in mice.’®l Calcium phosphate possesses an
excellent biocompatibility due to its chemical similarity to
human hard tissue such as bone. It has potential for use in
the development of single-dose vaccines due to its sustained-
release capabilities. Moreover, combination of CaP with
other delivery systems offers a flexible and powerful platform
for novel immunotherapeutic strategy development. How-
ever, although interactions between CaP-NPs and cells have
been investigated for a long time, the exact working mecha-
nism of CaP-NPs has not been defined clearly. In the future,
more research should be directed to revealing the CaP-
bio interactions and to increase the lifespan of CaP-based
nanomaterials.

8. Biological Fates of these Nanomaterials

The biological fatea of nanoparticles is one major considera-
tion for their potential use as vectors and/or immunoregula-
tors for vaccines. An ideal vector/immunoregulator should
be biocompatible, biodegradable, cheap to produce, not
antigenic, and be able to promote an appropriate immune
response.['2l Among the six kinds of nanomaterials intro-
duced in this review, except fullerene, gold and silver, all
the other materials could be degraded and cleared from the
body. All of the introduced nanomaterials have good bio-
compatibility except silver nanoparticles, which exhibit tox-
icity at high doses due to the released silver ions from the
nanoparticles.['?7]

Generally, nanomaterials can cause oxidative stress and
inflammation on cells and organisms.'?8] In particular, they
can induce the production of reactive oxygen species (ROS),
which may cause toxic effects to the cells.l'?’l These toxic
effects are generally affected by the intrinsic physicochem-
ical properties of the nanomaterial, including size, shape,
surface charge, surface modification, chemical composition,
degradation, and the formation of a “protein corona”.l'3%]
However, appropriate modulation of the physicochemical
properties such as size and surface functionalization can
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effectively reduce toxicity and improve the clearance effi-
ciency of nanomaterials from the body. For instance, the
cytotoxicity of CTAB-coated AuNRs could be avoided by
polyelectrolyte functionalization.'3!]' This result indicates
that reasonable surface chemical modifications can signifi-
cantly reduce the toxicity of metal nanoparticles. It provides
us with a guide as to how to avoid serious side effects caused
by nanomaterials in the process of their practical applica-
tion. Therefore, a rational design for the nanomaterials is still
hopeful to develop safe and efficient vaccine vectors and/or
immunoregulators.

9. Summary and Outlook

At present, vaccines still face many difficulties for application
worldwide because of their modest efficacy. Nanomaterials as
carriers or immunoregulators are promising for optimizing
the efficacy of vaccines (Table 3).32135] In this review, we
have summarized the major working modes of multiple
nanomaterials used for vaccines (Figure 1).

Actually, the bioeffects of nanomaterials for regu-
lating immune responses are affected by multiple factors,
including chemical composition, physical characteristics, and
biochemical modifications. In particular, the bioeffects of
peptide-based nanomaterials are mainly influenced by the
shape characteristics, when they are used as vectors to opti-
mize the efficacy of vaccines. Fibers are the most common
form. Such a structure is very helpful for enhancing the
uptake of antigen-presentation cells against their targets
loaded on fibers. Compared with peptide-based nanomate-
rials, non-peptide polymer and carbon nanomaterials not
only possess obviously more possible shapes (ball, tube,
stick, sheet, and others) and sizes within the nanoscale scope,
but also are easier to chemically or biologically modify

Table 3. Nanomaterials might improve the efficacy of vaccines.

Vaccines Current status Main disadvantages Reference
HIV Clinical trials Low efficacy of vaccine, virus [132]
(Phase I, Il and Ill) variation
HCV Clinical trials Low efficacy of vaccine, virus [133]
variation
Rabies Licensed Need to receive multiple [134]
immunization
Malaria Clinical trials Low efficacy of vaccine [135]
Lung cancer Clinical trials No efficacy of vaccine [136]
Tuberculosis Licensed Low efficacy of vaccine, [137]
age limit
HBV Licensed Need to receive multiple [138]
immunization
SARS Clinical trials Low efficacy of vaccine, virus [139]
variation
Prostate Licensed Non long-term remission [140]
cancer
Flu Licensed Modest efficacy of vaccine, [141]

virus variation, age limit
(under the age of 50)
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(such as adjusting charge and CpG) on the nanomaterial
surface. They also therefore exhibit even more varied and
complicated functions. Metal materials, such as gold and
silver, are convenient to be prepared into various control-
lable shapes and sizes. By some surface modification, like
poly(diallydimethylammonium chloride) (PDDAC) and
polyethyleneimine (PEI), these materials are endowed with
novel immunoregulation effects, including promoting the
maturation of dendritic cells, increasing cytokine secretion,
and enhancing antibody titers. The antigens encapsulated
by calcium-based nanoparticles are not only more effec-
tively taken up by the host, but they also prevent antigens
from degradation and damage by the in vivo conditions.
Meanwhile, such carriers also can slowly release antigens
as a harbor, producing long-term immunostimulation and
inducing potent memory immunity. Although the biological
effects of other kinds of nanomaterials are not mentioned
in this review, their underlying immunregulation actions are
still worth deeper investigation. Such studies on uncovering
the relationships between physiochemical characteristics
and biological effects of nanomaterials would bring us many
amazing guidelines for the design of vaccines. At present, in
view of the fact that immunoregulation effects of nanomate-
rials are so far difficult to reproducibly predict based on their
physicochemical characteristics, large-scale screening is still a
necessary means to comprehensively evaluate the biological
function of nanomaterials in the next studies.

However, compared with some existing methodolo-
gies, nanomaterials possess many unique advantages. For
example, the conventional vaccine vector, virus-based
vector, can express genes of antigens in a high-efficacy way
and trigger potent antigen-specific immune responses. How-
ever, the applications of these vectors are limited greatly
(usually only can be immunized once) because of anti-
vector antibody responses induced by the vectors them-
selves. Moreover, the complexity of element genes within
virus vectors which would modulate immune responses
probably brings people some unpredictable consequences.
For example, Merck II phage clinical trials of HIV vaccine,
in which one kind of adenovirus vector (AdvS) was used
as vector, showed a higher infection ratio of HIV in group
which received vaccine immunization, suggesting the unsafe
aspects of application of virus vectors.'¥2l For traditional
emulsions or waters which are used as vaccine adjuvants
(Freund's adjuvant, LPS), their serious side-effects hinder
their further applications in clinical trials.'*! In contrast,
nanomaterials hardly induce antibodies against themselves
because of their poor immunogenicity. Their small size and
appropriate surface functionalization allow them to be
excreted easily, therefore ensuring their good biosafety for
in vivo applications.

Of course, there are still some obstacles needing to be
overcome for the application of nanomaterials. For example,
bindings between nanomaterials and proteins in vivo would
not only change both the shapes and sizes of the nanoma-
terials, but also might mask surface modifications of the
materials when they are delivered into the body, therefore
affecting the initial regulatory functions of these materials to
trigger unpredictable and unwanted complications.
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Considering the obvious advantages of nanomaterials
for optimizing the efficacy of vaccines, uncovering the inner
relations between their physicochemical characteristics and
biological effects would be an important direction in their
following research and development. It is certainly useful for
broadening vaccine-based prophylaxis and therapy against
diseases in the future. Moreover, the structure and surface
modification of the nanomaterials might be changed when
they enter a body because of their bindings with proteins in
vivo. Such changes should be the subject of intense investi-
gations in the future. Thus, how to maintain the stability of
nanomaterials should become another important issue in the
field of developing functional nanomaterials for vaccines.
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