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Nowadays, nanovaccine is considered as an evolving method in the field of vaccination to induce immunity in the human body
against various diseases, including bacterial or viral diseases as well as virulent tumors. Nanovaccines are more efficient than
traditional vaccines since they could potentially induce both humoral and cellular immune reactions. Various studies have shown
that nanoparticles with multiple compounds have been designed as delivery systems or as adjuvants for vaccines. Nanoparticles
could function as a drug delivery tool, as an adjuvant to promote antigen processing, and as an immune modulator to induce
immune responses. These nanoparticles generate immune responses through activating immune cells as well as through the
production of antibody responses. Design engineering of nanoparticles (NPs) used to produce nanovaccines to induce immunity
in the human body needs comprehensive information about the ways they interact with the component of immune system.
Challenges remain due to the lack of sufficient and comprehensive information about the nanoparticles’ mode of action. Several
studies have described the interactions between various classes of nanoparticles and the immune system in the field of prevention
of bacterial infections. The results of some studies conducted in recent years on the interaction between nanoparticles and
biosystems have considerably affected the methods used to design nanoparticles for medical applications. In this review, NPs’
characteristics influencing their interplay with the immune system were discussed in vivo. The information obtained could lead to
the development of strategies for rationalizing the design of nanovaccines in order to achieve optimum induction of

immune response.

1. Introduction

Since their discovery by Jenner in 1796, vaccines have been
used to eradicate several life-threatening diseases. Tradi-
tional vaccines are produced using completely killed or
weakened organisms and often generate unwanted side
effects [1]. Subunit vaccines consisting of defined compo-
nents of a particular pathogen are usually very sound with
fully prespecified constituents. Nevertheless, in some cases,
the immune response induced by subunit vaccines is weak,
and these formulations need the booster doses and/or ad-
juvants to be efficient [2, 3]. Recently, nanoparticles (NPs)
have been manufactured as a means of delivery or adjuvants
for vaccines. Nanotechnology has helped formulate efficient

vaccine delivery systems capable of amplifying an immune
response, leading to the emergence of “nanovaccinology”
[4]. Nanovaccines able to transfer only the intended vaccine
could also be very helpful in stimulating cellular and hu-
moral immunity to avoid the spread of infections and
diseases. Nanovaccines acting as immune modulators could
overcome all physiological barriers, including maintaining
antigen stability, improving antigen presentation and pro-
cessing, and enhancing immune responses by presenting
vaccines to target cells [5].

The most critical problem in the development of
nanovaccines is the lack of sufficient and comprehensive
information concerning the in vivo nanoparticles’ mode of
action, which could serve both as a delivery tool and as an
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immunomodulatory adjuvant to improve antigen delivery
and processing as well as induce immune responses [6]. The
elemental attributes of NPs are essential factors affecting the
interplay between them and the immune cells, including
size, shape, and surface chemistry [7, 8]. Various in vivo
molecular imaging methods, such as MRI (magnetic reso-
nance imaging), have been widely used to obtain more
information about the interplay between NPs and the im-
mune system [4]. Many review articles have focused on the
types and physicochemical properties of nanomaterials, but
the factors affecting immune responses induced by nano-
vaccines have not been sufficiently explored [9, 10].

In this study, a summary was provided about the
functional considerations of the interplay between NPs and
immune cells. An overview was also provided about the role
that nanoparticles play (delivery tool, adjuvant, and immune
stimulator) and the interaction of various types of NPs with
immune cells, with a special focus on bacterial infections.
This review also demonstrated the reasonable scheme of
vaccine-equipped NPs for achieving optimal stimulation of
the body’s defense system against infectious diseases. The
review then concluded with other possible applications of
NPs in nanovaccinology.

2. Nanovaccines and Immune Responses against
Bacterial Infections

The lymph node (LN) is a good target for nanovaccines to
stimulate immune cells, especially B and T cells, which are
able to eliminate pathogens from the body. The secretion of a
specific antibody against nanovaccines depends on the
ability of nanovaccines to stimulate T-helper 2 (Th2) cells to
produce cytokines and plasma B cells to produce antibodies
against the vaccine. At this stage, the generated antibodies in
response to nanovaccines are caused by both the nano-
particle itself and the combined antigen. Those nanovaccines
which are able to stimulate B cells are distributed into plasma
cells and cause them to produce a specific antibody in re-
sponse to the nanoparticle and NP-combined antigen. A
study reported the production of IgM response in an in vivo
model with the administration of empty Polyethylene
Gylated liposomes (PEGLip) [5]. In another study, mice
treated with Mesoporous silica NPs showed changes
in lymphocyte populations (CD3+, CD45+, CD4+, and
CD8+) in the spleen and elevation in serum levels of IgG and
IgM [11].

Several types of NPs could stimulate the complement
system via one or several pathways. Recent data have sug-
gested that the complement cascade’s activation could be
harmful. Activation of the complement system causes the
nanoparticles to penetrate through the systemic circulation
and produce hypersensitivity reactions. Instead of subcu-
taneous or intradermal administration, the activation of the
complement system could improve nanovaccine efficiency
and remove pathogens from the body. An article reported
hypersensitivity reactions of nanoparticles [12]. Also, dis-
covered that the complement system activation caused
hypersensitivity [12, 13].
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Different types of NPs could stimulate the body’s defense
system by elevating the immunogens, inflammatory re-
sponses, and cytokines and, subsequently, by provoking
cytokine and antibody responses. Cytokines could induce
cell-mediated immunity to protect the body against several
diseases, but the uncontrolled release of cytokines causes
harmful side effects [14].

The use of nanovaccines to accelerate the uptake of
antigen by dendritic cells is considered a reasonable way for
antigen presentation. The targeted delivery of nanovaccine
to Antigen-presenting cells (APCs), especially DCs, is
employed to stimulate adaptive immune responses and
improve antigen intracellular uptake and processing. The use
of MHC class I and II molecules for antigen presentation
stimulates CD4+ and CD8+ T-cell mediated immune re-
actions [15]. A study reported that a nanoemulsion stim-
ulated Thl and Thl17 cells, which could be significant in
vaccination for cellular immunity [16].

Toll-like receptors (TLRs) on immune cells could elicit
immune responses specific for each antigen through rec-
ognizing TLR ligands in nanoparticles. The use of poly lactic-
co-glycolic acid (PLGA) NPs conjugated with modified TLR
elicits considerably more responses compared to the use of
antigen or antigen + TLR ligands in the absence of PLGA
NPs [17]. Carbon nanotubes decrease phagocytosis against
Listeria monocytogenes [18]. The use of nanotoxoid against
pathogenic Pseudomonas aeruginosa in a pneumonia model
was shown to stimulate robust humoral reactions, partic-
ularly phagocytosis [19].

Hepatitis B virus core protein coupled with Mycobac-
terium tuberculosis 10 (CFP-10) antigen was shown to
generate a significant antigen-specific immune response
against tuberculosis (TB) by Th1 and the secretion of IFN-y
[20].

3. Parameters Affecting Immune
Responses against Bacterial Infections

Although the interplay between NPs and the body’s defense
system is not well understood, their effect is anticipated to be
expanded by developing an efficient vaccine formulation
against diseases. Nanovaccines characteristics, including
chemical composition, particle size, surface charge, hydro-
phobicity, shape, administration route, and their formula-
tions, determine the type of immune responses elicited
(humoral vs. cellular) [6, 9, 21]. These parameters could
influence their uptake by cells; in addition, the induced
immune reactions are also crucial in dictating cellular fate.
Studies on the immune responses elicited by nanovaccines
against bacterial infection are mentioned in Table 1.

3.1.Size. The size and adequate control of nanoparticles’ size
are very influential in the interaction between NPs and the
immune system. Several studies have reported that adjuvant
nanoparticles size might affect the type of immune responses
elicited. Nevertheless, the optimum size of nanovaccines
employed against microbial agents is a critical factor [61].
Typically, nanoparticles are defined as particles with a size of
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TaBLE 1: Applications of nanovaccine against bacterial infection.

Bacteria Type of antigen in vaccine

Nanoparticle
composition

Diseases

Outcomes

Ref.

Esat-6 three T cell epitopes
(Esat-6/3e) and fms-like
tyrosine kinase 3 ligand (FL)
genes (termed Esat-6/3e-FL)

Mpycobacterium
tuberculosis

Chitosan

Tuberculosis

(i) Eliciting higher levels of
IFN-y and IL-12

(ii) Increasing the expression
levels of T-bet mRNA and
protein

(iii) Inducing a stronger Thl
response

(iv) Remarkably increasing
immunological and defensive
effects

(v) Increasing the number of
CD3+ cells

(22]

Mpycobacterium

tuberculosis Mycobacterium lipids

Chitosan

Tuberculosis

(i) Inducing the production of
Thl and Th2 cytokines

(ii) Inducing the production of
higher levels of IgG, 1gG1,
IgG2, and IgM

(iii) Remarkably inducing the
activation of y§-T cells in the
lymph nodes

(iv) Substantially increasing
CD8+ cells rather than CD4+
cells

(v) Presence in both the lymph
nodes and spleen cells

(23]

New DNA plasmid encoding
eight HLA-A % 0201-
restricted T-cell epitopes

Mpycobacterium
tuberculosis

Chitosan

Tuberculosis

(i) Maturation of dendritic cells
(DCs)

(ii) Inducing the secretion of
high levels of IFN-y by T cells

(24]

Vibrio cholerae OmpW protein

Vibrio cholerae LPS

Chitosan

Chitosan

Cholerae

Cholerae

(i) Increasing IgG and IgA
immunoglobulins levels

(i) Inducing high levels of IgG
and IgA antibodies in the sera
and lavage fluid

(25]

(26]

Shigella flexneri MxiH antigen

Chitosan

Shigellosis

(i) Improving the secretion of
IgG and IgA

(ii) Increasing the levels of IL-4
and IFN-y

(27]

Entrohemorragic
Esherichia coli
(EHEC)

rEIT (EspA, Intimin, Tir)

Chitosan

Entrohemorragic

Esherichia coli (EHEC)

infections

(i) Decreasing symptoms
associated with EHEC
infections

(ii) Prompting robust humoral
and mucosal immune reactions
(iii) Protecting mice from live
EHEC 0O157:H7

(iv) Reducing adhesion
properties of E. coli O157:H7
in vitro

(28]

Escherichia coli O157: EspA (E), intimin (I), Tir (T)
H7 and Stx2 toxin

Chitosan

Haemorrhagic colitis
(HC) and haemorrhagic
uremic syndrome (HUS)

(i) Decreasing the adhesion
ratio of pre-treated E. coli
0O157:H7

(ii) Significantly reducing
bacterial colonization and
excretion

(iii) Inducing robust humoral
and mucosal responses

[29]
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Bacteria

Type of antigen in vaccine

Nanoparticle
composition

Diseases

Outcomes Ref.

Acinetobacter
baumannii

Outer membrane protein

Chitosan Nosocomial infections

(i) Increasing the
concentration of cytokines (IL-
2, IL-6, IFN-y) and antibodies
titer

(ii) Increasing cellular and
humoral immunogenicity and
stimulating a balanced Th1/
Th2 response

(iii) Increasing total leukocytes
and differential leukocytes

(30]

Campylobacter jejuni

pCAGGS-flaA

Traveller’s disease
Chitosan
(GBS)

Guillain-Barré syndrome

(i) Improving serum levels of
anti-C. jejuni IgG and
intestinal mucosal IgA
antibodies

(ii) Declining bacterial
expulsion

(31]

Salmonella

Outer membrane proteins
(OMPs) and flagellin (F)
protein

Chitosan Salmonellosis

(i) Upregulating TLRs, and Th1
and Th2 cytokines mRNA
expression

(ii) Improving immune
reactions, systemic IgY and
mucosal IgA antibodies
reaction in chickens

(iii) Decreasing problems
associated with Salmonellaload
in vaccinated chickens

(32]

Salmonella enterica
serovar enteritidis

Outer membrane proteins
(OMP) and flagellin (FLA)

Chitosan Salmonellosis

(i) Inducing substantial
immune responses

(i) Ag-specific splenocyte
multiplication

(iii) Improving systemic
antibody response and the [33]
frequency of IFNy-producing
T cells

(iv) Upregulating mRNA levels
of TLR 2 and TLR 4 as well as
IL-4 and IL-10 cytokines

Chlamydia
trachomatis

Recombinant MOMP DNA
(DMOMP)

Sexually transmitted

Chitosan . .
infection

(i) Improving in vivo

presentation and expression of
DMOMP in mice [34]
(i) Stabilizing and protecting
against enzymatic digestion

Clostridium tetani

Tetanus toxoid (TT)

PEG-PLA Tetanus

(i) Inducing a long-lasting
antibody (IgA, IgG levels) [35]
response

Chlamydia
trachomatis

A peptide obtained from the
recombinant major outer
membrane protein
(rMOMP) of Chlamydia
trachomatis

Sexually transmitted

PLGA .
disease

(i) Increasing CD4+ and CD8+
T cells number

(ii) Inducing higher serum
levels of IgG, IgG2a (Thl), and
IgGl1 (Th2)

(iii) Increasing CD4+ and
CD8+ T cell subsets number  [36]
(iv) Inducing more cytokines
and chemokines: rMOMP-
specific interferon-gamma
(Th1) and interleukin (IL)-
12p40 (Th1/Th17) than IL-4
and IL-10 (Th2) cytokines
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TaBLE 1: Continued.

Bacteria Type of antigen in vaccine

Nanoparticle
composition

Diseases

Outcomes Ref.

Group A A vaccine candidate based on
Streptococcus lipopeptide (LCP-1)

PLGA

Group A Streptococcus
(GAS) infections

(i) Enhancing antigen trapping

and APCs

(ii) Maturation

(iii) Improving the levels of [37]
J14-specific salivary mucosal

IgA and systemic IgG

antibodies titers

Pseudomonas

. Detoxified LPS (D-LPS)
aeruginosa

PLGA

Nosocomial infections

(i) Stimulating humoral

immune response

(ii) Declining the spread and  [38]
proliferation of bacteria and

killing opsonized bacteria

Protective antigen domain 4

Bacillus anthracis (PAD4)

PLGA

Anthrax

(i) Increasing IgG1 and IgG2a
responses

(ii) Producing a Th1/Th2

response and a Th2 response by [39]
PAD4

(iii) Producing high levels of

IL-4 and IFN-y

Brucella melitensis Oligopolysaccharide (OPS)

PLGA

Fever of Malta

(i) Elevating the total IgG and
IgM antibody titers

(ii) Stimulating well-ordered
opsonophagocytosis of
Brucella

(iii) Exhibiting a high level of
protection in challenge assay
compared to other groups

(40]

Pseudomonas

. Exotoxin A
aeruginosa

PLGA

Cystic fibrosis

(i) Adequate immunogens for
inducing humoral and cellular
immunogenicity

(ii) Reducing bacterial load in
the spleens after challenge
(iii) Substantially inducing
higher secretion of INF-y,
TNF-a, IL-4, and IL-17A
cytokines as well as IgG
responses

(41]

Brucella abortus rL7/L12 ribosomal protein

PLGA

Brucellosis

(i) Producing particular
Brucella Ag-specific humoral
and cellular reactions

(ii) Inducing high IgG antibody
titers, IgG1 as the predominant
subclass

(iii) Identifying a mixed Th1/
Th2 response based on IgG1/2a
ratio

(iv) Recording Thl cytokines
particularly IFN-y

(v) Stimulating inflammatory
responses necessary for
combating Brucella infection
(vi) Decreasing CFU of splenic
bacteria

(42]

Burkholderia

. OMP antigen derived
Cenocepacia

Nanoemulsion

Cystic fibrosis

(i) Inducing the secretion of
higher levels of IgG and [43]
mucosal IgA
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Bacteria

Type of antigen in vaccine

Nanoparticle
composition

Diseases

Outcomes Ref.

Bacillus anthracis

Recombinant Bacillus
anthracis protective antigen
(rPA)

Nanoemulsion

Anthrax

(i) Secreting high serum levels
of antibodies neutralizing
lethal toxin in mice and guinea
(ii) Elevating the expression of
IFN-y, TNF-q, and IL-2

(iii) rPA-NE based antigen-
specific Thl-type polarization
of cellular responses

(iv) Eliciting high serum levels
of anti-PA IgG and bronchial
anti-PA IgA. (IgG2a and IgG2b
were more than IgG1)

(44]

Group A
Streptococcus

Lipid-core peptide-1

Nanoliposome

GAS infections

(i) Inducing higher titers of Ag-
specific mucosal IgA and [45]
systemic IgG

Helicobacter pylori

Fusion peptide CtUBE of
cholera toxin B subunit and
Helicobacter pylori urease B

subunit epitope

Liposome H. pylori infection

(i) Elevating the serum levels of
specific anti-urease IgG and
mucosal IgA [46]
(ii) Elevating the levels of IFN-

Y

Avian pathogenic
Escherichia coli
(APEC)

Inactivated avian pathogenic
E. coli vaccine (APEC)

Liposome Avian colibacillosis

(i) Elevating mucosal and
serum antibodies

(ii) Decreasing bacteria in
blood

(47]

Group A
streptococcus

Lipopeptide

Liposome GAS infections

(i) Mediating both mucosal
and systemic immunity, IgA
and IgG (IgG1 and IgG2a)
(ii) Inducing prolonged
immunity with high levels of
antibodies (IgA and IgG)
detected even five months’
postvaccination

(48]

Yersinia pestis

Formaldehyde-killed whole
cell KWC Y. pestis

Liposome Plague

(i) Increasing IgA and IgG
levels in mucosal secretions
(ii) Increasing specific cells
secreting antibody in the lungs
(iil) Increasing Ag-specific
proliferative responses and
IFN-y-producing cells

(iv) Improving the spleens of
mice immunized against an
intranasal Y. pestis challenge

(49]

Enterohemorrhagic
Escherichia coli
(EHEC)

Putative outer membrane
protein (LomW) and (EscC)
structural type III secretion

system protein

nanoparticles

Gold Enterohemorrhagic

infection

(i) Elevating IgG and IgA titers

in serum and feces, respectively

(ii) Decreasing the attachment

to human intestinal epithelial

cells [50]
(iii) Inducing Ag-specific
bactericidal properties in

serum, engaging the classical
complement pathway

Francisella tularensis

Glycosylated protein
complex

Gold

Tularemia

nanoparticles

(i) Increasing the protection
and high specific antibodies [51]
titers
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Bacteria Type of antigen in vaccine Nanopart}cle Diseases Outcomes Ref.
composition
. . (i) Increasing the secretion of
li B. thlazlandhenrsilé E(Zfss) Gold IgG1, IgG2a, and IgM in mice
Burkholderia mallei . [popofysaccharice o Glanders combating with B. mallei [52]
with Hc fragment of tetanus  nanoparticles . .
toxin (i) Enhancing exposure of LPS
to B memory cells
Gold (i) Significantly inducing
Clostridium tetani Tetanus toxoid nanoparticles Tetanus higher mucosal response [53]
p following oral administration
Clostridium Recombinant binding Gold Botulism glr)ltiltryljéml:f dhilrgnhrr;[:relzs of (54]
botulinum domain BoNT/E nanoparticles Y
response
Pseudomonas N-terminal domains of Gold A . @) Ehc1t1ng higher titers of
. . . . Nosocomial infections anti-flagellin (1-161) [55]
aeruginosa P. aeruginosa flagellin nanoparticles antibodies

Bacterial extracellular
Staphylococcus aureus vesicles (EVs) coating MSN S. aureus infections
indocyanine green (ICG)

(i) Stimulating DCs maturity
and enhancing the
proteasome-dependent antigen
presenting pathway through
simplifying endolysosomal
escape, promoting proteasome
activity, and upregulating
MHC-I expression [56]
(ii) Promoting CD8+ T cell
responses while promoting
CD4+ T cell responses and
humoral immunity

(iii) Facilitating vaccine
delivery from the injection site
into lymph nodes

Vibrio cholerae Recombinant C,h olera toxin MSN Cholerae
subunit B

(i) Significantly inducing

mucosal immune responses

(ii) Inducing more efficiently  [57]
whole immune responses in
challenge trials

Whole cell lysate (PAN-

M)./cobacterzum Lysate) and culture filtrate Polyanhydrlde Sy
avium subsp. (PAN-C) of nanoparticles Johne’s disease (JD)
paratuberculosis (PAN)

M. paratuberculosis

(i) Elevating the levels of Ag-
specific T cell responses
postimmunization

(ii) Increasing the number of
CD8+ T cells secreting
cytokines (IFN-y, IL-2, TNF-a)

(58]

Salmonella enterica Outer membrane proteins  Polyanhydride

(i) Eliciting OMPs-specific IgG
responses and the production
of Th1l cytokine IFN-y in the

serum

(ii) Increasing CD8+/CD4+

serovar enteritidis (OMPs) and flagellar (F) nanoparticle Salmonellosis cell ratio in the spleen, [59]
protein (PAN) promoting OMPs-specific
lymphocyte multiplication
(iil) Increasing the genes
expression of TLR2 and -4,
TGF-p, and IL-4 cytokines
Streptococcus Pneumococcal surface Polyanhyqride . ) .Inducing an _anti-P spA
preumoniae protein A (PspA) nanoparticle Pneumonia aptlbody .w1th high titer and  [60]
(PAN) high avidity

10-100nm and in some cases, up to 1,000 nm, which are route of administration is considered as a practical choice for
used in nanovaccine design. It has been reported that the = immunization. The ability of nanoparticles to cross physi-
smaller their particle size, the greater their efficiency in  ological barriers is related to their particle size. Small NPs
passing antigens through existing barriers. The transdermal ~ may translocate more easily through the lymphatics and



assemble in dendritic cells in the lymph nodes (LNs)
compared to larger NPs. Generally, because of their size
similarity to pathogens, NPs could be readily identified and
efficiently captured by cells via the cellular endocytosis
process.

Several studies have reported that only 40 nm particles
could deeply cross epidermal barriers and interact with
APCs such as epidermal Langerhans cells [8]. Particles
smaller than 500 nm (mainly 40-50 nm) are better cleared
from the bloodstream and could better cross the extracel-
lular matrix and reach the lymph nodes. These particles are
taken up by DCs (cells recognizing, trapping, and presenting
antigens) to activate the CD8+ T cell-mediated (cellular)
immune response. Nanoparticles larger than 500 nm induce
CD4+ T cell-mediated (humoral) immune response. Hence,
the optimum size of nanoparticle in nanovaccines for
eliciting proper immunity has been reported to be from 40 to
50nm [7].

The size and distribution of NPs are effective factors in
their uptake by APCs. Nanoparticles with 10-100 nm size are
better taken up by DCs to provoke immunity, while larger
NPs (>100 nm) are scavenged by macrophages, and smaller
NPs (<10 nm) are evacuated into the blood capillaries [10].

Some nanoparticles by themselves are able to directly
stimulate the secretion of cytokines by immune cells.
Nanoparticle size has been reported to be a factor directly
affecting the secretion of various cytokines by immune cells.
Several studies have shown the effects of the smaller size of
nanoparticles as adjuvants on stimulating higher antibody
(IgG, 1gGl1, IgG2a, IgA, and IFN-y) responses compared to
larger nanoparticles [62-64].

Several studies have tried to explore the association
between particle size and immune reactions, reporting equal
efficiency for nano- and microsized particles. A study ap-
praised the effect of physical features of particulate vaccine
carriers on stimulating immune responses, including size
and shape. The results showed the effect of NPs size and
shape on stimulating immune reactions associated with total
IgG antibody titer and subtypes of Thl and Th2. Small
particles (193 nm) with spherical shape elicited strong Th1
and Th2 mediated reactions compared to other particles;
also, they elicited a Thl-biased reaction and significantly
elevated the levels of Thl cytokine (IFN-y) as well as IgG
total, I1gG-1, and IgG-2a antibodies, while rod-shaped
particles (1530 nm in length) elicited a Th2-biased reaction
against ovalbumin (OVA). On the other hand, larger rod-
shaped NPs increase slightly more potent IgG-total and IgG-
1 antibodies and lowered IgG-2a titers compared to smaller
rods with no significant difference in IgG-2a counts [21].
These results suggested that 40nm gold nanoparticles
(AuNPs), 20nm AuNPs, and rod-shaped NPs
(40nm x 10 nm) were more effective in inducing antibody
responses and APCs uptake compared to other NPs types
[65].

Jiang et al. proved that engineered NPs of particular sizes
and gold-silver NPs covered by antibodies could selectively
induce the activation of membrane receptors. The results
showed that nanoparticles with 2-100 nm size could alter
signaling methods; for example, cell death and 40-50 nm
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nanoparticles induced the most significant effect. These
findings indicate that stimulation of membrane receptors
and, following that, protein diffusion is influenced by NPs
size [66].

A review study reported that the cytotoxicity and dif-
ferences in the kind of cell death pathway of modified gold
NPs depended on their size. Also, 1.4 nm NPs caused rapid
cell death by necrosis within 12 h. In contrast, 1.2 nm NPs
caused programmed cell death by apoptosis, and 1-2 nm NPs
were highly toxic compared to smaller or larger ones [67].
The results of another study showed that cellular uptake of
NPs was wrapped by cell membrane tension with different
degrees of wrapping, and some were endocytosed under the
influence of particle size. The optimal NPs size for endo-
cytosis is 25-30 nm [68]. Elbakry et al. demonstrated that
changes in the NPs size could cause significant changes in
the number of antigens delivered per cell. They revealed that
less internalization was done with increasing size [69].
Another study found that uptake of silver NPs and quantum
dots by APCs stimulated the secretion of inflammatory
mediators regardless of the particle size, including TNF-a,
MIP-2, and IL-1p [61]. Morishige et al. demonstrated that
silica NPs size could affect inflammatory responses [70].
They reported that outer membranes of Escherichia coli and
30 nm gold NPs caused rapid stimulation and maturation of
dendritic cells (DCs) in the lymph nodes; as a result, im-
munization using these NPs induced long-term and robust
antibody responses [71].

The results of the aforementioned studies show the
important role of size in modulating immune responses and
subsequently in the design of nanovaccines. It is a factor that
should be considered in the development of efficient
nanovaccines to induce more potent immune responses.
However, reports on the association of particle size and
immune responses are contradictory in comparison with the
impressive results on the usefulness of particles’ small size in
inducing immune responses. It is recommended that the
association between particle size and both humoral and
cellular immune responses induced by NPs be compre-
hensively evaluated in future studies.

3.2. Surface Charge. Surface charge is another factor that
plays a vital role in the interaction of NPs with immune cells.
The cellular uptake of NPs is significantly affected by their
surface charge. The surface charge of NPs could stimulate
their interaction with cells and cellular uptake; nanoparticles
could interact nonspecifically with oppositely charged
binding cells, while nanoparticles without charge may not be
able to interact with nonspecific cells. Interestingly, the
positive surface charge of NPs increases their cellular uptake
compared to neutral or negative surface charge [72]. It has
been found that NPs positive surface charge is one of the
parameters affecting their accumulation in the bloodstream.
It induces hemolysis and platelet aggregation compared to
the neutral or negative surface charge of nanoparticles [73].

NPs surface charge plays a role in elevating the ex-
pression of DCs surface markers, eliciting the secretion of
cytokines, and stimulating inflammatory responses. Few
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reports have suggested that positively charged NPs are more
probable to cause inflammatory reactions [74, 75]. It has
been speculated that NPs positive surface charge is crucial
for the activation of the complement system [6]. Negatively
charged AuNPs have been shown to induce higher cyto-
toxicity and immunological responses than AgNPS. Perhaps
anionic AuNPs may more easily adsorb nonspecific serum
proteins on their surface and penetrate cells through the
endocytotic pathway [76]. In a study, pulmonary immu-
nization with ovalbumin (OVA) incorporated NPs with
positive charge induced strong antigen-specific T-cell
multiplication and enhanced the expression of surface
MHCII and cytokines compared to anionic nanoparticles or
soluble OVA. These findings showed the significance of the
surface charge of NPs used in nanovaccines against pul-
monary diseases [77].

To design innovative nanocarriers as vaccine delivery
systems, it should be taken into account that physical at-
tributes, such as particle shape and size, affect the interaction
of NPs with immune cells. An investigation showed that
negative NPs were ideal carriers and could be used as a
transdermal drug delivery carrier in the design of vaccines
[78].

3.3. Shape. The shape of nanoparticles is another factor
affecting the stimulation of immune responses. If the
nanoparticle is spherical, phagocytosis happens more effi-
ciently compared to when nanoparticles have other shapes
such as disc, rod, or elliptical shapes [6]. Some studies have
shown that NPs shape significantly affects the interplay
between NPs and immune cells, such as macrophages,
complement proteins, DCs, and T-cells [79].

Kumar et al. showed that small particles (193 nm in
diameter) with spherical shape induced a Thl-biased im-
mune reaction, while rod-shaped particles (1530 nm in
length) induced a Th2-biased immune reaction against OVA
[21]. In the design of nanoparticles for use in nanovaccine, it
should be considered that the shape of NPs plays an essential
role in their interaction with APCs [5]. A study found that
the uptake of nanorods by macrophages occurred more
efficiently than that of nanospheres [80].

The effect of NPs shape on the stimulation of the innate
immune system has also been proven [81]. Therefore, for the
design of nanovaccines, it should also be considered.

3.4. Hydrophobicity. The effect of hydrophobicity on the
stimulation of immune responses has been reported in some
studies [82]. An increase in the hydrophobicity of polymer
nanoparticles causes higher levels of expression of cos-
timulatory markers (CD86) in DCs [83]. Several studies have
reported that hydrophobic particles compared to hydro-
philic ones, display higher immune responses [1]. In a study,
hydrophobicity was shown to have no significant effect on
the cellular uptake of nanoparticles. In contrast, higher levels
of hydrophobicity caused cell membrane damage and in-
duced autophagy [84]. Moyano et al. demonstrated a direct
association between hydrophobicity and immune responses
[82]. Hydrophobic poly (styrene) nanoparticles are highly

taken up by the M-cells surface of the Peyer’s patches and
promote opsonization by APCs [85].

Therefore, according to some studies on the design of
nanovaccines, hydrophobicity has a vital role in nano-
particles absorption and immune response induction.

3.5. Formulations of Nanovaccines. In nanovaccine formu-
lations to strengthen the immune system, the association
between antigen and nanoparticle has a fundamental role.
The binding of NPs to antigens could be achieved via dif-
ferent ways such as chemical connection/conjugation,
simple mixing, encapsulation, or adsorption. In the en-
capsulation method, both antigens and NPs precursors are
blended with each other during the synthesis; in the
chemical conjugation method, a chemical connection is
created between antigen and NPs surface. These two
methods are used to provide a robust interplay between
antigen and nanoparticle. Immunization with encapsulated
nanoparticles is done effortlessly because of the protection of
antigen against enzymatic and hydrolytic degradation. It has
been found to be efficient with a single dose due to the slow
release of antigen. The physical adsorption method creates a
weak link between NPs and antigens and requires a simple
chemical conjugation to prevent rapid separation of antigens
from NPs in vivo [1]. In simple mixing, a minimum link is
created between NPs and antigens before being given to the
host [86]. A study showed that chemical conjugation was
more useful for peptide antigen delivery than simple mixing
due to the induction of higher systemic and mucosal anti-
body titers [87].

Mesoporous silica nanoparticles (MSNs) are recognized
as a novel carrier that ensures the controlled release of
vaccine while maintaining chemical stability [88].

3.6. Route. Administration routes of NPs could affect the
induction of various immune responses. The choice of NPs
administration route quantitatively and qualitatively affects
the robustness of immune responses. Many of the nano-
vaccines are noninvasive and multiinjection [89]. NPs ad-
ministration routes include oral, nasal, intramuscular,
subcutaneous, transmucosal, ocular, pulmonary, intrave-
nous, vaginal, and patches. In intravenous administration,
nanoparticles could be captured by circulating macrophages
or hepatic macrophages known as Kupfter cells. In oral
administration, NPs are captured through GIT (gastroin-
testinal tract) by intestinal epithelial cells in the mucosa,
M-cells, and cells of the Peyer’s patches; small NPs are better
taken up compared to large ones, but a high concentration is
required for a vaccine to achieve adequate efficacy. The
intradermal administration is a possible choice for vacci-
nations that require the antigen to be released in a controlled
and gentle manner from the formulated nanoparticle,
resulting in a long-lasting effect. The ability of NPs to cross
the epidermal barrier is related to their particle size [8, 9].
Newman et al. proved that particles of similar size, ad-
ministered through various routes, were captured by diverse
APCs, resulting in the induction of various immune re-
sponses [86].
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The intramuscular administration could be performed
indirectly on dendritic cells. Several studies have reported
that PEGylation of liposomes could increase the amount of
lymphatic uptake in LNs in large quantities via the sub-
cutaneous administration route compared to other routes
[9].

The use of patches is a noninvasive approach. They
could be delivered to the follicles of hair via the skin to
reach DCs and then to LN’ to provoke humoral and cellular
immune responses. A study reported that intranasal ad-
ministration of nanovaccine induced a more robust CD8+
T cell-mediated response than intraperitoneal adminis-
tration [11].

It has been reported that after subcutaneous adminis-
tration, the amount of small liposomes coated by PEG
reaches the highest levels in LNs compared to intravenous
(iv) and intraperitoneal (IP) administration [90].

A study reported that the immune effects of hyper-
sensitivity responses of Titanium dioxide nanoparticles
(TiO, NPs) might be observed following parenteral or
dermal administration compared to oral gavage [91]. The
results of a review study indicated that oral administration
of Silver Nanoparticle (AgNP) caused changes in
microbiota and modulated immunological homeostasis of
the intestine and gut tract [92]. The results of another
study showed the stimulation of cytokine secretion fol-
lowing oral administration of Poly Lactic-Co-Glycolic
Acid (PLGA) NPs [93]. One study demonstrated that
PLGA NPs coupled with OVA + monophosphoryl lipid A
(MPLA) elicited high IgA and IgG titers [94]. The results
of a study showed that polyethyleneglycol-poly (lactic)
acid (PEG-PLA) nanoparticles could cross the rat nasal
epithelium and produce high antibody levels as well as
long-term immunity [95]. In an investigation, mice were
immunized via oral, nasal, and intraperitoneal adminis-
tration routes with tetanus toxoid (TT NPs) loaded by
adsorption. Oral and nasal administration increased se-
rum levels of IgG and IgA antibodies. In this review, nasal
administration was more useful for vaccination in mice
than the oral one. Nasal administration induced higher
antibody levels with lower doses [96]. Intravenous ad-
ministration of Ag-NPs induces suppression of immune
responses [97]. Conway et al. reported that oral admin-
istration of (pertussis toxoid) PTd+ (filamentous hae-
magglutinin) FHA-encapsulated PLGA NPs induced Th2
cell-mediated and antibody responses against a respira-
tory disease caused by Bordetella pertussis [98].

Intramuscular and subcutaneous administration of
zein nanoparticles induced a Th2-biased immune re-
sponse and induced high IgG antibody titers. IgG anti-
body was more produced via intramuscular injection than
via subcutaneous injection [99]. A study reported that the
mixture of N-trimethyl chitosan (TMC/antigen) and THC
nanoparticles as an immune potentiator could induce
immune responses and DCs maturation after intradermal
administration. Another study reported that thiolated N-
Trimethyl Chitosan-Hyaluronic acid (TMC/HA) NPs
filled with OVA enhanced serum level of IgG after sub-
cutaneous administration [100].
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3.7. Types of Nanoparticles against Bacterial Infections.
Synthetic Polymers, Inorganic nanoparticles, Copolymer
Micelles, Liposomes, Emulsions, Metals, and Immune
Stimulating Complexes (ISCOMs) are promising nano-
particle technology that could cause strong immune re-
sponses [9].

Liposomes are considered one of the most common
nanocarriers studied for drug delivery/nanovaccines against
infectious diseases, such as tuberculosis. They are able to
optimize humoral and cellular immunity, specifically by
monocytes and macrophages, by triggering innate immunity
via uptake and stimulating APCs and subsequently by
triggering adaptive immunity. Liposome formulations in-
crease potency and reduce toxicity; they are suitable delivery
carriers for nanovaccines since they could entrap somewhat
significant amounts of antigen payload and could be used to
overcome the reduced immunogenicity of subunit vaccines.
Besides, liposomes are composed of unsaturated and satu-
rated lipids, which prompt Th2 and Thl cell-mediated
immune responses. The unique feature of liposomes is the
association of liposomal size with immune reactions. In
general, 100 nm liposomes induce the activation of Th2 cell-
mediated reactions and higher interferon y (IFN-y) levels
and IgG2a/IgGl ratios compared to liposomes with 400 nm
size or more, inducing the activation of Thl cell-mediated
reactions [101, 102].

OVA-encapsulated galactosylated liposomes as delivery
carriers considerably elicit higher levels of IgA and IgG
antibodies after mucosal administration. Various types of
liposomes include conventional liposomes, surface-modified
liposomes, immunoliposomes, cationic liposomes, bilo-
somes, virosomes, niosomes, and pH-sensitive fusogenic
liposomes. Conventional liposomes are a weak nanovaccine
delivery system because of the drawback of instability in
plasma. Immunoliposomes with surface-linked antibodies
make it possible to present encapsulated vaccines to the
target immune cells. Cationic liposomes are composed of
cationic lipids. The interaction between positively charged
liposomes and negatively charged APCs membranes causes
liposomes to be more readily taken up by cells and allows a
long-term antigen uptake by augmenting the contact be-
tween ligands and liposomes surface. This phenomenon is
considered one of the advantages of using cationic liposomes
as vaccine carriers. Many studies have reported that cationic
liposomes induce more durable antigen-specific immune
responses than other liposomes. Cationic liposomes elicit
cytokine production and upregulate DCs surface markers
expression. The cationic liposomes as nanocarriers have
been shown to boost Thl and TH17-mediated immune
responses. They process antigen via antigen presentation
pathway MHC class I and endocytic escape property. In-
duced secretion of cytokines by cationic liposomes has also
been reported to increase inflammatory responses [101].

In a study, the impact of liposomes charge on the effi-
ciency and depot effect of vaccines was evaluated after in-
tramuscular administration. In this study, Ag85B-ESAT-6
and CTHI1 protein antigens were encapsulated in liposomes
for M. tuberculosis (TB disease) and Chlamydia. Cationic
liposomes allowed long-term trapping of antigens by APCs
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compared to neutral ones. They also elicited Th17 (IL-17)
mediated responses and CD4+ T mediated coexpression of
IFN-y and TNF-qa, leading to a remarkable decline in in-
fection [102].

Cationic liposomes provoke Thl (IFN-y) and Th17 (IL-
17) mediated immunity. pH-sensitive fusogenic liposomes
are stable at pH 7.4 with the ability to fuse their membranes
with APCs membranes. They initiate to mix the lipids of
both membranes, transport the antigens directly into the
cells” cytosols via MHC-I presentation pathway, and begin
intracellular processes. These nanoparticles could protect
entrapped antigens against the extracellular environment
[103]. Watarai et al. found immune responses in chickens
after intraocular administration of 3-methylglutarylated
poly (glycidol) (MGIuPG)-modified pH-sensitive fusogenic
polymer liposomes coupled with Salmonella enteritidis an-
tigen. In this study, a remarkable antigen-specific preventive
immunity was found in the chicken sera and intestines [104].
Bilosomes are nonionic surfactant vesicles for oral immu-
nization, which could incorporate bile salts in their for-
mulation. Bilosomes used as adjuvants increase
immunogenicity significantly. Bilosomes formulations could
substantially increase the amount of antigen presented to the
Peyer’s patches and mesenteric LNs and elicit a long-lasting
immunity against fatal diseases compared to free antigen. A
study showed that bilosomes could become constant anti-
gens of tetanus toxoid (TT), diphtheria toxoid [105]. An
optimized bilosome formulation was shown to promote
antigen uptake in the Peyer’s patches. The results showed
that bilosomes as adjuvants significantly increased immu-
nogenicity through drug delivery, for example, bovine serum
albumin (BSA) and cholera toxin subunit B [106].

Niosomes are surfactant-based vesicles similar to li-
posomes, which possess nonionic amphiphiles into closed
bilayers, promoting the effectiveness of vaccines with a
constant and higher stimulatory effect on antibodies and
lymphoid cells. It has been reported that the use of li-
popolysaccharides (LPS) into PLGA NPs loaded with
antigen increases LPS-induced NALP3 inflammasome.
They also lead to Caspase 1 activation to improve
proinflammatory cytokine IL-18 secretion [107]. In some
studies, chitosan NPs have been presented to enhance
neutrophils and macrophages’ performance and elicit
cytokine secretion [70]. A study showed that the inter-
action of amorphous silica NPs with endothelial cells
causes monocytes to adhere to endothelial cells, beginning
with inflammatory processes [108]. Babin et al. concluded
that TiO, induced the degranulation of neutrophils and
subsequently the secretion of various proteins [109]. A
study demonstrated that rapamycin (RPM)-loaded PLGA
NPs reduced the expression of ICAM-1 (intercellular
adhesion molecule 1) in dendritic cells. This nanoparticle
displayed an immunosuppressive response in the body
[110]. DNA-based chitosan nanovaccines were shown to
significantly induce immunologic effects such as Thl
reactions and CTL (Cytotoxic T lymphocyte)-mediated
immune responses in mice (Mtb H37Rv) with
M. tuberculosis [22]. Wang et al. showed that oral ad-
ministration of BSA-loaded carbon NPs significantly
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induced mucosal IgA antibody reactions and Th1 and Th2
mediated reactions [111]. A review study showed that
metallic NPs as adjuvants induced cellular immune re-
sponses, especially Th1 and Th17 [112]. The use of outer
membranes of E. coli and gold NPs (BM-AuNPs) was also
shown to significantly induce specific T-cell responses
(Th1 and Th17) and higher production of IFN-y and IL-17
against bacterial infection [71].

These nanoparticles generate immune responses through
activating immune cells (such as THI1 and TH2) and in-
ducing cellular responses, as well as through inducing the
production of antibodies (such as IgA and IgG) and in-
ducing antibody responses; however, their mechanisms are
different depending on the formulation and method of
nanoparticles release.

4. Conclusion

In the last decades, nanovaccine has been shown to play an
important role in promoting human physical abilities by
interacting with the immune system components in dif-
ferent ways; however, these interactions are not well
understood. Studies have shown that the possibility of
interaction between NPs and different components of the
immune system is very high. These interplays could ac-
tivate or disrupt the performance of the immune system or
may lead to unpredictable alterations in the function of
various immune cells. It has been well documented that
NPs properties (size, shape, hydrophobicity, and surface
charge), the type of nanovaccine, and the route of ad-
ministration are important factors that significantly affect
the interaction between NPs and immune cells and the
type of immune responses elicited against bacterial in-
fections. Therefore, more research is recommended to be
performed to know other important parameters, the ways
NPs interplay with the immune system, and how to de-
velop novel approaches for enhancing the efficacy and
safety of vaccination. New strategies are urgently needed
to struggle with bacterial infections in developing
countries, from evolution to immunity. Limited appli-
cations of existing therapeutic methods and the evolution
of coinfections and resistant pathogens highlight the need
for advanced vaccination strategies. These problems could
be eliminated by designing and engineering new vaccines.
Future research should focus on determining the mech-
anisms and the ways NPs interact with various compo-
nents of the immune system. Herein, nanoparticles’
characteristics affecting their interactions with the im-
mune system were discussed, especially against bacterial
diseases. Obtaining new information about the interplay
between NPs and the immune system makes it possible to
design novel vaccines with the ability to efficiently
modulate immune responses.

Conflicts of Interest

The authors declare that they have no conflicts of interest.



12

Authors’ Contributions

SB-J and BB drafted the manuscript. SB-J and BB con-
tributed to data interpretation. SB-J and BB discussed and
revised the manuscript. All authors reviewed the manu-
script. All authors read and approved the final manuscript.

Acknowledgments

The authors thank all of the authors of the studies included
in our metanalysis. This work was supported by the Research
Council of Tarbiat Modares University.

References

[1] L. Zhao, A. Seth, N. Wibowo, and C.-X. Zhao, “Nanoparticle
vaccines,” Vaccine, vol. 32, no. 3, pp. 327-337, 2014.

[2] J. A. Langermans, T. M. Doherty, R. A. W. Vervenne,
T. van der Laan, and K. Lyashchenko, “Protection of ma-
caques against Mycobacterium tuberculosis infection by a
subunit vaccine based on a fusion protein of antigen 85B and
ESAT-6,” Vaccine, vol. 23, no. 21, pp. 2740-2750, 2005.

[3] A. Vartak and S. J. Sucheck, “Recent advances in subunit
vaccine carriers,” Vaccines, vol. 4, no. 2, p. 12, 2016.

[4] B. S. Sekhon and V. Saluja, “Nanovaccines-an overview,”
International Journal of Pharmaceutics, vol. 1, no. 1,
pp. 101-109, 2011.

[5] R. Pati, M. Shevtsov, and A. Sonawane, “Nanoparticle
vaccines against infectious diseases,” Frontiers in Immu-
nology, vol. 9, p. 2224, 2018.

[6] Y. Liu, J. Hardie, X. Zhang, and V. M. Rotello, “Effects of
engineered nanoparticles on the innate immune system,”
Seminars in Immunology, vol. 34, pp. 25-32, 2017.

[7] S. M. Gheibi Hayat and M. Darroudi, “Nanovaccine: a novel
approach in immunization,” Journal of Cellular Physiology,
vol. 234, no. 8, pp. 12530-12536, 2019.

[8] J. Correia-Pinto, N. Csaba, and M. Alonso, “Vaccine delivery
carriers: insights and future perspectives,” International
Journal of Pharmaceutics, vol. 440, no. 1, pp. 27-38, 2013.

[9] H. K. Yadav, M. Dibi, A. Mohammad, and A. E. Srouji,
“Nanovaccines formulation and applications-a review,”
Journal of Drug Delivery Science and Technology, vol. 44,
pp. 380-387, 2018.

[10] L. Zhao, A. Seth, N. Wibowo et al., “Nanoparticle vaccines,”
Vaccine, vol. 32, no. 3, pp. 327-337, 2013.

[11] S.Lee, M. S.Kim, D. Lee, T. K. Kwon, D. Khang, and H. Yun,
“The comparative immunotoxicity of mesoporous silica
nanoparticles and colloidal silica nanoparticles in mice,”
International Journal of Nanomedicine, vol. 8, pp. 147-158,
2013.

[12] M. A. Dobrovolskaia, P. Aggarwal, J. B. Hall, and
S. E. McNeil, “Preclinical studies to understand nanoparticle
interaction with the immune system and its potential effects
on nanoparticle biodistribution,” Molecular Pharmaceutics,
vol. 5, no. 4, pp. 487-495, 2008.

[13] C. Salvador-Morales, E. Flahaut, E. Sim, J. Sloan, M. Hgreen,
and R. B. Sim, “Complement activation and protein ad-
sorption by carbon nanotubes,” Molecular Immunology,
vol. 43, no. 3, pp. 193-201, 2006.

[14] P. Bhardwaj, E. Bhatia, S. Sharma, N. Ahamad, and
R. Banerjee, “Advancements in prophylactic and therapeutic
nanovaccines,” Acta Biomaterialia, vol. 108, pp. 1-21, 2020.

Journal of Nanotechnology

[15] B. S. Zolnik, A. Gonzilez-Ferniandez, N. Sadrieh, and
M. A. Dobrovolskaia, “Minireview: nanoparticles and the
immune system,” Endocrinology, vol. 151, no. 2, pp. 458-465,
2010.

[16] A.U. Bielinska, J. J. O’Konek, K. W. Janczak, and J. R. Baker
Jr., “Immunomodulation of TH2 biased immunity with
mucosal administration of nanoemulsion adjuvant,” Vac-
cine, vol. 34, no. 34, pp. 4017-4024, 2016.

[17] M. Zaman, M. F. Good, and I. Toth, “Nanovaccines and their
mode of action,” Methods, vol. 60, no. 3, pp. 226-231, 2013.

[18] A. A. Shvedova, . P. Fabisiak, E. R. Kisin et al., “Sequential
exposure to carbon nanotubes and bacteria enhances pul-
monary inflammation and infectivity,” American Journal of
Respiratory Cell and Molecular Biology, vol. 38, no. 5,
pp. 579-590, 2008.

[19] X. Wei, D. Ran, A. Campeau et al., “Multiantigenic nano-
toxoids for antivirulence vaccination against antibiotic-re-
sistant gram-negative bacteria,” Nano Letters, vol. 19, no. 7,
pp. 4760-4769, 2019.

[20] D. Dhanasooraj, R. A. Kumar, and S. Mundayoor, “Vaccine
delivery system for tuberculosis based on nano-sized hep-
atitis B virus core protein particles,” International Journal of
Nanomedicine, vol. 8, pp. 835-843, 2013.

[21] S. Kumar, A. C. Anselmo, A. Banerjee, M. Zakrewsky, and
S. Mitragotri, “Shape and size-dependent immune response
to antigen-carrying nanoparticles,” Journal of Controlled
Release, vol. 220, pp. 141-148, 2015.

[22] G.Feng, Q. Jiang, M. Xia et al., “Enhanced immune response
and protective effects of nano-chitosan-based DNA vaccine
encoding T cell epitopes of Esat-6 and FL against Myco-
bacterium tuberculosis infection,” PLoS One, vol. 8, no. 4,
Article ID e61135, 2013.

[23] 1. Das, A. Padhi, S. Mukherjee, D. P. Dash, S. Kar, and
A. Sonawane, “Biocompatible chitosan nanoparticles as an
efficient delivery vehicle for Mycobacterium tuberculosis
lipids to induce potent cytokines and antibody response
through activation of y§ T cells in mice,” Nanotechnology,
vol. 28, no. 16, Article ID 165101, 2017.

[24] M. Bivas-Benita, K. E. van Meijgaarden, K. L. Franken et al.,
“Pulmonary delivery of chitosan-DNA nanoparticles en-
hances the immunogenicity of a DNA vaccine encoding
HLA-A # 0201-restricted T-cell epitopes of Mycobacterium
tuberculosis,” Vaccine, vol. 22, no. 13-14, pp. 1609-1615,
2004.

[25] M. Fasihi-Ramandi, H. Ghobadi-Ghadikolaee, S. Ahmadi-
Renani, and K. Ahmadi, “Serum anti-vibrio cholerae im-
munoglobulin isotype in BALB/c mice immunized with
ompW-loaded chitosan,” International Journal of Enteric
Pathogens, pp. 1-6. In press, 2016.

[26] M. Fasihi-Ramandi, H. Ghobadi-Ghadikolaee, S. Ahmadi-
Renani, R. A. Taheri, and K. Ahmadi, “Vibrio cholerae li-
popolysaccharide loaded chitosan nanoparticle could save
life by induction of specific immunoglobulin isotype,” Ar-
tificial Cells, Nanomedicine, and Biotechnology, vol. 46, no. 1,
pp. 56-61, 2018.

[27] F. Gilavand, A. Marzban, G. Ebrahimipour, N. Soleimani,
and M. Goudarzi, “Designation of chitosan nano-vaccine
based on MxiH antigen of Shigella flexneri with increased
immunization capacity,” Carbohydrate Polymers, vol. 232,
Article ID 115813, 2020.

[28] J. Khanifar, R. H. Hosseini, R. Kazemi, M. F. Ramandi,
J. Amani, and A. H. Salmanian, “Prevention of EHEC in-
fection by chitosan nano-structure coupled with synthetic



Journal of Nanotechnology

(30]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

recombinant antigen,” Journal of Microbiological Methods,
vol. 157, pp. 100-107, 2019.

J. Khanifar, A. H. Salmanian, R. Haji Hosseini, J. Amani, and
R. Kazemi, “Chitosan nano-structure loaded with
recombinant E. coli O157: H7 antigens as a vaccine candidate
can effectively increase immunization capacity,” Artificial
Cells, Nanomedicine, and Biotechnology, vol. 47, no. 1,
pp. 2593-2604, 2019

A. Alzubaidi and Z. Alkozai, “Immunogenic properties of
outer membrane protein of Acinetobacter baumannii that
loaded on chitosan nanoparticles,” American Journal of
BioMedicine, vol. 3, no. 2, pp. 59-74, 2015.

J.-l. Huang, Y. X. Yin, Z. Pan et al., “Intranasal immunization
with chitosan/pCAGGS-flaA nanoparticles inhibits Cam-
pylobacter jejuni in a white leghorn model,” Journal of
Biomedicine and Biotechnology, vol. 1, p. 8, 2010.

S. Renu, Y. Han, S. Dhakal et al., “Chitosan-adjuvanted
Salmonella subunit nanoparticle vaccine for poultry deliv-
ered through drinking water and feed,” Carbohydrate
Polymers, vol. 243, Article ID 116434, 2020.

Y. Han, S. Renu, V. Patil et al,, “Immune response to Sal-
monella Enteritidis infection in broilers immunized orally
with chitosan-based Salmonella subunit nanoparticle vac-
cine,” Frontiers in Immunology, vol. 11, p. 935, 2020.

C. D. Cambridge, S. R. Singh, A. B. Waffo, S. J. Fairley,
V. A.Dennis, and V. Dennis, “Formulation, characterization,
and expression of a recombinant MOMP Chlamydia tra-
chomatis DNA vaccine encapsulated in chitosan nano-
particles,” International Journal of Nanomedicine, vol. 8,
pp. 1759-1771, 2013.

A. Vila, A. Sanchez, K. Janes et al., “Low molecular weight
chitosan nanoparticles as new carriers for nasal vaccine
delivery in mice,” European Journal of Pharmaceutics and
Biopharmaceutics, vol. 57, no. 1, pp. 123-131, 2004.

S. J. Fairley, S. R. Singh, A. N. Yilma et al., “Chlamydia
trachomatis recombinant MOMP encapsulated in PLGA
nanoparticles triggers primarily T helper 1 cellular and
antibody immune responses in mice: a desirable candidate
nanovaccine,” International Journal of Nanomedicine, vol. 8,
pp. 2085-2099, 2013

N. Marasini, Z. G. Khalil, A. K. Giddam et al., “Lipid core
peptide/poly (lactic-co-glycolic acid) as a highly potent in-
tranasal vaccine delivery system against group A strepto-
coccus,” International Journal of Pharmaceutics, vol. 513,
no. 1-2, pp. 410-420, 2016

L. Safari Zanjani, R. Shapoury, M. Dezfulian, M. Mahdavi,
and M. Shafieeardestani, “Protective potential of conjugated
P. aeruginosa LPS-PLGA nanoparticles in mice as a nano-
vaccine,” Iranian Journal of Immunology, vol. 17, no. 1,
pp. 75-86, 2020.

M. Manish, A. Rahi, M. Kaur, R. Bhatnagar, and S. Singh, “A
single-dose PLGA encapsulated protective antigen domain 4
nanoformulation protects mice against Bacillus anthracis
spore challenge,” PLoS One, vol. 8, no. 4, Article ID e61885,
2013.

M. Maleki, M. Salouti, M. Shafiee Ardestani, and
A. Talebzadeh, “Preparation of a nanovaccine against Bru-
cella melitensis M16 based on PLGA nanoparticles and
oligopolysaccharide antigen,” Artificial Cells, Nanomedicine,
and Biotechnology, vol. 47, no. 1, pp. 4248-4256, 2019.

L. Safari Zanjani, R. Shapouri, M. Dezfulian, M. Mahdavi,
and M. Shafiee Ardestani, “Exotoxin A-PLGA nano-
conjugate vaccine against Pseudomonas aeruginosa infection:

(42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

13

protectivity in murine model,” World Journal of Microbi-
ology and Biotechnology, vol. 35, no. 6, p. 94, 2019.

D. Singh, V. K. Somani, S. Aggarwal, and R. Bhatnagar,
“PLGA (85: 15) nanoparticle based delivery of rL7/L12 ri-
bosomal protein in mice protects against Brucella abortus
544 infection: a promising alternate to traditional adjuvants,”
Molecular Immunology, vol. 68, no. 2, pp. 272-279, 2015.
P. E. Makidon, J. Knowlton, J. V. Groom et al., “Induction of
immune response to the 17 kDa OMPA Burkholderia cen-
ocepacia polypeptide and protection against pulmonary
infection in mice after nasal vaccination with an OMP
nanoemulsion-based vaccine,” Medical Microbiology and
Immunology, vol. 199, no. 2, pp. 81-92, 2010.

A. U. Bielinska, K. W. Janczak, J. J. Landers et al., “Mucosal
immunization with a novel nanoemulsion-based recombi-
nant anthrax protective antigen vaccine protects against
Bacillus anthracis spore challenge,” Infection and Immunity,
vol. 75, no. 8, pp. 4020-4029, 2007.

N. Marasini, A. K. Giddam, K. A. Ghaffar et al., “Multilayer
engineered nanoliposomes as a novel tool for oral delivery of
lipopeptide-based vaccines against group A streptococcus,”
Nanomedicine, vol. 11, no. 10, pp. 1223-1236, 2016.

W. Zhao, W. Wu, and X. Xu, “Oral vaccination with lipo-
some-encapsulated recombinant fusion peptide of urease B
epitope and cholera toxin B subunit affords prophylactic and
therapeutic effects against H. pylori infection in BALB/c
mice,” Vaccine, vol. 25, no. 44, pp. 7664-7673, 2007.

K. Yaguchi, T. Ohgitani, T. Noro, T. Kaneshige, and
Y. Shimizu, “Vaccination of chickens with liposomal inac-
tivated avian pathogenic Escherichia coli (APEC) vaccine by
eye drop or coarse spray administration,” Avian Diseases,
vol. 53, no. 2, pp- 245-249, 2009.

K. A. Ghaffar, N. Marasini, A. K. Giddam et al., “Liposome-
based intranasal delivery of lipopeptide vaccine candidates
against group A streptococcus,” Acta Biomaterialia, vol. 41,
pp. 161-168, 2016.

M. E. Baca-Estrada, M. Foldvari, M. Snider et al., “Intranasal
immunization with liposome-formulated Yersinia pestis
vaccine enhances mucosal immune responses,” Vaccine,
vol. 18, no. 21, pp. 2203-2211, 2000.

J. I Sanchez-Villamil, D. Tapia, and A. G. Torres, “Devel-
opment of a gold nanoparticle vaccine against enter-
ohemorrhagic Escherichia coli O157: H7,” mBio, vol. 10,
no. 4, Article ID e01869-19, 2019.

L. A. Dykman, O. A. Volokh, E. M. Kuznetsova, and
A. K. Nikiforov, “Immunogenicity of conjugates of protec-
tive antigen complexes of tularemia microbe with gold
nanoparticles,” Nanotechnologies in Russia, vol. 13, no. 7-8,
pp. 384-392, 2018.

S. A. Ngugi, V. V. Ventura, O. Qazi et al., “Lipopolysac-
charide from Burkholderia thailandensis E264 provides
protection in a murine model of melioidosis,” Vaccine,
vol. 28, no. 47, pp. 7551-7555, 2010.

V. Pokharkar, D. Bhumkar, K. Suresh, Y. Shinde, S. Gairola,
and S. S. Jadhav, “Gold nanoparticles as a potential carrier for
transmucosal vaccine delivery,” Journal of Biomedical
Nanotechnology, vol. 7, no. 1, pp. 57-59, 2011.

R. A. Rabiee, F. Ebrahimi, and T. M. Arefpour, “Study of
adjuvant capability of the gold nanoparticles on the im-
munity of botulinum neurotoxin serotype E in mouse,”
Journal of Advanced Defence Science and Technology, vol. 4,
no. 12, pp. 87-92, 2013.

F. Dakterzada, A. Mohabati Mobarez, M. Habibi Roudkenar,
and A. Mohsenifar, “Induction of humoral immune response



14

(56]

(57]

(61]

(62]

(67]

(68]

(69]

(70]

against Pseudomonas aeruginosa flagellin (1-161) using gold
nanoparticles as an adjuvant,” Vaccine, vol. 34, no. 12,
pp. 1472-1479, 2016.

G. Chen, Y. Bai, Z. Li, F. Wang, X. Fan, and X. Zhou,
“Bacterial  extracellular vesicle-coated —multi-antigenic
nanovaccines protect against drug-resistant Staphylococcus
aureus infection by modulating antigen processing and
presentation pathways,” Theranostics, vol. 10, no. 16,
pp. 7131-7149, 2020.

A. Karimi Bavandpour, B. Bakhshi, and S. Najar-Peerayeh,
“The roles of mesoporous silica and carbon nanoparticles in
antigen stability and intensity of immune response against
recombinant subunit B of cholera toxin in a rabbit animal
model,” International Journal of Pharmaceutics, vol. 573,
Article ID 118868, 2020.

A. Thukral, K. Ross, C. Hansen et al., “A single dose poly-
anhydride-based nanovaccine against paratuberculosis in-
fection,” NPJ Vaccines, vol. 5, no. 1, pp. 15-10, 2020.

S. Renu, A. D. Markazi, S. Dhakal et al., “Surface engineered
polyanhydride-based oral Salmonella subunit nanovaccine
for poultry,” International Journal of Nanomedicine, vol. 13,
pp. 8195-8215, 2018.

S. L. Haughney, L. K. Petersen, A. D. Schoofs et al., “Re-
tention of structure, antigenicity, and biological function of
pneumococcal surface protein A (PspA) released from
polyanhydride nanoparticles,” Acta Biomaterialia, vol. 9,
no. 9, pp. 8262-8271, 2013.

A. Albanese, P. S. Tang, and W. C. Chan, “The effect of
nanoparticle size, shape, and surface chemistry on biological
systems,” Annual Review of Biomedical Engineering, vol. 14,
pp. 1-16, 2012.

P. L. Mottram, D. Leong, B. Crimeen-Irwin et al., “Type 1
and 2 immunity following vaccination is influenced by
nanoparticle size: formulation of a model vaccine for re-
spiratory syncytial virus,” Molecular Pharmaceutics, vol. 4,
no. 1, pp. 73-84, 2007.

J. Wendorf, J. Chesko, J. Kazzaz et al., “A comparison of
anionic nanoparticles and microparticles as vaccine delivery
systems,” Human Vaccines, vol. 4, no. 1, pp. 44-49, 2008.
J. F. Mann, E. Shakir, K. C. Carter, A. B. Mullen, J. Alexander,
and V. A. Ferro, “Lipid vesicle size of an oral influenza
vaccine delivery vehicle influences the Th1/Th2 bias in the
immune response and protection against infection,” Vaccine,
vol. 27, no. 27, pp. 3643-3649, 2009.

K. Niikura, T. Matsunaga, T. Suzuki et al., “Gold nano-
particles as a vaccine platform: influence of size and shape on
immunological responses in vitro and in vivo,” ACS Nano,
vol. 7, no. 5, pp- 3926-3938, 2013.

W. Jiang, B. Y. S. Kim, J. T. Rutka, and W. C. W. Chan,
“Nanoparticle-mediated cellular response is size-depen-
dent,” Nature Nanotechnology, vol. 3, no. 3, pp. 145-150,
2008.

Y. Pan, S. Neuss, A. Leifert et al., “Size-dependent cyto-
toxicity of gold nanoparticles,” Small, vol. 3, no. 11,
pp. 1941-1949, 2007.

S. Zhang, J. Li, G. Lykotrafitis, G. Bao, and S. Suresh, “Size-
dependent endocytosis of nanoparticles,” Advanced Mate-
rials, vol. 21, no. 4, pp. 419-424, 2009.

A. Elbakry, E. C. Wurster, A. Zaky et al.,, “Layer-by-layer
coated gold nanoparticles: size-dependent delivery of DNA
into cells,” Small, vol. 8, no. 24, pp. 3847-3856, 2012.

O. Gamucci, A. Bertero, M. Gagliardi, and G. Bardi, “Bio-
medical nanoparticles: overview of their surface immune-
compatibility,” Coatings, vol. 4, no. 1, pp. 139-159, 2014.

(71]

(72]

(73]

(74]

(75]

(76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Journal of Nanotechnology

W. Gao, R. H. Fang, S. Thamphiwatana et al., “Modulating
antibacterial immunity via bacterial membrane-coated
nanoparticles,” Nano Letters, vol. 15, no. 2, pp. 1403-1409,
2015.

E. Frohlich, “The role of surface charge in cellular uptake and
cytotoxicity of medical nanoparticles,” International Journal
of Nanomedicine, vol. 7, pp. 5577-5591, 2012.

K. M. de la Harpe, P. P. Kondiah, Y. E. Choonara,
T. Marimuthu, L. C. du Toit, and V. Pillay, “The hemo-
compatibility of nanoparticles: a review of cell-nanoparticle
interactions and hemostasis,” Cells, vol. 8, no. 10, p. 1209,
2019.

M. Elsabahy and K. L. Wooley, “Cytokines as biomarkers of
nanoparticle immunotoxicity,” Chemical Society Reviews,
vol. 42, no. 12, pp. 5552-5576, 2013.

M. A. Dobrovolskaia and S. E. McNeil, “Immunological
properties of engineered nanomaterials,” Nature Nano-
technology, vol. 2, no. 8, pp. 469-478, 2007.

H.J. Yen, S. h. Hsu, and C. L. Tsai, “Cytotoxicity and im-
munological response of gold and silver nanoparticles of
different sizes,” Small, vol. 5, no. 13, pp. 1553-1561, 2009.
C. A. Fromen, G. R. Robbins, T. W. Shen, M. P. Kai,
J. P. Y. Ting, and J. M. DeSimone, “Controlled analysis of
nanoparticle charge on mucosal and systemic antibody re-
sponses following pulmonary immunization,” Proceedings of
the National Academy of Sciences, vol. 112, no. 2, pp. 488-
493, 2015.

A. Kohli and H. Alpar, “Potential use of nanoparticles for
transcutaneous vaccine delivery: effect of particle size and
charge,” International Journal of Pharmaceutics, vol. 275,
no. 1-2, pp. 13-17, 2004.

P. Lung, J. Yang, and Q. Li, “Nanoparticle formulated
vaccines: opportunities and challenges,” Nanoscale, vol. 12,
no. 10, pp. 5746-5763, 2020.

M. Bartneck, H. A. Keul, S. Singh et al., “Rapid uptake of gold
nanorods by primary human blood phagocytes and im-
munomodulatory effects of surface chemistry,” ACS Nano,
vol. 4, no. 6, pp. 3073-3086, 2010.

D. R. Getts, L. D. Shea, S. D. Miller, and N. J. King, “Har-
nessing nanoparticles for immune modulation,” Trends in
Immunology, vol. 36, no. 7, pp. 419-427, 2015.

D. F. Moyano, M. Goldsmith, D. J. Solfiell et al., “Nano-
particle hydrophobicity dictates immune response,” Journal
of the American Chemical Society, vol. 134, no. 9,
pp. 3965-3967, 2012.

Y. Liu, Y. Yin, L. Wang et al., “Surface hydrophobicity of
microparticles modulates adjuvanticity,” Journal of Materials
Chemistry B, vol. 1, no. 32, pp. 3888-3896, 2013.

B. B. Manshian, D. F. Moyano, N. Corthout et al., “High-
content imaging and gene expression analysis to study
cell-nanomaterial interactions: the effect of surface hydro-
phobicity,” Biomaterials, vol. 35, no. 37, pp. 9941-9950, 2014.
S.-j. Cao, S. Xu, H. Wang et al., “Nanoparticles: oral delivery
for protein and peptide drugs,” American Association of
Pharmaceutical Scientists, vol. 20, no. 5, p. 190, 2019.

M. O. Oyewumi, A. Kumar, and Z. Cui, “Nano-micropar-
ticles as immune adjuvants: correlating particle sizes and the
resultant immune responses,” Expert Review of Vaccines,
vol. 9, no. 9, pp. 1095-1107, 2010.

R.J. Nevagi, Z. G. Khalil, W. M. Hussein et al., “Polyglutamic
acid-trimethyl chitosan-based intranasal peptide nano-vac-
cine induces potent immune responses against group A
streptococcus,” Acta Biomaterialia, vol. 80, pp. 278-287,
2018.



Journal of Nanotechnology

(88]

(89]

[91]

(98]

[100]

[101]

[102]

C. Bharti, N. Gulati, U. Nagaich, and A. Pal, “Mesoporous
silica nanoparticles in target drug delivery system: a review,”
International Journal of Pharmaceutical Investigation, vol. 5,
no. 3, p. 124, 2015.

D. Mohanan, B. Slutter, M. Henriksen-Lacey et al., “Ad-
ministration routes affect the quality of immune responses: a
cross-sectional evaluation of particulate antigen-delivery
systems,” Journal of Controlled Release, vol. 147, no. 3,
pp. 342-349, 2010.

T. Allen, C. Hansen, and L. Guo, “Subcutaneous adminis-
tration of liposomes: a comparison with the intravenous and
intraperitoneal routes of injection,” Biochimica et Biophysica
Acta (BBA)-Biomembranes, vol. 1150, no. 1, pp. 9-16, 1993.
W. Auttachoat, C. E. McLoughlin, K. L. White Jr., and
M. J. Smith, “Route-dependent systemic and local immune
effects following exposure to solutions prepared from tita-
nium dioxide nanoparticles,” Journal of Immunotoxicology,
vol. 11, no. 3, pp. 273-282, 2014.

K. Williams, J. Milner, M. D. Boudreau, K. Gokulan,
C. E. Cerniglia, and S. Khare, “Effects of subchronic exposure
of silver nanoparticles on intestinal microbiota and gut-as-
sociated immune responses in the ileum of Sprague-Dawley
rats,” Nanotoxicology, vol. 9, no. 3, pp. 279-289, 2015.

B. Semete, L. Booysen, L. Kalombo et al., “In vivo uptake and
acute immune response to orally administered chitosan and
PEG coated PLGA nanoparticles,” Toxicology and Applied
Pharmacology, vol. 249, no. 2, pp. 158-165, 2010.

F. Sarti, G. Perera, F. Hintzen et al., “In vivo evidence of oral
vaccination with PLGA nanoparticles containing the
immunostimulant monophosphoryl lipid A,” Biomaterials,
vol. 32, no. 16, pp. 4052-4057, 2011.

A. Vila, A. Sanchez, C. Evora, 1. Soriano, J. Vila Jato, and
M. Alonso, “PEG-PLA nanoparticles as carriers for nasal
vaccine delivery,” Journal of Aerosol Medicine, vol. 17, no. 2,
pp. 174-185, 2004.

T. Jung, W. Kamm, A. Breitenbach, K.-D. Hungerer,
E. Hundt, and T. Kissel, “Tetanus toxoid loaded nano-
particles from sulfobutylated poly (vinyl alcohol)-graft-poly
(lactide-co-glycolide): evaluation of antibody response after
oral and nasal application in mice,” Pharmaceutical Research,
vol. 18, no. 3, pp. 352-360, 2001.

R.J. Vandebriel, E. C. Tonk, L. ]. de la Fonteyne-Blankestijn
et al., “Immunotoxicity of silver nanoparticles in an intra-
venous 28-day repeated-dose toxicity study in rats,” Particle
and Fibre Toxicology, vol. 11, no. 1, p. 21, 2014.

M. A. Conway, L. Madrigal-Estebas, S. McClean,
D.J. Brayden, and K. H. Mills, “Protection against Bordetella
pertussis infection following parenteral or oral immuniza-
tion with antigens entrapped in biodegradable particles:
effect of formulation and route of immunization on in-
duction of Thl and Th2 cells,” Vaccine, vol. 19, no. 15-16,
pp. 1940-1950, 2001.

F. Li, Y. Chen, S. Liu et al., “The effect of size, dose, and
administration route on zein nanoparticle immunogenicity
in BALB/c mice,” International Journal of Nanomedicine,
vol. 14, pp. 9917-9928, 2019.

T. Nandedkar, “Nanotechnology a path to nanovaccine,”
International Journal of Pharma Bio Sciences, vol. 3, no. 2,
pp. 290-292, 2012.

R. A. Schwendener, “Liposomes as vaccine delivery systems:
a review of the recent advances,” Therapeutic Advances in
Vaccines, vol. 2, no. 6, pp. 159-182, 2014.

K. Ghaffar, A. Giddam, M. Zaman, M. Skwarczynski, and
I. Toth, “Liposomes as nanovaccine delivery systems,”

[103]

[104]

[105]

(106]

[107]

[108]

[109]

[110]

[111]

[112]

15

Current Topics in Medicinal Chemistry, vol. 14, no. 9,
pp. 1194-1208, 2014.

C. G. Kim, Y.-C. Kye, and C.-H. Yun, “The role of nano-
vaccine in cross-presentation of antigen-presenting cells for
the activation of CD8+ T cell responses,” Pharmaceutics,
vol. 11, no. 11, p. 612, 2019.

S. Watarai, T. Iwase, T. Tajima, E. Yuba, K. Kono, and
Y. Sekiya, “Application of pH-sensitive fusogenic polymer-
modified liposomes for development of mucosal vaccines,”
Veterinary Immunology and Immunopathology, vol. 158,
no. 1-2, pp. 62-72, 2014.

S. T. Reddy, A. Rehor, H. G. Schmoekel, J. A. Hubbell, and
M. A. Swartz, “In vivo targeting of dendritic cells in lymph
nodes with poly (propylene sulfide) nanoparticles,” Journal
of Controlled Release, vol. 112, no. 1, pp. 26-34, 2006.

M. N. Uddin, A. Allon, M. A. Roni, and S. Kouzi, “Overview
and future potential of fast dissolving buccal films as drug
delivery system for vaccines,” Journal of Pharmacy ¢
Pharmaceutical Sciences, vol. 22, pp. 388-406, 2019.

S. L. Demento, S. C. Eisenbarth, H. G. Foellmer et al.,
“Inflammasome-activating nanoparticles as modular sys-
tems for optimizing vaccine efficacy,” Vaccine, vol. 27, no. 23,
pp. 3013-3021, 2009.

D. Napierska, R. Quarck, L. C. J. Thomassen et al,
“Amorphous silica nanoparticles promote monocyte adhe-
sion to human endothelial cells: size-dependent effect,”
Small, vol. 9, no. 3, pp. 430-438, 2013.

K. Babin, F. Antoine, D. M. Goncalves, and D. Girard, “TiO,,
CeO, and ZnO nanoparticles and modulation of the de-
granulation process in human neutrophils,” Toxicology
Letters, vol. 221, no. 1, pp. 57-63, 2013.

S. Das, A. Haddadj, S. Veniamin, and J. Samuel, “Delivery of
rapamycin-loaded nanoparticle down regulates ICAM-1
expression and maintains an immunosuppressive profile in
human CD34+ progenitor-derived dendritic cells,” Journal
of Biomedical Materials Research Part A: An Official Journal
of the Society for Biomaterials, vol. 85, no. 4, pp. 983-992,
2008.

T. Wang, M. Zou, H. Jiang, Z. Ji, P. Gao, and G. Cheng,
“Synthesis of a novel kind of carbon nanoparticle with large
mesopores and macropores and its application as an oral
vaccine adjuvant,” European Journal of Pharmaceutical
Sciences, vol. 44, no. 5, pp. 653-659, 2011.

L. M. Marques Neto, A. Kipnis, and A. P. Junqueira-Kipnis,
“Role of metallic nanoparticles in vaccinology: implications
for infectious disease vaccine development,” Frontiers in
Immunology, vol. 8, p. 239, 2017.



