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Abstract

Vaccination programmes provide a safe, effective and cost-efficient strategy for main-
taining population health. In veterinary medicine, vaccination not only reduces disease
within animal populations but also serves to enhance public health by targeting
zoonoses. Nevertheless, for many pathogens, an effective vaccine remains elusive.
Recently, nanovaccines have proved to be successful for various infectious and non-
infectious diseases of animals. These novel technologies, such as virus-like particles,
self-assembling proteins, polymeric nanoparticles, liposomes and virosomes, offer
great potential for solving many of the vaccine production challenges. Their benefits
include low immunotoxicity, antigen stability, enhanced immunogenicity, flexibility sus-
tained release and the ability to evoke both humoral and cellular immune responses.
Nanovaccines are more efficient than traditional vaccines due to ease of control and
plasticity in their physio-chemical properties. They use a highly targeted immunologi-
cal approach which can provide strong and long-lasting immunity. This article reviews
the currently available nanovaccine technology and considers its utility for both infec-
tious diseases and non-infectious diseases such as auto-immunity and cancer. Future
research opportunities and application challenges from bench to clinical usage are also

discussed.
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ing to recent studies (Alghuthaymi et al., 2021; Hu et al., 2020; Ross

et al., 2019; Soliman et al., 2019), nanoparticles have emerged as

Nanotechnology is a new field of science with various applications,
including synthesizing different nanoparticle sizes and structures. In
veterinary medicine, nanotechnology has enabled us to find treat-
ments and develop powerful immune responses against infectious and
non-infectious diseases (Lei & Karim, 2021; Sahoo et al., 2021; Woldea-
manuel et al., 2021). Nanotechnology finds its most notable application
in cancer research, where it is primarily employed to enhance the

detection and treatment of cancerous cells (Yang et al., 2021). Accord-

a promising area of research for combating various types of dis-
eases caused by microorganisms, such as fungi, bacteria and viruses.
Nanoparticles possess unique properties that make them a potential
tool for targeted drug delivery, diagnostic imaging and other thera-
peutic approaches. Nanoscience improves the imaging and diagnosis of
diseases by removing biological restrictions (Tatli Seven et al., 2018).
Various types of nanoparticles in veterinary medicine have been devel-

oped and characterized. Nanoparticles, such as liposomes, emulsions,
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proteasomes, nano-beads, ISCOMs and polymeric biological nanopar-
ticles like exosomes and bacteriophages, are being used to treat both
non-infectious and infectious diseases (Bai et al., 2018; Chariou et al.,
2020; da Silva et al., 2021; Youssef et al., 2019). Nanoparticles are a
powerful option for vaccine commerce due to the inactivity of sur-
face change and the capacity to efficiently co-transfer the adjuvants
(Zaheer et al., 2021). Furthermore, the nano-adjuvants in biological
systems save the goal antigen from decay and improve absorption
by immune intermediates (Sahu et al., 2018). This system leads to
steady immunogenic effects and potentially delivers the antigen repet-
itively (Celis-Giraldo et al.,2021). The size of nanoparticles significantly
impacts their interaction with the immune system and how they are
dispersed throughout the body. Nanoparticles that are smaller than
100 nanometres are readily taken up by dendritic cells (Shi et al., 2017).
The nanoparticles can function as beneficial adjuvants, stimulating
both cellular and humoral immune responses. As a result, the bioma-
terial can circulate more quickly, be more bioavailable, and have their
biological components protected from degradation. In nanovaccines,
regulating adjuvant and antigen size, surface charge, shape, hydropho-
bicity, flexibility and charge density is the key to improving a strong
immune reaction by transferring nanovaccines to the lymphatic vessel.
Polyethylene glycol (PEG) can slow down drug release from cells, which
can increase the circulation time of the drug and help accumulate med-
ication at the site of injury or damage (Prasad, Charmode, et al., 2021).
Biodegradable nanovaccines can enhance slow release, antigen shelf
life, immunogenicity and regular delivery to target cells (Cerbu et al.,
2021). Nano-medication is helpful in the prevention and treatment of
diseases (Suzana Goncalves Carvalho et al., 2020). Nanovaccines are
far more efficient than conventional vaccines, and they can destroy
infectious agents by activating the immune system in the blood and
cells (Facciola et al., 2019). Indeed, the stimulation of the immune
responses can happen by transferring antigens to the immune system
and providing the body with more powerful responses to the primary
pathogen (Bhardwaj et al., 2020; Yadav et al., 2018). Nanoscience appli-
cation in vaccine development has provided a novel method for solving
the past questions. Nanovaccines also can deal with cancer treatment
(Bragazzi, 2019; Ni et al., 2020). Tumour immunotherapy is a new
medicinal way to inhibit tumour metastasis and recognize and kill can-
cer cells, by stimulating the patient’s immune responses ( Asouli et al.,
2023; Kheirollahpour et al., 2020; Prajapati et al., 2022). Within the
field of immuno-oncology, various modalities have emerged as promis-
ing approaches to enhance anti-tumour immune responses. These
include tumour vaccines, chimeric antigen receptor T-Cell adoptive
immunotherapy, and immune checkpoint inhibitors. These modalities
have shown considerable efficacy in preclinical and clinical studies,
offering new hope in the fight against cancer (Billingsley et al., 2020;
Mi et al., 2019). In the past few years, cancer vaccines have proven
to have hopeful therapeutic effects in scientific trials due to their
convenient preparation, high specificity and relatively low cost (Cuz-
zubbo et al., 2021; El-Sayed & Kamel, 2020). The main procedure of
cancer vaccines is triggering and rapid increase of tumour antigen-
specific (CTL), cytotoxic T lymphocytes to destroy tumour tissues
(Chenetal., 2021).

Nanoscience has gained significant attention in the field of veteri-
nary medicine, with particular emphasis on its potential applications in
diagnosis, vaccination and treatment. This article will provide a review
of several Nano-Biotech programs that are focused on advancing

vaccination science in veterinary medicine.

2 | TYPE OF NANOPARTICLES AND THEIR
APPLICATIONS

A nanoparticle is a material with unique properties and a size range of
1-1000 nanometres. Nanoparticles with distinct chemical structures
and physical properties could deliver molecules for their anthelmintic
effects. They could be labelled as follows.

2.1 | Polymeric structures

Generally, polymers are chain-like structures with diverse charac-
teristics. They can be natural polymers like polysaccharides, such
as inulin, chitosan or synthetic, like PEG, other polyanhydrides, and
polyesters (Han et al., 2018). Some synthetic polymers, like aliphatic
polyesters, are environmentally friendly because of their decay charac-
teristics. Moreover, hydrophobic and hydrophilic macromolecules can
be encapsulated in polyester-based polymers. Furthermore, natural
biopolymers demonstrate benefits, such as low toxicity, biodegradabil-
ity, abundance and biocompatibility (Davoodi et al., 2022). The most
common polysaccharides in nano-pharmacology are chitosan, dextran,
agarose, hyaluronic acid and protein polymers, such as albumin, gelatin
or soy (Cordeiro et al., 2015). Until now, chitosan has contributed to
most studies, thanks to its non-immunogenic impacts, great biocom-
patibility and the capacity to combine with other polymers. Due to
these effects, chitosan is one of the most common molecules for cancer
treatment (Chua et al., 2012). Polymeric nanoparticles include natural,
artificial or semi-synthetic polymers, so some challenges for preparing
those structures will be the drug balance or compatibility and inert sub-
stance with the polymers (Guo et al., 2015). Several pure polymers can
improve drug delivery systems, including pectin, carboxymethyl cel-
lulose, alginate, hyaluronic acid, hypromellose phthalate, dextran and
chitosan (Luo et al., 2017). The production technique performs a vital
role in attaining the ideal properties of the nanoparticles, far from the
natural features of polymers (Su et al., 2022). Polymeric nanoparticles
have gained attention recently due to their potential applications in
drug delivery, diagnostics and imaging. Various techniques have been
developed for producing these nanoparticles, including reversed-phase
microemulsion, ionotropic gelation, emulsification solvent evapora-
tion, emulsion polymerization, nanoprecipitation and supercritical fluid
technology (George et al., 2019).

2.2 | Lipid-based nanoparticles

These nanoparticles are primarily created for lipophilic medication

delivery and consist of a solid lipid matrix, surfactant and stabilizer.
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The lipid matrix components include glyceride mixtures, triglycerides
and waxes (Thi et al., 2021). A further benefit of lipid nanoparticles
and liposomes is that most of them are already authorized by European
Medicines Agency and the Food and Drug Administration (Garcia-Pinel
etal.,2019).

221 | Liposomes

Liposomes were presented in the 1970s as drug carriers, and today
they are contained in some EU-approved and USA-formulated medica-
tions to decrease the harmful impacts of powerful medicines (Samimi
et al., 2019). Liposomes are the most broadly defined nanoparticles in
literature for veterinary applications. They are nanostructures shaped
through double lipid layers composed of phospholipids (Ickenstein
& Garidel, 2019). These nanoparticles offer numerous advantages,
including their ability to interact with both water-soluble and lipid-
soluble medications, their ability to be regulated by electric charge,
their size range of 25-1000 nm and their capacity for functionalization
(Kumar, 2019). Bangham & Horne (1964) defined these nanoparticles.
Since then, numerous research with this nanodevice has been devel-
oped, displaying promise in multiple areas, like veterinary medicine.
Nevertheless, several problems limit their use, like drug leakage,
stability and upscaling (Ahmad et al., 2021).

2.2.2 | Solid lipid nanoparticles (SLN)

As an alternative to liposomes, solid lipid nanoparticles (SLN) appeared
after 1990 (size levels 50-1000 nm). SLN may be controlled through
all application methods; their manufacturing usually distributes nat-
ural liquids and is readily useful (Wang & Luo, 2019). Furthermore,
biodegradable solid lipids can be utilized to form SLN, which is
supported by surfactants to maintain stability. Therefore, the SLN
nanoparticle technology is an innovative approach for creating NE (oil-
in-water) formulations by replacing the liquid lipid with a solid form,
resulting in even greater stability (Wang et al., 2021). Hence, it is
possible to regulate the release and balance of the system under envi-
ronmentally harmful situations. SLNs demonstrate several benefits,
such as the capacity for parenteral routes, excellent stability, release
control, specific targeting, and the physical safety of easily destroy-
able drugs (Geszke-Moritz & Moritz, 2016). On the other hand, some

problems stay, such as drug expulsion and limited medicine loading.

2.2.3 | Nanostructured lipid carriers (NLC)

In the mid-2000s, nanostructured lipid carriers (NLCs) appeared as
enhanced lipid-based carriers to defeat the previous problems of SLN
and liposomes. Nano lipid carriers account for the second-generation
SLN and the third-generation NE (Tang et al., 2018). The biophysical
stability of solid lipids prevents the deactivation of medication and

overcomes issues related to its precursor, such as problems with drug

transportation and storage. Similar to SLN, NLCs are particles with
an aqueous external medium, which is stabilized with amphiphilic ele-
ments called surfactants in constructional solid lipids (Fernandes et al.,
2021). However, a fragment of this solid lipid phase can be replaced
by (oil) in the liquid phase, which prepares a formless structure, pre-
venting its removal and promoting better drug encapsulation (Chuang
et al., 2018). For nanotoxicology factors, the great biocompatibility of
SLN and NLC was similar to that of Doktorovova et al. (2014).

2.3 | Dendrimers

Dendrimers were broadly examined in drug delivery for anticancer and
antimicrobials purposes, gene transfer, immunization and MRI imag-
ing, but only a few methods were used for anthelmintic medicines
(Tabatabaie et al., 2018). These molecules are hyper-branched, con-
taining an initiator centre, an internal layer of repetitive parts, and
surrounding, multifunctional groups. The core both illustrates the
molecules’ shape and encapsulates various types of particles (Hari
et al., 2012). Each new layer or branch is named ‘generation’, and the
second layer can transfer small particles. Furthermore, outer functional
groups are connected to their surroundings. Their solubility, low cost,
tuning ability and cell membrane make them appropriate for different
use as drug carriers (Paleos et al., 2010). The first study for dendrimer
was on polyamidoamine (PAMAM), adjusted by ethylenediamine or
ammonia cores. The PAMAM functional characteristics and shape are
highly similar to natural proteins, for example haemoglobin or insulin
(Kheraldine et al., 2021). Recently, more dendrimer groups were intro-
duced, for instance, tecto, polipropilenimine, multilingual, amphiphilic,
chiral and micellar dendrimers (Sherje et al., 2018).

2.4 | Metallic nanoparticles

Metallic nanoparticles’ size ranges from 1 to 100 nm, and they can
couple proteins, medicines, antibodies and other biomedical particles
(Li et al., 2022). Combining nano-metal with drugs can reduce the
negative effects of drugs on the immune system. Some nano-metal
particles have antimicrobial and anthelmintic properties, which can
improve treatment outcomes alone or with other medicines (Reddy
et al., 2020). The primary biomedicine use of these nanoparticles is
bioimaging, biosensing, hyperthermy, gene transfer, drug delivery sys-
tems and cell labelling (Manjula et al., 2022). The most commonly used
metallic nanoparticles for drug delivery are silver, gold, iron oxide,
copper and zinc (Chouhan & Mandal, 2021). These nanoparticles in vet-
erinary science have been chiefly used as antiviral and antimicrobial
agents (Liew et al., 2022).

2.5 | Micellar nanostructures

Micelles are drug carriers that consist of amphiphilic polymers and

have two parts, the internal part (nucleus) constitutes a hydrophobic
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FIGURE 1 Current applications used in the veterinary medicine field for nanovaccine development.

sector, and the external part (crown) consists of a hydrophilic sec-
tor that has the size of (10-100 nm) (Sanabria, 2021). The particle
size can be controlled in different ways, achieving methodology, the
aggregates number, the polymers molecular weight and the number of
polymers (Li & Zhang, 2021). Other kinds can make polymeric micel-
lar nanoparticles, which divide into four categories by the division of
the hydrophilic part. There are four classes of micelles. The first class is
phospholipidic micelles, which have phospholipids in their crown. The
second class is pluronic micelles, the third class is poly-L-amino acid
micelles and the fourth class is polyester micellar nanoparticles, which

are biocompatible (Carvalho et al., 2020).

2.6 | Nanoemulsion

Nanoemulsions (NEs) are formed from the colloidal dispersion of
droplets, developed in at least three parts: water, oil and the emulsi-
fier, and the size might differ (50-1000 nm). It is a kinetically steady
and thermodynamically irregular method. Some research has shown
the benefit of NE as a nano-delivery approach for veterinary purposes
(Manocha et al., 2022). NE is applicable to transferring medicines into
the liquid portions of breeding living organisms or steadily releas-
ing poorly injectable hydrophilic medications (Costa et al.,, 2021).
Nanoemulsions can help improve the bioactivity and steadiness of
antiparasitic drugs for treating animal parasitic diseases (Rehman et al.,
2020) (Figure 1).

3 | WHY NANO-VACCINOLOGY?

In recent years, nano-vaccinology has developed quickly, leading to the

production of ‘Nano-Vaccines. Numerous peptides and proteins have

recently been introduced as a new treatment method (Askarizadeh
et al., 2020). Some of their positive features were: controlled drug
release, increased drug stability and improved targeting capacity (Jaza-
yeri et al, 2021). Antigen-carrying nanoparticles can influence the
immune system and improve the T-cell cytotoxic response against
antigens linked to nanoparticle (Huang et al., 2019). This occurs due
to the biological potential of several antigen-expressing cells, which
can strongly attract foreign particles like bacteria and microparticles
(Cordeiro & Alonso, 2016). Another advantage is regarding lymphoid
tissues, the nanoscale size of the particle and proper antigen produc-
tion and diagnosis (Prasanna et al., 2021). Regarding nanovaccines,
the nanoparticles interact with the immunogen in one of three ways:
absorption, conjugation or encapsulation (Shen et al., 2018). This cellu-
lar nutrition procedure detects antigens to express foreign antigens to
other cells in the immune system. Nano-metric particles can improve
the efficacy of vaccines due to their biomedical uses (Du & Sun, 2020).
Nanoparticles also have various characteristics as adjuvants for vac-
cines. However, these materials have some problems, like immunity
toxicity and unspecific absorption by the intracranial system (Yun &
Cho, 2020). Nanotechnology presents opportunities to use molecules
for scientific purposes, where traditional strategies are limited.

4 | NANOVACCINES INTERVENTION IN
VETERINARY MEDICINE SCIENCE AND ANALYSING
CURRENT STUDIES

Nanoparticles have received much attention recently because they
use a release system or immune system enhancers (Rosales-Mendoza
& Gonzélez-Ortega, 2019). In addition, they have emerged as a
novel method for vaccination. Moreover, nanovaccines are more effi-

cient than conventional vaccines and trigger blood and cell immune
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reactions (Loera-Muro & Angulo, 2018). Nanovaccines inhibit infection
by killing infectious agents controlling the immune system. Further-
more, vaccines significantly benefit from nanoparticles formulations,
enhancing antigen perception, targeted APCs administration, immuno-
genicity and slow release of antigens (Sun et al, 2018). Because
of their biodegradability, bioavailability and minimal toxicity, most
vaccine models containing NPs can be safe and effective alterna-
tives to traditional vaccine formulas (Seyfoori et al., 2021). With the
help of nanoparticles as adjuvants or vectors, a new generation of
vaccines is produced. For instance, they can efficiently activate the
immune response due to the similar size of pathogens and nanopar-
ticles (Xiang et al., 2006). The stimulation of each humoral and
cellular immune response followed the application of this kind of vac-
cine. The advantages of nanovaccines are their best stability in the
bloodstream, improved immune system activation, cold chain and no
boosters (Prasad, Ghosh, et al., 2021). Using nanoparticles in vacci-
nology presents two important benefits (Shah et al., 2014). The first
benefit is that NPs act as adjuvants and antigens, which increase the
antigenicity of conjugated and adsorbed antigens. In this case, they
can imitate the characteristics of pathogens like viruses (Dmour et al.,
2022). Second, the results of inflammatory cytokines mediate many
immune responses activated by nanoparticles. Consequently, different
nanoparticle frames are currently advanced for various applications
(Chen et al., 2017). These structures can be artificially engineered or
found in nature. The engineered particles can mainly be created to
select the immune system or avoid interactions. This benefit is linked
to the nano-size (which stimulates absorption by phagocytic cells),
mucosa-associated lymphoid tissues and effective presentation and
recognition of antigens (Vinay et al., 2018). The various types of NPs,
including virus-like particles, liposomes, inorganic particles and poly-
meric particles, have become widely recognized in medical science, par-
ticularly in the field of vaccinology (Lei et al., 2020). The emulsion ability
of nanoparticles helps synthetic vaccines to enhance immunity and to
perform as a vaccine delivery system for different materials. It can
cause pliable natural and immune responses. They are used as antigen
carriers to improve antigen processing because of their functionality
and surface space. These qualities lead to controlled antigen release
and effective cell targeting. Nanoparticles have the potential to both
increase the half-life of most vaccines and release antigens in a con-
trolled way (Azadi et al., 2020). Additionally, they can act individually as
immune enhancers. However, mixed with immune enhancers, classical
adjuvants have more sophistication than improved immunogenicities
(Table 1) (Figure 2).

5 | CHALLENGES IN THE NANOVACCINES
MANUFACTURING PROCESS, QUALITY CONTROL
AND REGISTRATION

Considering the cost-control processes when designing nanovaccines
is necessary since NPs production is valuable compared with typical
drugs (Pinheiro et al., 2011). The primary challenge in mass-producing

nanovaccines is the high cost of scaling up production and the pro-

duction process itself. Analysing methods, large-scale production, in-
process quality control and final product testing all require a significant
investment of resources, both in terms of time and money (Usmanetal.,
2020). Outsourcing the nanovaccine manufacturing line is another way
to defeat the barrier, as numerous companies worldwide specialize
in various nanoparticles production (Ferrari, 2005). Another possible
alternative is collaboration with research and academic organizations.
Therefore, the manufacturing process of nanovaccines must reveal
adequate strength and consistent quality in mass production (Ahmad
etal., 2020). Another challenge is the lack of harmony in quality control
tests and manufacturing. For example, there are no standard meth-
ods in the pharmaceutical industry for in-process quality control and
the end products because innovative nano-drugs are typically com-
plex and challenging to separate (Dacoba et al., 2020). Nano-drugs’
size is defined by the critical quality attribute (CQA). Some factors,
such as charge, surface coating, morphology and shape, are other CQA
to nano-drugs (Rawal et al., 2019). Even minor variations in particle
size or large size dispersal in the scale might change the product’s
bioavailability. Furthermore, the small size creates particular condi-
tions for the analytical methods (Fifis et al., 2004). In addition, particle
shape can affect the kinetics of cell uptake, the mechanisms of uptake,
the level of uptake and intracellular distribution; therefore, toxicity
can be changed (Clogston et al., 2020). For instance, the shape of
(Au) impacts the nanoparticle cellular internalization (Rodriguez-Ledn
et al., 2019; Salatin et al., 2015; Spadavecchia et al., 2016). In one
study, the cellular uptake was most significant for triangle-shaped par-
ticles, and for star-shaped ones was lowest (Jiang et al., 2012). The
surface layer also influences cell capture nanoparticles. For example,
phagocytic cells catch nanoparticles with a negative charge faster than
neutrals and are removed more quickly than the latter (Djemaa et al.,
2018; Sercombe et al., 2015). Meanwhile, nanoparticles with a posi-
tive charge can link with negatively charged proteins and stay longer
in the blood (Djemaa et al., 2019; Park et al., 2016). One of the major
challenges is predicting the relationship between in vivo and in vitro
manners of nanoparticles. The main elements that need to be stud-
ied using in vivo samples are tissue accumulation, cellular interactions,
transportation and biocompatibility (Pokrajac et al., 2021). The study
of the accumulation and the long-time release profile must be ide-
alized due to the persistence of nanoparticles in the blood or their
removal in tissues and the lack of knowledge of long-term impacts
(Lowry et al., 2019).

6 | NEW DEVELOPMENTS FOR A BRIGHTER
FUTURE

Vaccination includes a series of microbiology, immunology, molecular
biology, dose application rules, production cost and return on invest-
ment (Qin et al., 2021). Creating a production against infections for
human and animal immune systems is the highest purpose of any novel
vaccination method. Despite having a significant influence on humans,
vaccination for veterinary is also concerned with great production

and animals’ health. Nanoscience assists with veterinary parasite



2299

WILEY

SADRET AL.

(senuiuo))

(0z02) 'le3e uey

(0207) "[e 32 BAIRAIIO

(T207) '|e 30 uesseyJood

(1202) '|e 32 pawiweyoln|

(0zZ02) 'Ie 32 ueysyy

(2T02) |2 19 USsIaIad

(T2072) 1813 AlIdM

(T202) e 19 ApoN

(T207) e 1 E3sede

(T202) |2 32 Suem

(8702) "l 32 JyswiiooN

(¥T0Z) e 32 nedsez

(9102) "|B 32 OBYZ

S92U.49J9Y

paje|n3as-dn a1am QT -] PUe -] SSUI0JAD pue

“ 7L puUe Z (¥7.1) 103d233.1 91|-[|03 JO S|9A| YN YW ‘paseatoul a1om

s[192 | Surpnpoud-4-N4| 40 Aduanbaly ay3 pue asuodsas Apoqijue
21W3SAS pue [esoonwi ‘uoljeuayljold a3Ad0ua|ds d1y10ads-uadinuy

asuodsaJ sunwwi H3| 3unpul ‘s||92 QHD 8ulda)sued]

paseaJoul
S24313 Apoqijue 98| pue AjJU1D1}JNS Pasea.dul [SAS] WNJI3s Apoqijue 3|

Ajunwiw] 8U0J3s JO UOIJONPUI Y3 BIA A2ED14D SUIdIEA SulroIdu|

ssa20.d uoljeziunwwi 3y} aAoidwi] 0§
"ApOq| 33 WO.j B11910B( J0W SAOWS. 0} 3| S.I9M SWISAS duNWIW|
‘uoi3onpo.d ujjngojSounwiw] Uo pasea.ou] SAeY sasuodsas aunwiw |

uagdijue
9A132930.d |BUOIIDUNY 9SES|a. pUe 5ZI1|Ige)S Ued 0S|e pue 33us||eyd
o1uadoyjed e jsujede asop 9|3uls e ul uoi3da3o.4d pue uole|npow
aunwwl ‘A}lj1gels uadijue ‘AIsSAIISp usdijue pa[|0Jjuod SpIA0Id
1dd 80T
1se9| Je .0y pajsistad Jey) uoleziunwwi pue 24313 ysiy ‘pides pajini|3
sasuodsal Apoqiiue s310119 A||nJssa2ons waojie|d AJsAlSp
SIY3 U9A1] pue ‘Asupiy ‘sapou ydwA| ul pasea) Sem uolingliisipolq
uadijue 9guig ay| "uoi3dalul Jo 911S 3yl 1B SAS JO UOIIe|NWNDIIE 9183l
D/9d 03 9suodsau |[93-] D pue a4}l
qV Y31y Y309 Jo uole|nwiis ‘sssuodsal ||92-] pue qy Suo.ls pawllid
pPaoNpaJ Sem SUap.INQ WIOM |esewoqe
ay3 pue s339 |edae) 9y} pue paseatdul g-49] pue /-] JO [9A9] 3y L
OJ}IA Ul $||92 Z-02eD) 03Ul Uoijesjauad Jaysiy e se [|om se
S[192 21311puUSp pue sadeydoidew sulINW Ul uoljezijeulalul |92 JaysiH
Jofbw -7 3surede sasuodsal
aunwiwi ajeAljde ued yyo1d ay3 yim uadijue ayj jo uonednfuod

3y "uoijeuiddeA 9d20/VdD-VD1d 40 193449 9A1399304d By}
pamoys uoionpoud 4-N 4| 93A20ud|ds Ul asealdu) pue saseydoidew
|eauojliad Aq uoi3onpoud apIxo JLIU JO Uol3onpul JUedIUSIS

sasuodsad Apoqiiue a119ads Supnpuy

AHUnWWY |[93- | pue -g 4304 938NIy
¥nsay

suydIYd
Jajloug

(snpinp

SN3221120S3))

siaiswey
UelIAG uap|o9

3snojn|

SuakdIYd
Ja|l0g

3snojn

asnojn

3snojp|

asnojn

s11ed

1600

8oQ

asnojn

asno|

asnop|

Apnis jo |apoj

[(v14+dWO)
dN-SD]3S 4o (v1d) ulljasery
pue (dINO) sula3o.d suequiaw J93nO

(SLNDMIN-ZHN) segnioueu uogJed
pajlem-13jnw pasijeuoijouny-auiwe
pue (s| NH) saqnioueu Aed a3isAojjleH

3|p13Jedoueu uesouyd

sa|dipdedoueu (SHSY)
ues0}1yd 93egJ0dSE puUe (SD) UesoyD

(V91d-SdO
pue y91d-5d1) S9|213tedoueu yo1d

sa|d13dedoueu

aplipAyueAjod o1jiydiyduwy
9213 edoueu

aplipAyueAjod (9aD) dND-1P 224D
S921saA (8T D-01 T-AS-OUY)

8T2-0vT-AS Pa|I3e|-3ulwepoyy
(SAS) S9|21S9A BD1|IS

D£99-(AS) 3J21saA BI|IS

9213 edoueu
(vD1d) (p1oe 21]02A|8-02-2139€|)Alod

s9|o134edoueu d1IsWA|od

3ipedoueu yod

s9|d13aedoueu
(2181A10BYIBW |AyaW)Alod
pue piwse|d JueuIquiodaJ /S |
wu g'G Jo 9zis aod
pue WU 9 JO [|eM UIY] :S3|DISSA BDI|IS

Ja141ed 3pdipedoueN

SIPI3LI2IUB D[2UOW|DS

subSo.ia3ul paidsoyda
g adAr
suaBulufiad wnipliiso|)

1100 DIYDLI2YDST

pjj2onig

s|opIyuD °g

S1oDAY3uD Sn|[1o0g

snjdo.oiw snjpydaoidiyy

pAIpd DLIBJIAY |

S$N3J03U03 snysuowabH

Snso[nup.8 sn22oJouIydg

Jofow -7

Jofbw plubwiysia]

9[buiBipw pwisp|dpbuy

1a8.el

"90US|IS BUIDIPAW AJeULIDIDA Ul ASOjOUIdIBA-OUBU JO SNJEIS JURLIND T 374VL



SADRET AL.

20 | WILEY

(senunuo))

(0T02) ‘[e 39 UBYS

(£102) 1e 32 [eeya

(8702) 139 192N

(0z02) "le 33 [eyny L

(0z02) B39 NH

(6102) '|e 19 Jausep

(0z02) [B3R UYD

(TZ02) "Ie 32 WopoAnIY

(6702) 1B DPdlEN
(87T07) "|e 32 lueluez Liejes

(0207) ‘e 32 9|ZU0D-0831Q

(0z07) "[e 12 1Ze)IBN ‘NUSY

(T2oz)
‘|e 39 BASNUE||I\-OPaADY

(0Z07) |e 32 UBH ‘NURY

SOUI9J9Y

XuAJeydo.o ay3 woJy 3uippays SNJIA Ul uo1}onpay

Ajiunwiwil 9A139930.4d-55042 92npui 0} asiwoud
yum ‘s3id ur asuodsas sunwiwil Jejn|a2 d110ads-uagipue pajuswidny

3uippays snJiA
pasea.dap pue uap.ng [ediA padnpad ‘sSun| ay ul ASojoyzed paonpay

S|192 1 +8@D 8u3a.29s (A-N4l)

aupj03Ad 3|3UIS pue (v-4N L “4-N4I) 9qnop JO S|9A3]| JUedYIUSIS *S|[3D |

+8@D Supnpoud (v-4N1 ‘2-11 “4-N41) dupjo3Ad 9|dii3 Jo sa8ejuadiad
YSIH ‘sasuodsaJ |[9-] 214199ds-UaSIjue JO S|9A3| Y3 Ul 3Sealdu|

uol3oa30.d
pajelpaw-ANO D3dV 94l Ul sasuodsal sujolAd pue Apoqiiue
214129ds pue sasuodsaJ sunwiwi 21J199ds-uou Yo JO JUSWDA|OAU|

s13sad A 3suieSe Ajiunwiwi] 9A139930.4d paAlj-3uo|
pue pides 4y30q Jo UOIFONPU] S9|GBUSD WISAS AJSAI|Sp SUIDIBAOUEN]

SSOUDAISBAUY [B119]12B( PISEIIIDP PUE UOIIBUI
|e1d1y1adns pajeau; pue pajuanald Ajunwul [eiowny pue sasuodsal
|192-1 +@D Suluiejuiew s|1iym sasuodsal [[92-] +8dD paodw|

eide|1} ur aseasIp slieuwn|od jsulesde asuodsal

aunwWWw| [ESOONW € JO UOIIONPUI B3 104 WISAS AIDAI|SP SAI}O244D

papino.d "asuodsal sunwiwl ] TvIA Y3 pale|npowl pue Adediya
2UI20BA 18348 Pa3IdI| ‘S9E4INS [ESOINW Y3 03UO UOI3dIoSpe 193399

uoi3da30.d
0 |9A3] Y81y pue sa4313 Apogiiue |\S| pue HS| [e303 Y3 Ul 3Sea.1du|

UoljeZIUNWW] Ul 9AI}IRHT

asuodsal
(V8]) ¥ utjngoj3ounwiwi a3enbape ue paonpul sON 8y:84yd:NN|

(sasuodsau |92 pue
-g o1410ads-uagijue paonpujl pue sUsX21Yd 4O S||30 dunwiwi s3a8.e| )
'S|ISUOY |ED2ED USYDIYD Ul 103daD3. 3¥1|-]|0} JO UOISS1dXa B3 paseatou|

S19]10.1q Ul peoj [e39ed 35
95e2.29p pue 3§ Jsulede asuodsal sunwiwi d11ads-usdijue ue adnpu|

saulIsaul
93 Ul peo| e||auow|es a3us||eyd sy} padnpaJ se ||9M se sasuodsald
Apoqjue 73| |esoonw pue 93| 21wa)SAS d14199ds ay3 padsueyuly

nsay

SuaIYD
aur-AH

asnop|

J|eD |ejeuoaN

asnojn

uad1yd J9j10.4g

asnojn

asno|

(ds
SIW04Y203.10)
elde|1} pay

asno|

Hqqey

fsaul 12D

SuUIYD J9AeT

SuakdIYd
Ja|loag

usxdiyd
Apnis Jo |spojn

(91€8]A10BYIBW
JAY19AX0IPAY-Z) JoWA|0d

so|d1edoueu
aplipAyueAjod ajqepesdapolg

(s3jo13aedOUBU HdD:DF1dD)
sa|d13aedoueu spripAyueAjod

(NVd) so|2111edoueu apLipAyueAjod

S3|Ndajow dluaSounwiwl SNOLIEA
YHm payotius spidijoajo.d pazis-oueN

3|13 edoueu aplipAyueA|jod

(NSW)

s9|d134edoueu edl|1s snolodosa|a|

(IN-5D)
audeAOUEBU pPaxa|dwod-Uueso}yd

JawA|od aAISaypeodn|n

(VD1d) (P1oe 21]09A[3-02-21398|)Alod
pIoe 21]02A|3-02-21308| Ajod

(84vd/NNI) suluidaeAjod/uinui

10 (§D) uesoyd Jo

apeuw [|9ys JowA|od e pue 3102 Ajl0
ue y3im (SON) se|nsdesoueu dliaWwA|od

(sdN
$2-4-SdWO) utezoad (4) uij3eys
pue (sdINO) sulajo.ad sueiquiaw 19INQ

3|p13Jedoueu-uesoyd

(SdN
$2-4-sdINO) (SdN SD) s9j213edoueu
Ues03IYd Pa3eod 3de4Ins u1ao.d-4
pue papeo| uta1o.d (4) uljja8es

pue (SqINQ) sula10.4d sueiquiaw 13INO

Ja141ed 31 edoueN

SNJIA DZUIN|JUl UDIAY

SNUIA DZUIN|JU] 2UIMS

ASYd

sisojnaJagnipiod ‘dsqns
WINIAD WiNLI219DGO2A N

(23dv)
1102 "3 21uadoyjed uelAy

s13sad DIUISIAA

snaInb sn22020jAydnis

2IDUWIN02 WNLIIODYOAD]H
sisuajijauw bjjaon.g

DSOUIBNI3D SDUOWOPN3SY

sisojnaJaqny

winLiR320qo2A N

pjjauow|ps

SIpLIIIE 'S

pjjauow|ps

198.e1

(penuuod) T 374VL



2301

WILEY

SADRET AL.

(8702) ‘e 19 Indley

(8707) '|e 19 Suep
(czoz) '|le 32 Sueyz

(¢T02) "[e 38 IpAIMQ

(ST07) 'e 32 uewyAg

(c102) "|B 32 OBYZ

(STOZ) "B 32 Auoyen

(#102) "le32 ApoN

(T202) ‘|8 32 oeyz

(T20T) '|e12 odeneq

(0207) ‘|e 32 Sueyz

EERITEYETEN|

s3un| 03 S||92 ewoue|aw pajaaful AjsnouaAesjul JO Sisejselaw
wo.j uoi}2930.d 9339]dwo)) "SaUP0IAD 3sealdu] ‘Ajjejuswiiadx]
‘uasijue paje|nsdedua jsuiede sa.4313 Apogijue wnuas Suliols 9dNpo.d

juswdo|aAap
Jnowiny Aejap 03 AduaId1ya aseaoul ‘9xeidn s|jad uagijue aseaudu|

D0 Jo siseisejaw ay3 3uiliqiyul pue yimous ayi Sulhejsqg

poojq pue
S3}IS |ESOONW Y30 }E PAAIISCO dI9M SI0jelpal aAIssalddnsounwiwi

JO UO[324095 Paseatdap Y}IM Saufy03Ad pajeldosse pue uolyejndod
||92 sunwiw aAl3depe pue ajeuu) paoueyua ‘Ajjesidojounwiw |

'sSun| ay3 Ul peoj [eJiA 3y} pue ‘elwaJiA pue ASojoyjed Sunj ayj paonpay

so3eydouoew |esuojluad Jo AJIAIDE Alojedidsal ay)

Jo uone|nwiis Aq pue (4-N| Ajjernadsa) saui03Ad Auojewwejui-oad

JO uol3onpoud paseatdul Agq paluedwodde Sem SISaYIUASOIq Apoqiiuy
‘|ewIXew S.19M S31pogIjue pasied 9yl JO AJIAINSUSS pue 94313 sy |

suayIYD
1j102ds pazjunwiwi] 0 Uoi30a304d 49333q paonpu|

934) uadoyjed

Jewiue uoidnpouJd e ul sasuodsau sunwiwi padue|eq saAl ‘Ysiy
AJ3U93SISUOD 949M SasUOdSa. suNwWWI PajeIpaw-|[32 3y "Syjuow {
03 dn 9|qe32939p 2J9M SaSUOdSaL duNWW| PajeIpaw-||9d WU93-3uo| ay |

asuodsau pajelpaw-||92 Joy3iy pue asuodsal Apoqiiue Jay3iH

Sa1UNWW] Je|N{|32 pue [eiowny pajsisse-uijiiia) ysiH

S9UIJ2BA
1ungns Jo Adualdiy)e ay3 asealdul pue uolzonpoud Apogiiue 3soog

uo13934ul (ADAS) SNJIA daed Jo elwaUIA
3uluds jsujede sasuodsal sunwwil 3uoJls 4933143 Uyl PINOM YdIYym
‘saNnss|) paje|aJ-aunwiwi pue saSeydoidew daed Aq ayejdn pasueyul

asuodsal sunwiwl Jo [9A3] 2A13930.4d AJyS1y aonpul pue paseaJoul
(s]ana] 4-4N|) Alunwiwi Jenjjad ‘D3| Jo 24313 Apoqiiue |ejowny pajeAs|d

Hnsay

asno|

asnojn

saull |19

s3ld

s81d eauing

uPIYD

daays

asno|

3snojn|

asnop|

ysi4
suakdIYd
Ja|loag

Apnis jo [apo

(9wu]) 93€392€ Ul|NUI 8UISN (SdN-OWU[)

sa|d13dedoueu
(VD1d) (3p!|02A|3-02-5p110€|-1 ‘a)A|0d
(¥D1d) (p1oe 21]02A|3-02-2132€])A|0d

s9|d13edoueu
[(sep1jo2A|8-00-apioe|)Ajod] vO1d

sa|p13dedoueu pjoo

(SdN-SO-AQN) AGN
JsuteSe aulddeA SNJIA A1 d1USS0JUS|
ay3 8ujuiejuod sai3iedoueu uesouyd

(VSIWH) uoizesijeuoizouny
oujwe 92e4Ins Y3Im sa|dizedoueu
edl|1s snoJodosaw adA} mojjoH

sa|d13aedoueu edl

wiojyejdoueu uiyiiI4

(TSNV-dN) utazo.d [eanjonuisuou
SNJIA 7 JO WIIOJ JUBUIGUIODDS
e U3Im apew sajdipedouenN

sagnjoueu uogJed pajadie]

awosodi| Jejjawejiun

JaLLed s edoueN

Ja0UED

Jaoue)

Jaoued uelleAQ

(ASH¥d) snain
SWOJpUAS Alojedidsau
pue aA13dNpoJdal suRIod

SnUIA
95e35Ip Ynow-pue-3004

SNUIA 2SDSIP 9|ISDIMIN

(T-AQND) T
SNJIA DIOYLIDIP [DIIA JUIAOG

(AAAQG)
SNJUIA D30YLIDIP [DIIA dUIAOYG

(A4SD)
SNJIA J2A3J dUIMS |DIISSD|D)

SMIIADYIZ

sniinopgoyy

SNJIA
aspasip |psiNg SNofdAJu|

1984e]

(penuiuod) T 374dVL



2302 Wl LEY SADRET AL.

Antigen  Adjuvant  Antigen

1. Antigen Identifation

Tumor Cells

4. Antlgen Release ' i ii E ;.
Cytotoxic T Cell

Immature DCs Mature DCs

Lymph Node

3. Antigen Delivery 5. Antigen Presentation 6. Combination Therapy

FIGURE 2 Nanovaccine mechanism of action.
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vaccination, enhancing their potency. Vaccines that use nanoparti-
cles as adjuvants have more power to stimulate both cellular immune
reactions and antibody responses (Singh, 2021). In addition, nanotech-
nology can improve the activation of the immune system by creating
greater antibody protection and concentration. This activation occurs
by simultaneously triggering the MHC class | and Il routes (major his-
tocompatibility complex), or improving the antigen lifetime and their
visibility, to reach the host immunity (Beg et al., 2020; Wang et al.,
2018). One of the best methods to raise the efficacy of unique and erad-
icated vaccines is to use unique carriers, including living vectors, micro-
or nanoparticles and plasmid DNA (Jia et al., 2018; Zhang et al., 2019).
The crucial part of natural immunity and the responses of vaccine
aids are important points in vaccine production that are often ignored.
Understanding the T-cell immune response is crucial, and studying
pathogen-specific T-cell immunity could provide valuable insights and
signatures to aid in the development of vaccines against infectious dis-
eases (Fajardo et al., 2022). Specific mechanisms for immune signalling
must be confirmed for reprogramming of immune cascade. Vaccines
are designed innovatively to reach complete protection. Antibody-
dependent enhancement can hinder vaccine development by worsen-
ing the immune response. Therefore, it is important to strive for a bal-
anced introduction of neutralizing antibodies, T-cell immunity against
various pathogens and antibody effector functions to optimize vaccine
efficacy (Najafi-Hajivar et al., 2016) (Figure 3). The use of nanoparticles
in veterinary vaccines is less restricted compared to human vaccines.
This means that there is more flexibility in choosing from a variety of
particles with different formulas for veterinary vaccination. In contrast,
only alimited number of vaccine particles are currently used for human
vaccines.

7 | CONCLUSION

‘Nano-Vaccinology’ is the science of nano-sized materials with great
capacity. The clinical and laboratory scale can expand beyond the
boundaries by a more immunogenic and stabilized release against non-
infectious and infectious diseases. In the storage and synthesis of
nanovaccines, quality is a concern in nanovaccines commerce regard-
ing desirable surface effects. For efficiently preventing non-infectious
pathogenic and cancerous diseases in immune-tolerant patients, the
nanovaccines have opened an entrance to boundless hopes. More stud-
ies focusing on partnerships with commercial companies lead to the

rapid commercializing of nanovaccines.
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