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Abstract

Vaccination programmes provide a safe, effective and cost-efficient strategy for main-

taining population health. In veterinarymedicine, 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 frombench to clinical usage are also

discussed.
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1 INTRODUCTION

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 itsmost notable application

in cancer research, where it is primarily employed to enhance the

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

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 veterinarymedicine 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-Giraldoet al., 2021). The sizeof nanoparticles significantly

impacts their interaction with the immune system and how they are

dispersed throughout the body. Nanoparticles that are smaller than

100nanometres are readily takenupbydendritic 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 slowdowndrug release fromcells, which

can increase the circulation time of the drug and help accumulatemed-

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 Gonçalves 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 (Facciolà 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;Yadavet 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

(Chen et al., 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 veterinarymedicine.

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 themost commonmolecules for cancer

treatment (Chua et al., 2012). Polymeric nanoparticles include natural,

artificial or semi-synthetic polymers, so some challenges for preparing

those structureswill be thedrugbalanceor 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 forproducing thesenanoparticles, including reversed-phase

microemulsion, ionotropic gelation, emulsification solvent evapora-

tion, emulsionpolymerization, nanoprecipitationand 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 thatmost of themare already authorized by European

MedicinesAgency and the Food andDrugAdministration (García-Pinel

et al., 2019).

2.2.1 Liposomes

Liposomes were presented in the 1970s as drug carriers, and today

they are contained in some EU-approved andUSA-formulatedmedica-

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 limitedmedicine 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 andNLCwas similar to that of Doktorovova et al. (2014).

2.3 Dendrimers

Dendrimerswere 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 andmicellar 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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F IGURE 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 ofmicelles. 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 (Rehmanet 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, increaseddrug 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

& González-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, targetedAPCs 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, havebecomewidely recognized inmedical science, par-

ticularly in the fieldof vaccinology (Lei et al., 2020). Theemulsionability

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-

trolledway (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 termsof timeandmoney (Usmanet al.,

2020).Outsourcing the nanovaccinemanufacturing line is anotherway

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

et al., 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 (Rodríguez-León

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
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F IGURE 2 Nanovaccinemechanism of action.

F IGURE 3 T-cell immunity against different pathogens.
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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 I and II 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).Oneof thebestmethods to raise theefficacyof uniqueanderad-

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

particleswithdifferent formulas for veterinary vaccination. In contrast,

only a limited 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 amore 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 haveopenedanentrance toboundless hopes.More stud-

ies focusing on partnerships with commercial companies lead to the

rapid commercializing of nanovaccines.
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