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Chapter 3
Nanovaccine

Biswajit Maiti, Mave Harshitha, Somanath Disha, Anjana Kaveri Badekila, 
Sudarshan Kini, and Praveen Rai

3.1  Introduction

Disease prevention by vaccination is one of the landmarks of modern medicine. 
Vaccination is a method of producing an active immune response in an organism 
against a targeted pathogen. It is one of the most influential and sustainable methods 
to treat bacterial and viral diseases in humans as well as in veterinary medicine. 
Aquaculture produces ∼80 million tonnes of aquatic animals with a first-sale value 
of $232 billion. It represents the fastest-growing animal production sector in the 
world, making aquaculture the fastest primary food-producing sector globally. 
However, the major hindrance faced in the industry is the incidence of diseases, 
which amounts to more than $10 billion in losses annually on a global scale (http://
www.fao.org/3/i9540en/I9540EN.pdf). The disease outbreaks may be due to vari-
ous pathogenic organisms like viruses, bacteria, fungi, and parasites, which are gen-
erally tackled with the help of chemical agents, antibiotics, and vaccines. Lately, 
nanotechnology is being applied in many fields of science, including vaccine devel-
opment. Nanotechnology refers to the study and use of structures between 1 and 
100 nm in size. The technology has been applied and is undergoing clinical trials to 
deliver many therapeutics such as antibiotics and prophylactic treatments. The 
increasing significance of nanotechnology-based drug delivery systems has been an 
essential aspect of researching and developing various novel vaccine formulations.
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Nanovaccines are a new generation of vaccines consisting of nanoparticles (NPs) 
and a pathogen-specific antigen that elicit a controlled immune response. 
Conventionally, in aquaculture, the antigens used in the vaccine formulations are 
peptides, nucleic acids, toxoids, and other biomolecules. But due to the selective 
permeability of the cell membranes, most of these biological macromolecules can-
not enter the cells to activate an effective immune response. As they have a large 
surface-to-volume ratio, nanoparticles can overcome this limitation and enhance 
circulation time, promote bioaccumulation in lymphoid organs, and efficiently tar-
get immune cells (Bharadwaj et al. 2020). The physio-chemical properties of the 
nano-carriers can be altered to give optimal antigen presentation, biodistribution, 
and cellular trafficking (Vartak and Sucheck 2016). In the past decade, there has 
been a high demand for nanoparticle-based vaccines due to increasing diseases in 
aquaculture globally. Nanovaccines are emerging as an improved and novel con-
struct of vaccines.

3.2  Controlling the Disease Burden in Aquaculture 
Through Vaccinations

Aquaculture production peaked at 82.1 million tonnes in 2018, up by 3.2% from 
2017 (http://www.fao.org/3/i9540en/I9540EN.pdf). In most countries around the 
world, the diseases in aquaculture were conventionally treated using antiviral drugs, 
antibiotics, antifungal agents, and other chemicals. This type of treatment can lead 
to various other undesirable effects like environmental pollution and multidrug 
resistance in bacteria. On the other hand, vaccines seem to be more effective and 
provide a long-term measure to treat diseases.

Vaccines may be defined as biological preparations that contribute to active 
immunity and long-term protection against a particular disease. The first vaccine in 
aquaculture was licensed in 1976 against enteric redmouth disease caused by 
Yersinia ruckeri. Currently, there are more than 20 commercially available licensed 
vaccines for aquaculture. These include whole killed vaccines, subunit vaccines, 
recombinant protein vaccines, DNA vaccines, and live attenuated vaccines. These 
vaccines are administered to fishes orally, by immersion, or by injection.

Live attenuated vaccines contain the pathogen in its weakened (attenuated) form. 
Earlier, the pathogens were passed through in vitro systems multiple times to attain 
random mutations (Adams 2019), which would weaken the pathogen. But in recent 
times, this attenuation is obtained through the genetic modification of the organism. 
Generally, a single dose of this vaccine is sufficient to elicit a robust immune 
response. Live attenuated vaccines are more beneficial in the case of diseases caused 
by intracellular pathogens. However, safety and reversion into the virulent form are 
always major concerns.

In the case of salmonids, vaccines have been used for almost 30 years. Most of 
them are oil-adjuvant-based injectable vaccines. In the United States, there are cur-
rently two live attenuated vaccines available commercially for enteric septicaemia 
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of catfish (caused by Edwardsiella ictaluri) and columnaris disease (caused by 
Flavobacterium columnare). There is another licensed vaccine against enteric sep-
ticaemia of catfish  in Vietnam that is manufactured by PHARMAQ AS. Inactivated 
vaccines are available against photobacteriosis caused by Photobacterium damselae 
subspecies piscicida (by Merck). Inactivated vaccines are also available against vib-
riosis caused by Vibrio anguillarum, Vibrio ordalii, and Vibrio salmonicida. A viru-
lent live culture is used as a vaccine against bacterial kidney disease caused by 
Renibacterium salmoninarum. An inactivated vaccine for Tenacibaculosis caused 
by Tenacibaculum maritimum in Spain (ICTHIOVAC® TM – HIPRA) is available.

Vaccines are also present for viral diseases such as koi herpesvirus (CyHV-3) – 
there is a subunit vaccine (peptide-VP2) against infectious pancreatic necrosis in 
Norway (Merck)  – viral haemorrhagic septicaemia. The first DNA vaccine to be 
licensed for use in aquaculture was Apex-IHN (Elanco) against infectious haemato-
poietic necrosis virus (IHNV) in Atlantic salmon (Salonius et  al. 2007). There are 
other vaccines against salmon pancreatic disease (Merck), such as a recombinant vac-
cine against infectious salmon anaemia caused by salmon isavirus (Centrovet) in Chile.

Vaccines in aquaculture are mainly administered by the immersion method, oral 
administration, and intraperitoneal injections. Most of the vaccines available cur-
rently are of the whole-cell killed pathogen type, which is injected intraperitoneally. 
However, this type of vaccine might not be feasible in all countries; as a result, most 
of them settle with antibiotics. Therefore, there is a significant need for more knowl-
edge and research in this field. The more feasible oral administration of drugs essen-
tially requires protection as the antigenic components may be subjected to gastric 
digestion or digestion before absorption (Aklakur et al. 2016). Vaccines activate an 
immune response against the respective diseases but can have restrictions such as 
compromised effectiveness, reduced immunogenic responses, poor constancy, and 
the need for booster doses. These limitations in conventional vaccines have surfaced 
a need for an improved form of vaccines. With the recent advancements in nano-
technology, science has paved the way to explore the blend of nanotechnology and 
immunotherapy through nanovaccines.

3.3  Choice of Antigens as Nanovaccines

Nanovaccines mainly consist of two components, i.e. a synthetic or natural nanoma-
terial that functions as a carrier/adjuvant and an antigen. The antigens can be of vari-
ous subunits of the pathogen types such as peptides, proteins, polysaccharides, 
capsules, and toxins, but ultimately, all of them have the collective objective of 
eliciting an immune response against the targeted pathogen. There are inactivated or 
killed forms of the pathogens which are used to activate an immune response. 
Formalin-killed cells are primarily used in aquaculture. Although these cells can 
activate both humoral and cell-mediated immunity, they sometimes do not attain an 
optimal level of protection (Collins et al. 2019). Subunit vaccines do not contain any 
whole bacteria or viruses; instead, they have one or more specific antigens of the 
pathogen that function as ‘flags’ for the immune system. Subunit vaccines are 
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mainly designed through reverse vaccinology, which involves identifying a suitable 
vaccine candidate through in silico analysis.

Outer membrane proteins (OMPs) present on the membrane of gram-negative 
bacteria have become an important topic of research. They are present in the outer-
most region of the bacteria and are the first to come into contact with the host and 
help in adhesion, invasion, and contributing to pathogenesis. They are conserved 
among serotypes and are highly immunogenic in nature; hence, they would serve as 
an efficient vaccine candidate (Maiti et al. 2012, 2020).

DNA molecules have tremendous potential as vaccine candidates. DNA vaccines 
elicit both humoral and cell-mediated immune responses. Still, they sometimes lose 
their integrity before they reach the target cell due to degradation by endogenous 
nucleases, and also due to the net negative charge present on the cell surface, the 
DNA molecules can be repelled away from the cell membrane (Bhavsar and Amiji 
2007). Hence, nanoparticles can ensure this integrity for effective delivery of the 
polynucleotide to the target site, followed by cellular internalization and processing. 
It is more beneficial to deliver DNA vaccines with the help of polymer-based 
nanoparticles (Bhavsar and Amiji 2007). Similarly, RNA-based vaccines are also 
safe and effective. As the name suggests, virus-like particles are particles that 
resemble the external structure of a virus but do not contain any genetic material; 
hence, they cannot replicate or mutate. They have the ability to self-assemble into 
the full tertiary structure that mimics the virus (Jeong et  al. 2020). The antigen- 
presenting cells (APCs) recognize the epitopes on the particle to generate an 
immune response. They will require booster doses as the particles cannot replicate.

3.4  Nanoformulation of Vaccines and Delivery Systems

A revolutionization in the food and aquaculture sectors due to the huge potential of 
nanotechnology has provided innovative tools for disease prevention. Despite the 
tremendous application of traditional vaccines, lack of control over vaccine release, 
intrinsic instability, indiscriminate distribution, and a need for multiple administra-
tions in aquaculture are various concerns governing the health sector today. To over-
come these limitations, a nanoparticle-based drug delivery system provides a tool 
for targeting the desired site and enhancing the immune response of the host against 
the invading pathogens. Generally, the generation of vaccines with nanoparticles as 
adjuvants is formulated by optimizing the size, loading capacity, and surface charge 
of the nanoparticles. Further, an optimized dosage of nanovaccine, in turn, stimu-
lates the immune system, thereby triggering the adaptive immune response during 
pathogen invasion. Previous findings suggest that the application of nanovaccines 
compared to traditional vaccines showed maximal antibody production in animal 
models (Gheibi Hayat and Darroudi 2019). Hence, novel nanovaccines are enor-
mously necessary for sustaining aquatic health, preserving endangered species, and 
inhibiting the passage of pathogens in the food chain (food-borne illness).
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Nanoparticles have been used as drug delivery vehicles for fish immunization 
studies. The use of polymeric nanoparticles has the advantage of allowing bioactive 
molecules to be encapsulated and protected from hydrolytic and enzymatic degra-
dation. Due to their rapid escape from the degradative endo-lysosome, nanoparticles 
containing plasmid DNA provide sustained release. The use of a nanoparticle vac-
cine delivery system can also help to improve the immune response to synthetic 
peptide vaccines (Salvador et al. 2011). Biologics, polymers, carbon-based materi-
als, silicon-based materials, and metals are commonly used in alternatives for drug 
delivery (nanoscale). Protein and gene delivery are being investigated using biode-
gradable polymer nanoparticles made of polylactic acid (PLA), polyglycolic acid 
(PGA), or polylactic-co-glycolic acid (PLGA). Some polymers under investigation 
for nanoscale drug carriers consist of poly (3-hydroxybutanoic acid), polyglycolic 
acid, poly (ethylene glycol), poly (ethylene oxide), and copolymers such as PLA- 
PEG. Solid nanoparticles have been engineered using a variety of materials, both 
with and without surface functionality. The aliphatic polyesters, specifically the 
hydrophobic PLA, the hydrophilic PGA, and their copolymer PLGA, can make up 
the majority of polymers. Polymeric NPs are made up of a polymer that has gained 
much deliberation due to advancements in polymer science and technology advance-
ments. Biocompatibility and biodegradability are critical characteristics for tissue 
engineering, drug and gene delivery, and novel vaccine strategies. Antigen/drug 
delivery using polymeric nanoparticles has many benefits over conventional deliv-
ery methods, including the ability to target drug delivery to a particular site, such as 
an intracellular infection (Abdelghanyet al. 2012), reducing systemic toxicity, and 
facilitating the sustained release of a drug.

3.5  Different Types of Nanoparticles and Their Potential 
Applications for the Delivery of Vaccines

Today, different nanostructures are applied as delivery vehicles for vaccine efficacy 
and to explore newer avenues in vaccine administration in aquaculture (Fig. 3.1). 
The most applied nanoparticles as adjuvants include polymeric nanoparticles like 
alginate, chitosan, PLGA, dendrimers, and liposomes. However, conjugating the 
vaccine molecules with appropriate nano-carriers is essential to improve vaccine’s 
characteristics and its delivery potential. Conjugation of vaccine molecules with a 
suitable nano-carrier is generally performed by surface conjugation, encapsulation, 
and surface adsorption. The presence of a charge or hydrophobic interaction between 
nanoparticles and antigen molecules provides a medium for antigen adsorption on 
the surface of a nano-carrier. Usually, due to the non-covalent nature of their inter-
action, a sudden dissociation of antigens from the nano-carriers owing to the effect 
of external factors like pH, ionic strength, and temperature makes surface adsorp-
tion less popular. Other methods like encapsulation by embedding the antigen of 
interest and surface conjugation are universally applied in nanovaccine preparations 
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Fig. 3.1 Different types of nanoparticles. Created with BioRender.com

due to strong intermolecular bonding, surface interaction, and the ability to release 
the antigen after partial or complete degradation of the nano-carrier (Pati et  al. 
2018). The nanovaccines used against various fish pathogens are summarized in 
Table 3.1.

Once the desired vaccine is designed and formulated, effective administration of 
the immunostimulant to control the infectious diseases in fish is necessary. 
Techniques may be many; however, there are three popular methods for vaccine 
administration in fish: oral, immersion, and injectable administration. Nowadays, 
vaccination by injection is the most reliable and effective method in fish immuniza-
tion when compared to immersion and oral means, owing to easier administration, 
stress-free handling, and dose determination ability. Nanoparticles as delivery sys-
tems provide a medium for administering vaccines in a controlled manner to achieve 
the desired therapeutic effect. This is because cell or tissue targeted delivery, bio-
availability, enhanced solubilization of hydrophobic drugs, controlled release, and 
therapeutic agent dissemination from degradation are protected (Ji et al. 2015). In 
this chapter, a summarization of different nano delivery systems for fish vaccination 
is further described.

3.5.1  Polylactic-Co-Glycolic Acid

A biodegradable polymer, PLGA, is a copolymer of lactic acid and glycolic acid. 
The characteristics like degradation rate, the strength of the nano-carrier, and load-
ing capacity are altered by adjusting the monomeric ratio (Badekila et al. 2021). The 
biological compatibility and biodegradable nature of PLGA are helpful for human 
use and are approved by the Food and Drug Administration (FDA, USA) and the 
European Medicines Agency. This is due to the hydrolysis of PLGA into glycolic 
acid and lactic acid monomers, which are easily excreted (citric acid cycle) from the 
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Table 3.1 Different types of nanovaccines against fish pathogens

Antigen Pathogen Nanoparticle Species
Delivery 
Route

RPS 
(%) References

Vibrio harveyi Vibrio harveyi Liposome E. bruneus IP 75 Harikrishnan 
et al. (2012a, 
b, c)

NKC03,IKC03 KHV Liposome C. carpio Oral 74.3 Yasumoto 
et al. (2006)

Aeromonas 
salmonicida 
(T1031)

Aeromonas 
salmonicida

Liposome C. carpio Oral 83.3 Irie et al. 
(2005)

pcDNA-vp7 GCRV Carbon 
nanotubes

Ctenopharyngon 
idellus

IM 72.5 Zhu et al. 
(2015)

pEGFP-vp5 GCRV Carbon 
nanotubes

C. idellus IM 56.7 Wang et al. 
(2015)

rVP7 GCRV Carbon 
nanotubes

C. idellus Bath 37.7 Zhu et al. 
(2014)

MOMP A. hydrophila ISCOMs Anguillia 
anguillia

IP 80 Dong et al. 
(2005)

S-layer protein A. hydrophila Calcium 
phosphate

Labeo rohita IP 100 Behera and 
Swain (2011)

pVAOMP38 V. anguillarum 
(Listonella)

Chitosan L. calcarifer Oral 46 Rajesh 
Kumar et al. 
(2008)

pVAOMP- 
DNA

V. anguillarum Chitosan/
TPP

L. calcarifer Oral ND Vimal et al. 
(2012)

pFNCPE42 Nodavirus Chitosan/
TPP

L. calcarifer Oral 60 Vimal et al. 
(2014)

OmpK V. 
parahaemolyticus

Chitosan/
TPP

A. schlegelii Oral 60 Vimal et al. 
(2014)

rgpG VHSV Chitosan/
TPP

D. rerio IP 70 Kavaliauskis 
et al. (2016)

pEGFP-N2- 
TRBIV-MCP 
(pDNA)

TRBIV Chitosan/
TPP

Scophthalmus 
maximus

Oral ND Zheng et al. 
(2016)

ISAV (V) ISAV Chitosan/
TPP

Salmo salar Oral 40.4 Zheng et al. 
(2016)

TNP-LPH TNP-LPH PLGA S. salar IP ND Fredriksen 
et al. (2011)

pEGFP-N2- 
MCP

LCDV PLGA P. olivaceus Oral ND Tian and Yu 
(2011)

HGG LCDV PLGA and 
PLA

S. salar IP ND Fredriksen 
and Grip 
(2011)

pCDNA-G IHNV PLGA O. mykiss Oral 22 Adomako 
et al. (2012)

TA,PT IPNV PLGA S. salar IP 16.7 Munang’andu 
et al. (2012)

(continued)
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Antigen Pathogen Nanoparticle Species
Delivery 
Route

RPS 
(%) References

Omp A. hydrophila PLGA, PLA L. rohita IP 75 Rauta and 
Nayak (2015)

SIP Streptococcus 
agalactiae

PMMMA- 
PLGA

Oreochromis 
niloticus

Oral 100 Zhang et al. 
(2016)

rOmpW A. hydrophila PMMMA- 
PLGA

L. rohita Oral 79.9 Dubey et al. 
(2016a, b)

rOmpA E. tarda Chitosan L. fimbriatus Oral Dubey et al. 
(2016a, b)

Irradiated 
trophont

I. multifiliis Alginate O. mykiss Oral Heidarieh 
et al. (2015)

PMMMA Poly [(methyl methacrylate)-co-(methylacrylate)-co-(methacrylic acid)], PLA Poly 
(lactic acid), ISCOMs Immunostimulating complexes, PLGA Poly (lactic-co-glycolic acid), 
OCMCS Oleoyl- carboxymethyl- chitosan, bVHSV Viral haemorrhagic septicaemia virus, TRBIV 
Turbot reddish body iridovirus, GCRC grass carp reovirus, ISAV Infectious salmon anaemia 
virus, IPNV Infectious pancreatic necrosis virus, IHNV Infectious hematopoietic necrosis virus, 
LCDV Lymphocystis disease virus, KHV Koi herpes virus, IM Intramuscular, IP Intraperitoneal, 
dRPS Relative percentage survival, ND Not determined

Table 3.1 (continued)

fish. It is one of the most commonly used biodegradable synthetic polymer nano- 
carriers, with a long history of biomedical application and a high safety profile 
(Semete et al. 2010). These particles are attractive for oral vaccination because they 
are easy to manufacture and relatively inexpensive. In the body, it undergoes non- 
enzymatic hydrolysis, yielding biodegradable metabolites such as lactic acid and 
glycolic acid. These are generally present in the body and participate in several 
biochemical and physiological pathways. As a result, there is very little systemic 
toxicity associated with PLGA use. PLGA and PLA can be made in various sizes 
and forms, and they can be used to encapsulate a wide range of molecules.

The size of the PLGA particles can be modified, and surface modifications can 
be added to vaccine formulations for oral, mucosal, and systemic administration. 
PLGA can easily be degraded in the body since, in the aqueous environment, its 
ester bond is hydrolyzed, allowing the easy release of antigens. The release kinetics 
of the system can be easily manipulated by varying the ratio of PLA/PLGA and is 
faster in acidic conditions. The particle size, surface alteration, and release profile of 
the PLGA nanoparticle all influence the immunogenicity of the entrapped antigen. 
PLA, unlike PGA, has a methyl group, making the copolymer more hydrophobic at 
higher PLA proportions. Similarly, the PGA/PLA ratio affects other particle physi-
cochemical properties, including mechanical force, hydration power (swelling 
behaviour), gelation temperature, and charge.

PLGA is commonly prepared by the double emulsion method by dissolving it in 
an organic solvent like chloroform, dichloromethane, or ethyl acetate (McCall and 
Sirianni 2013). Hydrophobic compounds (antigens) are directly added to the organic 
phase, while hydrophilic compounds are emulsified with PLGA polymer solution 
prior to particle formation. Emulsification of the solution is performed by adding a 
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surfactant or emulsifying agent like polyvinyl alcohol. The solid nanoparticles con-
taining the antigen of interest are obtained by evaporating the solvent by continuous 
stirring or pressure reduction. However, the uptake mechanism of PLGA-loaded 
antigens is not well understood in aquatic culture (Ji et al. 2015). Recently, a study 
encapsulated an inactivated virus in PLGA nanoparticles and evaluated its efficacy 
against viral haemorrhagic septicaemia virus (VHSV) in the marine fish, Paralichthys 
olivaceus (12 g) by oral/immersion route of administration. A relative percent sur-
vival (RPS) greater than 60% was observed after 4 weeks in this study with an 
upregulation of immunity genes like IgM, IgT, pIgR, MHC-I, MHC-II, IFN-γ, and 
Caspase 3 (Kole et al. 2019). Another study investigated a PLGA encapsulated vac-
cine for innate and adaptive immune responses in kelp grouper, Epinephelus bruneus 
(31 ± 2 g), against an opportunistic pathogen in marine fishes, Uronema marinum, 
at different time intervals of 1–4 weeks. The cumulative mortality was less than 
20% in PLGA-based vaccinated groups during scuticociliatosis disease. The 
acquired protection of the marine fishes against the protozoans was significantly 
due to the PLGA-based vaccination that comparatively enhanced respiratory burst 
activity, complement activity, and α-2-microglobulin (Harikrishnan et al. 2012a, b, 
c). Till today, high survival and serum antibody content suggested both direct and 
indirect involvement of PLGA vaccine in stimulating immune protective factors. A 
further mechanism of long-term protection needs to be evaluated for the future 
enhancement of aquatic organisms.

PLGA particles may also serve as adjuvants (Katare and Panda 2006), and the 
FDA has approved their use in human and veterinary medicine. Multiple antigens 
can be released simultaneously with PLGA particles, and antigens can be trans-
ported to intracellular compartments. To activate APCs, they may be engineered to 
be the same size as. Furthermore, biological degradation can take months to years 
depending on their characteristics (Prokop and Davidson 2008). Many researchers 
have studied the feasibility of using PLGA as a drug carrier. In a study, PLGA 
nanoparticles were filled with the anti-mycobacterial agent rifampicin and then 
injected into zebrafish embryos. Since the zebrafish embryos are transparent, it 
showed that the treatment had a significant impact on Mycobacterium marium 
infection. The rifampicin-PLGA nanoparticle showed an increased therapeutic 
effect against M. marium and higher embryo survival compared to rifampicin alone 
(Danhier et al. 2012).

3.5.2  Polylactic Acid

PLA is a biocompatible and biodegradable polymer. It is non-toxic and can be 
metabolized into monomeric units of lactic acid in the body. Since 1980, PLA poly-
mer has been extensively studied in surgical implants, sutures, and drug delivery.
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3.5.3  Alginate

Alginate is a natural polymer derived from brown seed weed/algae that comprises 
copolymers containing D-mannuronic acid and -L-guluronic acid found in brown 
algae cell walls. It is biodegradable, biocompatible, non-toxic, acid-resistant, muco-
adhesive, and well-suited for oral vaccine administration (Rivas-Aravena et  al. 
2013). Alginate is commonly used in antigen encapsulation for a variety of reasons: 
it has low toxicity and mucoadhesiveness, it allows interaction of the alginate par-
ticle with the epithelial mucus walls; it is acid and protease-resistant, and it is inex-
pensive. The size, antigenic composition, production strategy, alginate selection, 
and antigen concentration influence the alginate particle’s characteristics. Alginate 
has been used in the delivery of fish vaccines in the form of microparticles. More 
often than nanoformulations, alginate nanoparticles were evaluated for oral vaccine 
delivery against Ichthyophytirius multifiliis in rainbow trout for booster 
vaccination.

The mechanical property of alginate polymer is dependent on the G units in its 
block formation. Alginate as cargo for vaccine delivery is attractive. It is stable at 
low pH during its release in the foregut and midgut of fish and can be applied in the 
oral administration of nanovaccines (Ji et al. 2015). A study combined alginate and 
chitosan by ionic gelation for oral vaccination of Oncorhynchus mykiss (10  g) 
against pathogenic bacteria like Lactococcus garvieae and Streptococcus iniae. The 
challenge test results showed 76% survival (against S. iniae) and 66% survival 
(against L. garvieae) for the polymer-based vaccine after 10 days of the challenge. 
Thus, indicating the effectiveness of the oral bivalent Streptococcus-Lactococcus 
vaccine (Halimi et  al. 2019). Many studies have applied alginate in microform; 
however, studies of alginate as a nanovaccine are still in their nascent stages. Hence, 
further improvement in the application of alginate-based vaccines in nanoparticle 
form needs to be performed.

3.5.4  Chitosan

Chitosan is a linear polysaccharide composed of (1–4)-linked D-glucosamine and 
N-acetyl-D-glucosamine, which is present in the exoskeletons of crustaceans, 
insects, and some microorganisms. Chitosan nanoparticles are used for drug deliv-
ery and have excellent properties. They are made of a biocompatible, non-toxic, and 
biodegradable polymer that is easily excreted by the kidneys. Because of their 
mucoadhesive properties, they can be modified for slow and sustainable drug 
release. In reality, chitosan activates immune cells such as macrophages, natural 
killer cells, APCs, and T lymphocytes by stimulating the production of cytokines 
(Foged et al. 2005). Purity, molecular weight, degree of deacetylation, quality, and 
viscosity all affect the characteristics of chitosan particles. Fish vaccines have been 
developed using chitosan nanoparticles, such as the inactivated virus vaccine against 
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infectious salmon anaemia virus (ISAV), which includes the DNA coding for ISAV 
replicase as an adjuvant. The outer membrane protein K-encoding gene of Vibrio 
parahaemolyticus was loaded onto chitosan nanoparticles to create an oral DNA 
vaccine. In the black sea bream Acanthopagrus schlegelii, this recombinant nano-
vaccine elicited a defensive immune response against V. parahaemolyticus (Li et al. 
2013). Recently, a reddish body iridovirus oral DNA vaccine based on chitosan 
nanoparticles was created (Zheng et al. 2016). Chitosan and chitosan/triopoly phos-
phate nanoparticles were used to produce an oral DNA vaccine against V. anguilla-
rum in Asian sea bass, Lates calcarifer. The nanovaccine conferred only moderate 
protection against the pathogen (Vinay et  al. 2016). Similarly, in Asian sea bass 
(L. calcarifer), chitosan nanoparticles were tested for their ability to deliver plasmid 
DNA encoding V. anguillarum OMPs (Poobalane et al. 2010). Using immunohisto-
chemistry, Omp38 was subsequently found in the liver, kidney, spleen, and intes-
tine. Fish were partly safe from homologous challenge 21 days after vaccination, 
with an RPS of 46%. In a study on rainbow trout (O. mykiss), vitamin C was found 
to be conjugated with chitosan nanoparticles (O. mykiss). Because of the potent 
synergism between chitosan and vitamin C, the vitamin was released up to 48 h 
after oral administration, and the fish’s innate immune system was stimulated. It 
also has the potential to induce a robust adaptive immune response against the con-
jugated antigen, both cellular and humoral (Arca et al. 2009). The use of chitosan 
nanoparticles in fish vaccines has several advantages, including the ability to boost 
mucosal immunity through the oral route of vaccination. Several oral DNA vaccina-
tion studies in fish have shown that chitosan nanoparticles are more effective than 
other formulations against antigens derived from turbot reddish body iridovirus, 
nodavirus, V. parahaemolyticus, and V. anguillarum. Vimal et al. (2012) and Rivas- 
Aravena et al. (2015) also demonstrated the efficacy of chitosan nanoformulations 
against inactivated ISAV. A recent study found that chitosan was effective in the 
intraperitoneal administration of a vaccine against VHSV recombinant glycoprotein 
(rgpG) in zebrafish (Kavaliauskis et al. 2016). According to the findings, the use of 
chitosan nanoparticles improves vaccine-mediated protection against infection in 
fish. It also contributes to the immune response by modulating leukocyte trafficking. 
It is biocompatible, biodegradable, hydrophilic, and abundant in nature, making it 
one of the most appealing candidate nanoparticles.

3.5.5  Dendrimers

Dendrimers are symmetric nanoparticles constituting a central core, an inner shell, 
and an outer shell with treelike arms and branches. The synthesis of the dendrimer 
is generally performed by convergent (addition of monomers from the chain end) 
and divergent (synthesis starting from the core) methods followed by size and 
branch optimization (Klajnert and Bryszewska 2001). The presence of multiple 
functional groups in the dendrimer surface is advantageous in coupling biologically 
relevant molecules. With a need for efficient nanovaccines, dendrimers provide 
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molecularly defined multivalent scaffolds to fabricate conjugates with antigens. The 
biocompatibility, predictable biodistribution, and ligand-receptor interacting char-
acteristics are dependent on the size and surface charge of dendrimers (Heegaard 
et al. 2010). Hence, an optimized synthesis of dendrimers based on size and surface 
charge provides feasibility for efficient nanovaccine preparation in conjunction with 
delivery systems. Previously, few studies explored the suitability of amine−/amide- 
based dendrimers like polypropylene imine and polyamido amine (PAMAM) for 
antigen delivery to produce an immune response in the host against contagious 
viruses (Chahal et al. 2016). Currently, chlamydial infection in fish is emerging as a 
cause for concern in aquaculture industries (Stride et al. 2014). In this regard, the 
dendrimer-conjugated peptide vaccine is suitable for the clearance of the infection. 
The proposed carrier system in a previous study involved a PAMAM dendrimer to 
which a chlamydial peptide mimic, glycolipid antigen-peptide 4, was conjugated 
through an ester bond (Ganda et al. 2017). Even though nanoformulation is effective 
in controlling infectious bacterial and viral strains in mouse models, considerable 
research is not available in aquatic models.

3.5.6  Inorganic Nanoparticles

Inorganic nanoparticles have a measurable impact on modern material science 
research due to their possible technological importance, particularly in the field of 
bio-nanotechnology, and their unique physical properties including size-dependent 
magnetic, optical, electronic, and catalytic properties. Thus, spreading their possi-
ble applications in fluorescence labelling, magnetic resonance imaging, and 
stimulus- responsive drug delivery is crucial to the diagnosis and treatment of dis-
eases (Kobayashi et al. 2014). It is a viable alternative to organic forms that could 
be used for vaccine delivery. Many inorganic nanoparticles have been explored for 
their application in vaccine delivery. Despite their non-biodegradable nature, inor-
ganic nanoparticles have advantages like a unique rigid structure for controllable 
synthesis (Kalkanidis et al. 2006). The four most commonly used inorganic NPs are 
(1) noble metal, (2) magnetic, (3) fluorescence, and (4) multifunctional, e.g. lumi-
nescent magnetic.

3.5.7  Gold Nanoparticles

There is a great interest in investigating the antimicrobial effect of gold nanoparti-
cles due to their low toxicity to eukaryotic cells. It can be used in vaccine delivery 
systems and can be easily manipulated into different sizes and shapes. Gold 
nanoparticles were produced by green synthesis and showed antibacterial activity 
against fish bacterial isolates.
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3.5.8  Silver Nanoparticles

Silver nanoparticles are one of the most investigated nano-antibacterial agents in the 
research literature. It is synthesized using citrus (lemon) juice as a reducing agent. 
It has shown antibacterial activity against Staphylococcus aureus and Edwardsiella 
tarda and anti-cyanobacterial activity towards Anabaena and Oscillatoria species; 
there is very little published work on the antifungal and antiviral effect of silver 
nanoparticles in fish medicine.

3.5.9  Zinc Oxide Nanoparticles (ZnO-NPs)

Zinc oxide nanoparticles have drawn more attention because of their antibacterial 
and antifungal effects. In the field of fish medicine, ZnO-NPs can inhibit the growth 
of Aeromonas hydrophila, E. tarda, Flavobacterium branchiophilum, Citrobacter 
spp., S. aureus, Vibrio species, Bacillus cereus, and Pseudomonas aeruginosa. 
Ramamoorthy et al. investigated the antibacterial effects of ZnO-NPs against the 
pathogenic Vibrio harveyi and observed higher bactericidal effects of nanoparticles 
compared to bulk ZnO. In another interesting study, ZnO nanoparticles were syn-
thesized biologically using A. hydrophila. These nanoparticles exhibited antibacte-
rial activity against the same bacterium and other species like P. aeruginosa, E. coli, 
Enterococcus faecalis, Aspergillus flavus, and Candida albicans.

3.5.10  Titanium Dioxide Nanoparticles (TiO2−NPs)

TiO2-NPs, when doped with magnetic Fe3O4-NPs, had a bactericidal effect against 
S. iniae, E. tarda, and P. damselae after activation by light (Abdelghany et al. 2012). 
These particles can be used to disinfect water, as the fish pathogens bind with the 
nanoparticles, which can then be easily extracted from the water using a magnet 
(Abdelghany et al. 2012). However, Jovanovic et al. (2011) concluded that TiO2-NPs 
influence the immune system of fish by decreasing the antimicrobial activity of fish 
neutrophils, rendering the fish more susceptible to infection and hence increasing 
mortality, particularly during disease outbreaks.

3.5.11  Nano-selenium

Nano-selenium has a substantial impact on the physiology of fish by improving the 
animal’s physiological and immunological systems. Selenium supplementation pro-
tects cells from damage and is important for fish development, fertilization, and 
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immunological function. By increasing lysozyme activity and red blood cell count, 
selenium supplementation boosts fish immunity. The nano form of selenium has the 
most favorable effect, as it is more effective than the bulky version. The nano form 
of selenium is a unique kind that draws greater interest than inorganic and organic 
forms due to its high bioavailability and lower toxicity (Khurana et  al. 2019), 
whereas inorganic compounds are more harmful than organic compounds. The bio-
logical properties of selenium nanoparticles are dependent on their size; smaller 
particles have more activity. In comparison to other organic and inorganic oxidation 
states, nano-selenium (nano-Se) advantages from the capacity to utilize selenium at 
zero oxidation, which has low toxicity and excellent bioavailability. It’s highly 
unstable, and it can readily revert to a dormant state. On the other hand, encapsula-
tion with chitosan can help to stabilize it (Nasr-Eldahan et al. 2021).

3.5.12  Liposome

For nearly four decades, liposomes have been recognized as possible drug delivery 
vehicles (Nasr-Eldahan et al. 2021). The size is between 100 and 400 nm. Some 
liposome nanoparticle formulations include liposome-polycation-DNA nanoparti-
cles and interlayered, crosslinked multilamellar vesicles. A liposome is a spherical 
vesicle made artificially from biologically inert lipids that are non-toxic and biode-
gradable and composed of a lamellar lipid bilayer. The antigen can be encapsulated 
within the core of liposomes, which are made up of biodegradable and harmless 
phospholipids (Giddam et al. 2012). The lipid bilayer structure facilitates the load-
ing of both hydrophobic and hydrophilic compounds. Liposomes are phospholipid 
vesicles that develop spontaneously in aqueous solutions and have the ability to 
capture dissolved particles. They are biodegradable, slowly releasing the charged 
molecule as they decompose in the body. Depending on their size, the number of 
lamellae that make them up, and their ability to trap molecules in solution, they have 
diverse features. Given the high quantity of mucin in fish gills, the liposome charge 
must be taken into account while giving chemicals to fish in liposomes. The pH of 
the water deprotonates the mucin’s sialic acid, enabling its interaction with cationic 
liposomes of <100 nm that contain DNA, for example, enhancing the residence time 
and uptake of the load. Because the interaction with the gills can produce hypoxia 
in the fish, this interaction results in large quantities of cationic liposomes, which 
are lethal to the fish. Similar amounts of anionic or neutral liposomes, on the other 
hand, are not lethal.

At present, liposomes are widely used as vaccine delivery vehicles in nanomedi-
cine. Oral nanoliposomes have been used for fish vaccine administration with lipo-
some nanoparticle-entrapping A. salmonicida and koi herpesvirus, which provided 
a better immune response than other formulations. A study was published on the 
effectiveness of nanoliposomes in the intraperitoneal injection of a Vibrio harveyi 
vaccine (Harikrishnan et al. 2012a, b, c). Phosphatidylcholine liposomes encapsu-
lating inactivated A. salmonicida with formalin, as well as lipopolysaccharide (LPS) 
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and inactivated toxin, were given to rainbow trout via immersion, which gave mini-
mal protection against furunculosis, being slightly more efficient than the free anti-
gen. Fernandez-Alonso et al. (1999) showed that when liposomes are given to fish, 
they can enable DNA expression. The green fluorescent protein (GFP) was detected 
in the fins of 0.2–0.5 g rainbow trout after immersion in 10–20 μm of DOTAP lipo-
somes carrying codifying DNA for GFP (Fernandez-Alonso et al. 1999). There is 
no direct relationship between the size of liposomes and the organs in which they 
concentrate, according to studies, but there is a relationship in terms of their ability 
to lodge in specific organs. When rainbow trout were given large unilamellar phos-
phatidylcholine liposomes (LUV, 250 nm), they accumulated in larger proportions 
in their organs than multilamellar liposomes (MLV, 1–5 μm). They were collected 
(in decreasing order) in the spleen, head kidney, posterior kidney, visceral fat, and 
liver 24 h after treatment; liposome accumulation in hematopoietic organs has also 
been seen. Because liposomes are easily destroyed in the stomach, trials of fish vac-
cines using liposomes have been used for intraperitoneal injection or immersion 
delivery. More research into different forms of liposomes is needed to establish their 
use in the encapsulation of antigens for fish. Oral vaccinations are now possible 
thanks to modified liposomes that are resistant to stomach digestion.

Certain factors like net charge, lipid composition, particle size, and amount of 
loaded compound determine the vaccine delivery potential of the liposomes. 
Especially, the net charge of liposomes indirectly contributes to acute toxicity in fish 
after treatment due to the presence of high levels of mucin in fish gills, resulting in 
an unintended interaction between cationic liposomes and anionic mucin. However, 
a study investigated the effect of oral immunization with liposome-entrapped bacte-
rial antigen on protection against A. hydrophila (a bacterial pathogen majorly 
attacking mucosal surfaces in the fish intestine and causing furunculosis disease). 
For the nanovaccine formulation, the liposome carrier was synthesized by combin-
ing dipalmitoylphosphatidylcholine, dipalmitoylphosphatidylserine, and choles-
terol, followed by entrapping the A. hydrophila antigen in saline solution. The 
liposome-entrapped A. hydrophila was orally administered in Cyprinus carpio 
(25–30  g). A comparison of immunized with non-immunized fishes showed an 
83.5% survival rate during pathogen invasion (Choi and Oh 2007). Similarly, 
another study conducted liposome (made of dipalmitoylphosphatidylcholine, dipal-
mitoylphosphatidylserine, cholesterol)-based oral vaccine administration in 
E. bruneus (29.5 ± 2.1 g) against Vibrio harveyi in kelp grouper and showed 90% 
mortality in non-immunized fish during V. harveyi infection (Harikrishnan et  al. 
2012a, b, c). Thus, the potential of the liposomal conjugated bacterial vaccine 
showed tremendous potential in fish survival. Further, a newer strategy to protect 
fish against viral/bacterial infection by immunostimulation of Danio rerio 
(0.6  ±  0.12  g) with nanoliposome co-encapsulating poly (Inosinic: Cytidylic) (a 
synthetic analogue of viral double-stranded RNA) and bacterial LPS to protect 
against lethal virus spring viraemia of carp virus and bacteria P. aeruginosa (PAO1) 
showed promising avenues in fish immunization (Ruyra et al. 2014).
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3.6  Nanoemulsion

Nanoemulsions usually have a diameter of 20–200 nm and are an isotropic system 
made up of two immiscible liquids (water and oil) that stabilize with the addition of 
a surfactant. They can be in the form of water in oil or oil in water, with vaccinations 
in their cores, or simply mixed with antigens for delivery. Some emulsion-based 
nanoparticles including MF59 and Montanide are tailorable nano-sized emulsions. 
Polymeric chitosan and PLGA nanoparticles have been the most studied nanopar-
ticles in fish vaccination research so far.

3.6.1  Immunostimulating Complex (ISCOM)

Immunostimulating complexes contain immune-stimulating qualities, and they are 
commonly employed as a vaccination adjuvant to boost the immunological response 
and provide extended protection. The ISCOMs are spherical structures with an open 
cagelike structure (40 nm in diameter) that developed spontaneously when choles-
terol, phospholipids, and quillaia saponins were mixed in a certain stoichiometry 
(Aguila et al. 2006). They have excellent adjuvant activity against a wide spectrum 
of bacterial and viral antigens. Virus-like particles are biocompatible capsid pro-
teins that self-assemble into nanoparticles. They are great nanovaccines because 
they lack infectious nucleic acids but retain the virus’s developed shape, which 
induces immunity. The size of nanoparticles utilized in vaccine development is usu-
ally between 20 and 800 nm. Immunostimulant complexes have been studied for 
more than three decades and are only available for veterinary use due to their low 
toxicity and haemolytic qualities (Smith et al. 2015). Although different forms of 
saponin have been examined as adjuvants in fish vaccines, there is just one research 
on the nano form (ISCOMs) for vaccine administration. In the study, the main 
OMPs of A. hydrophila were encapsulated in ISCOMs and administered intraperi-
toneally to eels, which provided good protection.

3.7  Immune Responses Due to Nanovaccines

The immune system of fish is divided into two types: innate and adaptive. Surface 
barriers (mucus, skin, gills, gastrointestinal tract), growth inhibitors (transferrin, 
interferon), enzyme inhibitors, and other innate defence mechanisms in fish are acti-
vated rapidly after infection. Nonspecific cellular factors are phagocytes, lysins 
(complement, antimicrobial peptides, lysozyme), precipitins and agglutinins (pen-
traxins, lectins), macrophages and neutrophils, phagocyte-activating chemicals 
(opsonins, cytokines), natural cytotoxic cells, eosinophils, basophils, mast cells, and 
inflammation. Adaptive immune responses take several days to become active, after 
which they provide basic memory cells, which are required for full pathogen 

B. Maiti et al.



53

elimination. Humoral immunity, cell-mediated immunity, and immunological 
memory are three facets of the adaptive immune system mediated by lymphocytes. 
Humoral immunity is characterized by the production of immunoglobulins (Ig) by 
B-cells, and there are three types of Igs identified in fish to date (IgM, IgD, and IgT) 
(Ballesteros et al. 2013). Cytotoxic T-lymphocytes are an integral part of the cellular 
immune system. Pathogens are recognized by adaptive immunity by molecules gen-
erated by somatic pathways, which are then followed by humoral and cellular reac-
tions mediated by B- and T-lymphocytes. Dendritic cells, for example, are APCs 
that play a key role in both innate and adaptive immune responses. The APCs mature 
in response to microbial surface determinants, resulting in the transfer of MHC 
molecules (MHC I and MHC II) from intracellular compartments to the cell surface, 
the secretion of cytokines, morphological changes in dendritic cells, and cytoskel-
eton reorganization. The antigens are either internalized through the endocytic or 
non-endocytic pathways. The endocytic pathways, for example, entail the phagocy-
tosis of antigen by APCs and the subsequent degradation of the antigen by proteo-
lytic enzymes and reactive oxygen species. The degradation products (peptides) are 
then displayed on MHC class II molecules and identified by CD4+ T cells, causing 
antibody production and memory T-cell development. Non-endocytic pathways: 
Pathogen antigens are digested by the proteasome, which then displays peptides on 
MHC class I molecules (Shen et al. 2006). The CD8+ T cells that have cytotoxic 
activity against infected host cells identify the displayed antigen. The expression of 
co-stimulatory molecules (maturation markers) increased in a dose-dependent man-
ner after these dendritic cells (DC) were exposed to nanoparticles (Uto et al. 2009). 
For the induction of DC maturation, however, both the absorption of nanoparticles 
and the characteristics of the polymers that shape the nanoparticles are critical. 
Despite their smaller size, nanoparticles have a greater influence on DC activation. 
As a result, surface interactions between nanoparticles and DCs influence DC matu-
ration. When DCs were matured by PLGA nanoparticles, the expression of MHC 
class II and CD86 increased slightly compared to controls (Elamanchili et al. 2004). 
Nanoparticles elicit a variety of immune responses when administered, but they are 
not immunogenic unless they have been conjugated with an antigen. Pattern recog-
nition receptor activation, cytotoxic T-lymphocyte induction, T-helper (Th) activa-
tion, cytokine development in different forms, B-cell activation, and antibody 
production are all involved in the induction of immune responses through various 
nanoparticles (Najafi-Hajivar et al. 2016). The size of the particles may play a role 
in the type of immunity that is caused. The APCs pick up nanoparticles depending 
on their size (Fifis et al. 2004). Smaller particles induce stronger immune responses 
than larger particles, according to several studies (Manolova et al. 2008).

3.7.1  Nanoparticle-Antigen Interaction

Nanoparticles can deliver antigens to the immune cell in two ways: (a) immune cell 
co-ingestion of antigen and nanoparticle and (b) transient transmission, i.e. protect-
ing the antigen and controlling its release at the target site. Nanoparticles engage 
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certain immunological pathways in immune potentiator techniques, accelerating 
antigen processing and increasing immunogenicity (Mody et  al. 2013). Simple 
physical adsorption or more nuanced methods such as encapsulation or chemical 
conjugation have been used to bind antigens. The charge or hydrophobic interac-
tion is used to physically adsorb antigen onto a nanoparticle (Wendorf et al. 2006), 
where the contact between the nanoparticle and antigen is rather weak, resulting in 
quick disassociation in vivo. Encapsulation and chemical conjugation of antigens 
to nanoparticles provide the strongest interactions. During formulation, antigens 
are combined with nanoparticle precursors, resulting in antigen encapsulation in 
nanoparticles (Zhao et  al. 2014). The antigen, on the other hand, is chemically 
cross-linked to the surface of a nanoparticle, and after being taken up by the 
nanoparticle, it is released inside the cell (Slütter et al. 2010). Immune potentiator 
techniques do not require antigen attachment or interaction with nanoparticles, and 
in some cases, they may be unfavourable in circumstances where the antigenic 
structure at the nanoparticle contact is altered. Several studies have shown that 
unique antibodies can be generated against nanoparticles, which is not a desirable 
trait because it could reduce the efficacy of nanovaccines (Zolnik et  al. 2010; 
Zaman et  al. 2013). Nanoparticles are not antigenic by themselves, but they do 
have antigenic properties when conjugated with antigens (proteins) due to their 
larger size (Zolnik et al. 2010; Zaman et al. 2013). T cells’ activity in combating 
infections and cellular components is called cell-mediated immunity, and it’s criti-
cal for protecting against a variety of pathogens. A significant cellular immune 
response can be induced by giving nanoparticle-based vaccinations in non-fish 
models, according to several studies (Zaman et al. 2013). Immunological memory 
is an essential feature of a specific immune response, which includes adaptive 
changes in lymphoid cells. The immune system identifies and kills a pathogen 
when it is exposed, which is the basis for an effective vaccine strategy (Fig. 3.2). 

Fig. 3.2 Adaptive immune response against nanovaccines within a fish. Created with 
BioRender.com
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The production of a vaccine necessitates the activation of both the innate and adap-
tive immune systems, which function in tandem. Furthermore, adjuvants and deliv-
ery systems are needed to enhance and prolong the immune response, and various 
nanoparticles have emerged as frontrunners due to their unique properties. 
Nanoparticle-based vaccines help to close the gap by inducing the upregulation of 
many inflammatory, innate, and basic immune-sensitive genes (Zhu et  al. 2014; 
Zheng et al. 2016). In fish, nanovaccines can elicit cellular and humoral immune 
responses, but cellular responses remain elusive. Based on the identification of the 
antigen by different methods, it has been suggested that oral nanovaccines can 
efficiently deliver purified antigens or DNA vaccines in the intestine, gills, liver, 
muscle, heart, blood, spleen, and kidney (Vimal et al. 2012). Several studies have 
shown that NPs can target the liver and other organs. Some nanovaccines can alter 
cell junction integrity during the permeation process, a mechanism that has been 
linked to the positive charges of NPs and is proposed as a useful property for 
enhancing antigen or DNA vaccine delivery (Liu et al. 2016). Fish innate immune 
cells respond to oral nanovaccines by increasing respiratory burst activity and 
immune-related enzymatic activities such as lysozyme, myeloperoxidase, and 
superoxide dismutase (Kole et al. 2018). Since systemic and mucosal (skin)-spe-
cific antibodies have been identified, B cells are directly involved (Rivas-Aravena 
et al. 2015). Except for TLR22 and NOD1 receptors, the function of receptors in 
vaccinated fish has been studied in depth (Liu et  al. 2016; Kole et  al. 2018). 
Immune-related gene expression research has revealed new information about the 
immunological pathways linked to nanovaccines. The upregulation of genes linked 
to innate and adaptive immune responses, such as iNOS, IL-1β, TNF-α, Mxs, IFNs, 
IL-10, IL-12, TGF-β, MHC, CD4, and CD8, was discovered during the evaluation 
of oral nanovaccines in fish (Rivas-Aravena et  al. 2015; Liu et  al. 2016). These 
genes were chosen based on the predicted immunological responses following the 
administration of a particular nanovaccine.

3.7.2  Nanoparticle-Antigen-Presenting Cells

The encapsulation of antigenic cells in a nanoparticle has sparked research into the 
mechanism for efficient antigen transmission to APCs, which leads to antigen matu-
ration and then cross-presentation to induce an immune response. The DCs prefer 
virus particles with a diameter of 20–200 nm, while macrophages prefer particles 
with a diameter of 0.5–5 nm. When the particle size was smaller, a higher propor-
tion of DCs interacted with the polystyrene spheres. Similarly, macrophages 
ingested PLA nanoparticles with a diameter of 200–600 nm more effectively than 
microparticles (Kanchan and Panda 2007). Particle shape, size, and surface charge 
are all essential particulate physicochemical factors that influence how particles 
interact with APCs. In contrast to hydrophilic particles, hydrophobic particles have 
been shown to elicit a stronger immune response (Hillaireau and Couvreur 2009).
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3.8  Benefits of Nanovaccines

In recent years, rapid advances in nano-sciences and nanotechnologies have opened 
up new frontiers for several industrial and aquaculture areas. Nanotechnology is 
undeniably a significant prospect for the economic and long-term development of 
aquatic resources in many countries. In aquaculture, nanotechnology has evolved 
into a comprehensive tool for addressing a wide range of issues. Nano-vaccination 
is a novel approach to improving vaccine immunogenicity by employing nanopar-
ticles as a carrier or adjuvant. There are a variety of materials available today that 
can be employed in an antigen delivery system for oral fish immunization. The 
nanomaterial-based vaccine’s advantages include targeted antigen delivery, antigen 
stability, improved release kinetics, higher immune protectiveness, and immunoge-
nicity. Because they are biodegradable and biocompatible, as well as less toxic, they 
are regarded as a viable alternative to standard vaccines. Nanoparticles also serve as 
adjuvants, assisting in the stimulation of immune responses while also protecting 
the antigen from degradation and allowing for regulated antigen release at the tar-
geted site. It provides gastrointestinal stability, which is a key requirement for oral 
vaccination. Nanoparticles can imitate a natural illness, reducing the requirement 
for a booster dose while also improving vaccine efficacy. Various biodegradable 
polymeric particles, such as PLGA or PLA, operate as adjuvants and aid in the 
establishment of long-lasting immunity following a single injection. Biodistribution 
is aided by surface modification. The NPS can also be combined with targeting 
ligands, allowing particles to be directed to specific cells or regions. Nanoparticle- 
based delivery of DNA vaccines to APCs is one of the most promising delivery 
technologies for optimizing DNA vaccine formulation for immunotherapy (Rauta 
and Nayak 2015). The advantages and disadvantages of various types of nanopar-
ticles are summarized in Table 3.2.

Vaccination with nanoparticles has several advantages over traditional vaccines.

 1. A nanoparticle’s size and shape can be modified to imitate a pathogen, allowing 
for efficient lymphatic drainage and subsequent internalization in APCs.

 2. In physiological settings, nanoparticles effectively prevent the encapsulated anti-
gen from destruction.

 3. The charge and size of the nanoparticle influence the particle’s biodistribution 
and retention in lymph nodes and spleens, encouraging memory immune 
responses.

 4. Antigen and adjuvant co-delivery through nanoparticles to specific APCs, result-
ing in optimum antigen presentation and immune activation.

 5. NP systems designed to facilitate endosomal escape can transfer antigens to the 
cytosol of APCs, enabling efficient antigen cross-presentation and the produc-
tion of cytotoxic CD8+ T lymphocyte responses.

 6. Antigen and adjuvant co-delivery through nanoparticles to specific APCs, result-
ing in optimum antigen presentation and immune activation.

 7. In aquaculture, oral administration is the easier and less expensive way to achieve 
antigen delivery since it eliminates the labour-intensive, costly, and inconvenient 
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Table 3.2 Advantage and disadvantages of different types of nanoparticles

Nanoparticle type Advantage Disadvantage

Polymeric 
nanoparticles

Biodegradability Low aqueous stability
Low antigen loading capacity
Premature release of antigen
Insufficient antigen protectionBetter immunogenicity

Targeted antigen delivery
Inorganic 
nanoparticles

Easy to modify Low biodegradability
Better protection of absorbed antigens and 
less chance of premature release

Low aqueous solubility

Nanoemulsions Possess self-adjuvant properties Poor gastrointestinal stability
Encapsulates both hydrophilic and 
hydrophobic antigens

Premature release of antigen

ISCOMS Easy to encapsulate antigen Lack of reproducibility
Built-in adjuvant property of Quil A

Nanoliposomes Stable in gastrointestinal fluids when 
modified

Limited antigen loading 
capacity
Low mucous penetration
Poor gastrointestinal stability 
of naked liposomes

Possess intrinsic adjuvant properties that 
accommodate both hydrophilic and 
hydrophobic antigens

Viruslike particles High gastro-intestinal stability that mimics 
the original virus

Lack of reproducibility

Possess self-adjuvant properties Premature release of antigen

injection technique. The synthesis of nanoparticles costs much less than any 
other adjuvant, and because they are thermostable, they do not require a cold 
chain for storage.

Recent research has found that encapsulating A. hydrophila OMPs in PLGA and 
PLA nanoparticles improved the severity and duration of the immune response. In 
common carp, zebrafish, and rohu, even single-walled carbon nanotubes improve the 
immune-protectiveness of DNA and act as a delivery route for recombinant proteins 
targeting specific diseases. Because nanotubes may infiltrate APCs and carry and 
translocate bioactive molecules, they are useful carriers of antigens (Liu et al. 2016).

3.9  Current and Future Challenges

In many countries, nanotechnology presents a significant possibility for the econ-
omy and the long-term development of aquatic resources. Although the use of nano-
technology in aquaculture is still in its early stages, it has the potential to solve the 
majority of the problems in the aquaculture and fisheries sectors with improved 
technical innovation at various levels. Nanoparticles have certain unique properties 
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and have shown promising use in fish vaccine administration, but they also have the 
drawback of being able to cross the blood-brain barrier, which could cause major 
problems (Joyappa et al. 2009). The NP-based targeting and delivery system has a 
small size, and a large surface area can cause aggregation, making physical han-
dling problematic. Other difficulties with employing these nanoparticles include a 
lack of knowledge about NP distribution and the unpredictability of the process. 
Nanoparticle toxicity raises biosafety problems. If nanoparticles are made of innoc-
uous chemicals, they are not always hazardous. The principal targets of nanoparti-
cles for immunotoxicity have been identified as cell-mediated immunity and 
phagocytic cells. Lysosomal instability, frustrated phagocytosis, and changes in 
phagocytic cell function are all signs of toxicity. Although the humoral immune 
system is less susceptible to direct nanoparticle immunotoxicity, it is essential for 
the nanoparticles’ dispersion throughout the body and presentation to phagocytic 
cells. However, there is a lot of scientific confirmation and research that must be 
done in this area. Despite the wide range of nanomaterials available, most fish nano-
vaccines have been produced using polymeric nanoparticles (PLGA, chitosan, and 
nano-polyplexes). An investigation is required on a wide range of nanomaterials, 
which can lead to the field’s expansion. As a delivery vehicle, a variety of materials, 
including metallic and other organic NPs, are being considered. Other NPs cur-
rently being developed for vaccines and tested in fish via parenteral or immersion 
methods include fundamental investigations in fish that are required to establish 
relationships between the physicochemical qualities of NPs and their stability, bio-
distribution, destiny, and ultimately efficacy. Although most vaccine prototypes 
have low toxicity, this area deserves more research, taking into account particle size, 
bio-inertness, biodegradability, and safe excretion. High concentrations of chitosan 
(20 g/ml) and PLGA (1.25 mg/ml) NPs in water, for example, cause lead toxicity in 
zebrafish (D. rerio) embryos, causing impairment of hatching or survival (Nikapitiya 
et al. 2018). These results may be linked to the agglomeration of NPs on the surface 
of the chorion and the subsequent induction of hypoxia. Biocompatibility, perme-
ation potential, and interaction-mediated mechanisms of nanovaccines have all been 
studied in vitro using fish cell lines. Surprisingly, in vivo follow-up experiments 
have shown the biodistribution of oral nanovaccines, revealing that they end up in 
the stomach, blood, gills, kidney, spleen, and muscle. Studies on the antigen release 
rate, cellular uptake dynamics, and intracellular destinies should be added to this 
information (Dubey et al. 2016a, b). Despite their widespread use, there are ques-
tions about a few nanoparticles that exhibit varying degrees of toxicity. Inorganic 
carbon nanotubes are non-biodegradable and have been confirmed to be toxic 
(Mutlu et al. 2010). Unregulated applications and toxicity reports from a small num-
ber of in vitro studies can skew the public’s perception of nanoparticles, causing 
unnecessary concern and casting doubt on the science of nanomedicine (Yildirimer 
et al. 2011). With the increasing number of nanoparticle applications in recent years, 
the mechanisms will become clearer, and perceptions can shift in either direction. 
Oral nanovaccine prototypes have been tested in fish against viral and bacterial 
diseases, with evidence demonstrating their defensive ability against six viruses and 
five bacterial organisms. As a result, the list of diseases for which this technology 
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can be used must be expanded. There were no studies on fish nanovaccines for para-
sitic diseases. Vaccine candidates can be developed using plasmid DNA or purified 
antigens with proven efficacy. Nanoparticles‘antifungal and antiviral properties 
against fish diseases must be investigated. Only a few studies have looked at the use 
of nanoparticles in the diagnosis of bacterial and fungal diseases in aquaculture. 
Given nanoparticles’ demonstrated ability, more focused investigations of their use 
in many fish medicine research topics are needed to encourage more effective fish 
disease diagnostics and therapy (Danhier et al. 2012). Since the former mimics a 
natural infection, it would better reflect vaccine efficacy in a real scenario; challenge 
studies focused on experimental infection rather than intraperitoneal pathogenic 
challenges are required to test nanovaccines more accurately (Rombout et al. 2011) 
and extend the challenge duration after mucosal vaccination. This will allow 
researchers to determine whether the defence is a result of innate or adaptive 
immune responses. When developing mucosal vaccines for fish, it’s important to 
remember that a variety of factors influence the induction of long-lasting adaptive 
immune responses, including age, genetics, and climate (Embregts and Forlenza 
2016). Mechanistic experiments on oral fish nanovaccines show that they boost 
respiratory blast, myeloperoxidase, lysozyme, and superoxide dismutase activities, 
as well as humoral responses, as measured by total and specific antibody output in 
serum and skin mucus (Zheng et al. 2016). To better understand the behaviour of 
oral nanovaccines, a study of encapsulation efficiency and release of encapsulated 
antigens should be done on a case-by-case basis, and induced immune responses 
should be compared among fish species. The latest progress on oral nanovaccine 
prototypes for use in fish has shown that they are feasible for use in aquaculture. The 
following scientific breakthroughs were discovered: (i) Only organic NPs were 
used, with chitosan and PLGA serving as the most popular nanomaterials; (ii) plas-
mid DNA and purified recombinant antigen were chosen; (iii) an encapsulated strat-
egy was chosen over a surface-displayed strategy; (vii) most oral nanovaccines 
improved survival relative to other vaccines and routes of administration; (v) nano- 
polyplexes have only been tested against a bacterial disease, while (vi) viruslike 
particles have only been investigated against viral pathogens; (vii) most oral nano-
vaccines improve survival as compared to other vaccines and administration meth-
ods; and (viii) nanovaccines must be manufactured and tested on a large scale. 
These breakthroughs pave the way for new research into the use of oral nanovac-
cines in fish aquaculture, which would benefit both the scientific community and the 
industry (Benezra et al. 2011). Several obstacles remain, including the difficulty of 
synthesizing non-aggregated nanoparticles with consistent and desirable properties, 
a lack of understanding of how the physical properties of nanoparticles affect their 
biodistribution and targeting, and how these properties influence their interactions 
with the biological system at all levels, from the cell to the tissue. As a result, ratio-
nal design combined with the reproducible production of nanoparticles with desir-
able properties, functionalities, and efficacy will become increasingly necessary, 
and it is expected that the introduction of new technologies, such as microfluidics, 
for the regulated synthesis of nanoparticles, will speed the creation of suitable 
nanoparticles for pharmaceutical applications. Novel vaccine systems for unmet 

3 Nanovaccine



60

needs, such as single-dose and needle-free delivery, will become feasible soon by 
combining some other appealing properties, such as slow-release, targeting, and 
alternative administration methods and delivery pathways (Zhao et  al. 2014). 
Concerns about the toxicity of the particles, as well as difficulties in producing the 
materials and presenting antigens in their native form, are all drawbacks of using 
NPs for vaccine delivery. As a result, rational design combined with a repeatable 
synthesis of nanoparticles with desirable properties, functionalities, and efficacy is 
becoming increasingly important. The introduction of emerging technologies is 
expected to accelerate the production of appropriate nanoparticles for pharmaceuti-
cal applications. This sector, however, is still in its early stages. It’s important to dig 
deeper into the physical-chemical properties of the nanoparticles used in vaccine 
production, as well as the properties of the antigens after they’ve been encapsulated. 
Finally, to better understand the effects of oral nanovaccines, a study of the medi-
ated immune responses should be conducted across fish species. There is still a 
significant research gap, and new types of efficient nanoparticles, such as dendrimer 
nanocapsules, mesoporous nanoparticles, and others that are now accessible, must 
be investigated to develop effective vaccine delivery systems for aquaculture organ-
isms. Since the precise mechanism of action of nanoparticles has yet to be fully 
known, there is still concern about toxicity. Recent developments and additional 
research into the biocompatibility of these nanoparticles can alter perceptions, 
opening up new avenues for combating deadly pathogens in aquaculture.

3.10  Conclusions

Most biological macromolecules that are used as antigens in vaccines are not able 
to get through the biological membranes to elicit a potent immune response. Hence, 
nanovaccines can ensure effective vaccine delivery. Immunization through nano-
vaccines provides better targeting and stimulates an antibody response at a cellular 
level. Nanoparticle-encapsulated vaccines aid in a sustained release of the antigen, 
reducing the dosing frequency. By designing an effective oral feed formulated with 
nano-carriers, the stress induced by the injection system can be reduced. A con-
trolled and sustained release of the antigen will ensure a good immunogenic mem-
ory. With these properties, nanovaccines have shown promising potential for the 
prevention of diseases in aquaculture. Hence, exploring new possibilities to increase 
nanovaccine safety and efficacy should be the chief objective for further research in 
the field to enable aquaculture industries all around the world to use nanovaccines 
routinely in the future.
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