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CRISPR-Cas system based precision gene editing has turned out to be a game changer in veterinary 

medicine providing previously unseen potential to combat infectious diseases, genetic disorders, and 

production-restrictive traits in livestock and pets. Nevertheless, the safe and efficient delivery of the 

components of CRISPR is a very important bottleneck, especially in large animals. Lipid nanoparti-

cles, polymeric carriers, gold nanoparticles, magnetic nanoparticles and extracellular vesicles, based 

on nanoparticles, have shown to be able to stabilise CRISPR cargo, increase cellular uptake, and al-

low targeted intracellular release, hence improving the efficiency of editing and reducing off-target 

effects and immunogenicity. They have been effectively used in experimental models to impart viral 

resistance, regulate bacterial and parasitic infections, treat hereditary diseases, enhance reproductive 

functions, increase immune therapy of cancer and better production characteristics like heat tolerance 

and feed efficiency. Although these developments are promising, there are a number of challenges to 

clinical translation, such as scalability in large animals, high production price, field translation, long-

term safety studies, and regulatory risks. The future looks promising with emerging technologies, 

such as AI-designed sgRNA, CRISPR 3.0 technology (prime and base editing), smart and stimuli-

responsive nanoparticles and combinatorial nanovaccine-gene editing approaches, to circumvent the-

se challenges. A combination of these strategies can make possible precision veterinary medicine, 

disease-resilient and high-performing livestock, and sustainable animal production. This review 

summarises the existing body of knowledge on the use of nanoparticles in CRISPR delivery and 

translational research on the use of CRISPR nanoparticles in animal disease treatment and outlines 

future research challenges to speed up the process of nanoparticle translation into veterinary practice. 
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INTRODUCTION 

Animal diseases continue to pose one of 

the biggest challenges to the contempo-

rary veterinary science, agricultural sus-

tainability, food security, and the commu-

nity health systems worldwide. Infectious 

pathogens, genetics and production-limi-

ting conditions in both livestock and com-

panion animals result in significant levels 

of morbidity and mortality with adverse 

effects on animal welfare, placing signifi-

cant economic stress on the producers, 

industries and the society in general 

(Peker et al., 2025). Even with the years 

of experience in treating animal popula-

tions with the help of traditional veteri-

nary methods like antibiotics, vaccines, 

chemotherapeutics, and selective breed-

ing, the state of control over the appear-

ance of complex diseases remains unsatis-

factory due to their limited specificity, 

effectiveness, and efficiency of delivery. 

The unresolved challenges have triggered 

the interest in the next generation thera-

peutic approaches with precision focus 

and integration of gene editing technology 

and new delivery system (Liu et al., 

2025b).  

The cost of animal diseases in the 

world is not just quantified in terms of 

animal health outcomes but also in terms 

of economic costs and societal costs. 

Livestock production is a major value in 

agriculture where production animals 

make up about 40 percent of the world 

agricultural income and livelihoods to 

millions of smallholder and commercial 

farmers across the world. The outbreak of 

disease in livestock may affect the produc-

tion cycles; reduce the yield of meat, milk 

and eggs as well as cause general market 

and trade effects (Nabih et al., 2025). Al-

so, there are numerous infectious diseases 

which can be zoonotic i.e. can be trans-

ferred between animals and man. Thus, 

along with financial losses, animal diseas-

es have serious repercussions to the health 

of humans in accordance with the One 

Health paradigm: an integrative approach, 

which acknowledges the relationships in 

health of the environment, humans, and 

animals.  

The drawbacks of the traditional veter-

inary care are complex. Although antibiot-

ics are crucial in treating bacterial infec-

tions, they fail to work against diseases 

caused by viruses and are also a contribu-

tor to antimicrobial resistance (AMR) 

when they are administered in haphazard 

manner. Vaccines can be useful against 

most pathogens, but they frequently do 

not provide lasting immunity and are hard 

to use against high-evolution rate or intri-

cate pathogens. Genetic resistance to cer-

tain diseases has been facilitated by selec-

tive breeding, but it is tedious and has 

been slowed down by the complexity of 

polygenic traits (Gao et al., 2024; Bian et 

al., 2025). Taken together, these limita-

tions demonstrate that there is an acute 

need of highly specific, long-lasting, and 

adaptable treatment options in veterinary 

medicine that could be safely implement-

ed in a wide range of animal groups. 

Precision veterinary medicine that in-

corporates customised therapies that focus 

on particular molecular pathways in re-

sponse to the genomic setting of both host 

and pathogen has become one of the 

promising models to address these issues. 

Precision medicine is fundamentally based 

on the possibility to modify the biology of 

the lowest level, the genome. Technolo-

gies of gene editing (Ledesma & Van 

Eenennaam, 2024), spearheaded by clus-

tered regularly interspaced short palin-

dromic repeats (CRISPR) and other Cas 

nucleases, have transformed the ability to 

edit genomes more specifically, efficiently 
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and flexibly than ever before. CRISPR-

Cas9 and other gene editing platforms 

have been used to make specific altera-

tions to DNA sequences (i.e., gene knock-

out, knock-in, base editing, and prime 

editing) in a broad spectrum of organisms, 

since being initially discovered. Nano-

technology can offer an impressive solu-

tion to most of these delivery challenges 

(Kazemi, 2025). Nanoparticles refer to the 

category of particles with a size range of 

0–100 nm, and have special physicochem-

ical properties which render them suitable 

in transfer of bioactive cargoes like nucle-

ic acids, proteins and small molecules. 

FUNDAMENTALS OF GENE EDITING 

TECHNOLOGIES 

CRISPR-Cas mechanisms 

A wide range of programmable endonu-

clease members of the CRISPR-Cas fami-

ly has transformed genome editing, as it is 

now possible to selectively target genetic 

sequences in almost all organisms. The 

principle mechanism is that an RNA guide 

(sgRNA or crRNA) targets a Cas nuclease 

to a complementary sequence of DNA (or 

RNA) next to a protospacer adjacent motif 

(PAM) at which cleavage is catalysed. 

Out of them, the most common effectors 

are Cas9, Cas12 and Cas13 that have dif-

ferent properties and applications. 

The best-researched CRISPR effector 

is Cas9 (Yan-Chun et al., 2024), which 

has become the standard of DNA editing. 

The functional architecture of Cas9 con-

sists of two nuclease domains: HNH and 

RuvC, which pair up to form a double-

strand break (DSB) at the target locus 

after sgRNA has hybridised with the com-

plementary strand of DNA. According to 

the standard NGG with SpCas9, the PAM 

sequence is also a mandatory requirement 

to bind and cleavage. The presence of 

sgRNA-Cas9 at the DNA target site trig-

gers conformational alterations that cause 

the activation of nuclease effecting the 

production of blunt-ended DSBs at the 

vicinity of the PAM site.  

Cas12 enzymes (e.g., Cas12a, former-

ly Cpf1) offer alternative editing modali-

ties with the major mechanistic distinc-

tions. Cas12a identifies a T-rich PAM (5′-

TTTV-3′) and cleaves DNA with stag-

gered ends and 5-base overhangs, which 

may be useful in some manner or another 

in the insertion or recombination process 

than the blunt ends caused by Cas9 

(Azeez et al., 2024). In contrast to Cas9, 

Cas12a only uses one crRNA and does not 

need a separate trans-activating factor, 

which simplifies design of guides and 

allows multiplexing to be used effectively.  

Cas13 effectors are a type of CRISPR 

enzyme that cleaves RNA rather than 

DNA, enabling transcriptome editing and 

temporary regulation of genes without 

making any changes to the underlying 

genome. The RNA-guided RNase activity 

of Cas13 has been used in pathogen detec-

tion, inactivation of viral replication, and 

post-transcriptional regulation of gene ex-

pression, making it a complementary and 

unique system to systems that target DNA.  

At the heart of CRISPR editing is the 

construction of single-guide RNAs 

(sgRNAs) which are chimeric molecules 

that assemble CRISPR RNA (crRNA) and 

trans-activating crRNA (tracrRNA) into a 

single 100-nucleotide molecule which 

defines the target specificity. The sgRNA 

20-nucleotide spacer should be compli-

mentary to the target sequence right be-

fore a PAM site. These designs are also 

very important: any mismatch, especially 

in the region where the seed is, may sig-

nificantly decrease the efficiency of edit-

ing and also elevate off-target cleavage 

(Karimi et al., 2025). Recent develop-
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ments in computational design systems 

and high-fidelity variants of the Cas have 

made specificity much easier, although it 

is important to be careful in optimization 

to minimise unintended edits. 

After a Cas nuclease has created a 

DSB, the endogenous DNA repair process 

would determine the outcome of the edit-

ing. There are two important pathways, 

namely non-homologous end joining 

(NHEJ) and homology-directed repair 

(HDR) (Joo et al., 2025). NHEJ is a very 

rapid reaction of breaking one end of the 

DNA that re-joins the different ends in an 

independent reaction of a template and is 

the most common in the majority of so-

matic cells. It is also prone to errors and 

usually results in small insertions or dele-

tions (indels) that may interfere with gene 

functionality; therefore NHEJ is the tech-

nique of choice when it comes to the ap-

proach of gene knockout. Conversely, 

HDR incorporates an exogenous repair 

template containing a homologous se-

quence at the breakage site to permit exact 

insertion, deletion or correction of DNA 

sequences, to permit strategies of knock-

in. HDR is, however, limited to certain 

points in the cell cycle, and is otherwise 

less efficiently performed in non-dividing 

cells.  

NANOPARTICLE PLATFORMS FOR 

CRISPR DELIVERY 

Various nanoparticle platforms (Table 1) 

for CRISPR delivery has been described.  

Lipid nanoparticles  

One of the most developed and clinically 

proven non-viral delivery systems that use 

CRISPR/Cas systems is lipid nanoparti-

cles (LNPs) (Sharif et al., 2024), due in 

part to their capacity to envelope and 

shield nucleic acids and promote their 

internalisation in cells without activation 

of the immune system. LNPs comprise 

lipidisable, structural phospholipids, cho-

lesterol and polyethylene glycol-modified 

lipids (PEGlipids), and result in a lipid 

bilayer, which is spherical and can stable 

incorporation of mRNAs, sgRNAs, or 

ribonucleoprotein (RNP) complexes. The 

electrostatic and hydrophobic forces of 

encapsulation are contained in their mech-

anism since the negatively charged nucleic 

acids are sequestered in the lipid core, 

avoiding extracellular nucleases and en-

hancing their circulation stability. Nota-

bly, LNPs have shown outstanding per-

formance in clinical use of mRNA vac-

cines against SARS-CoV-2, which con-

firms their scalability, biocompatibility, 

and in vivo performance (Cai et al., 2025). 

These same basic design principles have 

since been made to serve to deliver 

CRISPR/Cas payloads, allowing efficient 

endosomal escape and intracellular re-

lease-essential processes when editing a 

genome.  

Polymeric nanoparticles 

Polymeric nanoparticles can deliver 

CRISPR components with a richly tunable 

delivery vehicle, which is advantageous in 

its ability to be released and controllable 

as well as its modular design (Wang et al., 

2025). Poly(lactic-co-glycolic acid) 

(PLGA) and material based on chitosan 

and PEG can be prepared as nanoparticles 

that will degrade at a certain time period, 

permitting the delivery of encapsulated 

gene editing machinery to be sustained. 

Specifically, when used as a drug delivery 

system, PLA (PLGA, in particular) can be 

approved by the Food and Drug Admin-

istration (FDA) being biodegradable to 

lactic and glycolic acid, which are metab-

olised in the tricarboxylic acid cycle and 

minimise the risk of long-term toxicity.  
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Chitosan is a natural polymer that offers 

biocompatibility and improved mucoad-

hesive attributes, which can be useful in 

the mucosal gene editing approaches. Pol-

ymers can also be adjusted so as to max-

imise size, surface charge and hydropho-

bicity, which enhance cellular uptake and 

endosomal escape – commonly through 

the so-called proton sponge effect when 

cationic polymers such as polyethyle-

nimine (PEI) are introduced (Sharif et al., 

2024). These self-escaping delivery fea-

tures not only reduce CRISPR cargo to 

prevent premature degradation, but also 

allow time regulation of gene editing ac-

tivity, which would be especially benefi-

cial in vivo where repeated dosing or 

long-term editing can be required.  

Gold nanoparticles  

Gold nanoparticles (AuNPs) are one 

unique inorganic system of CRISPR de-

livery, which is easy to functionalise and 

highly biocompatible. The high binding 

affinity of thiol groups to gold allows con-

jugation between CRISPR components 

including Cas proteins and guide RNAs to 

be conjugated directly onto the surface of 

the nanoparticle in a stable and protective 

contrivance. In addition to simple conju-

gation, gold nanoparticles may be conju-

gated with coating or ligands to increase 

cellular internalisation and endosomal 

escape (Jiang et al., 2025). Their optical 

and electronic properties also enable two-

fold applications as delivery vehicles as 

well as biosensing or imaging agents 

which is capable of real-time tracking of 

delivery efficiency or of biological reac-

tions.  

Magnetic nanoparticles  

Magnetic nanoparticles (MNPs) take ad-

vantage of the magnetic field sensitivity of 

superparamagnetic iron oxide cores to 

external magnetic fields in order to pro-

duce spatial control of CRISPR delivery. 

The targeted magnetic gradient can be 

used to target these particles to certain 

tissues or organs in vivo to improve local-

isation in the target site and reduce sys-

temic exposure (Mittal et al., 2023). 

When functionalised with polymers or 

lipids, MNPs can also encapsulate the 

CRISPR/Cas components along with pro-

viding contrast for magnetic resonance 

imaging (MRI), thus providing theranostic 

potentials where both delivery and moni-

toring are performed simultaneously. Oth-

er methods, like magnetofection, in which 

external magnets are used to promote the 

targeting and internalisation of magnetic 

nanoparticle/CRISPR complexes by cells 

have been demonstrated to enhance the 

efficiency of transfection and gene editing 

in vitro (Kumar et al., 2022). Although 

the majority of the magnetic nanoparticle 

studies remain preclinical, their excep-

tional externally directed targeting proper-

ties render them an attractive option in 

delivering precise dosage in larger ani-

mals and inaccessible tissues that cannot 

be solely accessed through administration 

systemically.  

Extracellular vesicles  

CRISPR can be delivered via extracellular 

vesicles (EVs) including exosomes, to 

exploit preexisting cell-to-cell communi-

cation routes inherent to nature. These 

smaller vesicles are naturally secreted by 

the cells, endogenous proteins and RNAs 

can be found in them, and they have a low 

immunogenicity and a high biocompatibil-

ity with synthetic carriers. The recent de-

velopments have been oriented towards 

designing EVs to introduce CRISPR/Cas 

molecules either endogenously – by alter-

ing donor cells to incorporate editing ma-

chinery into vesicles – or exogenously 
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through electroporation or hydrophobic 

insertion (Kim et al., 2024; Yang et al., 

2024). EVs also cross the biological bar-

riers and interact with recipient cells 

through membrane fusion or receptor-

mediated endocytosis, allowing them to be 

efficiently taken up by the cell interior 

without causing strong inflammatory reac-

tions. Their use as vectors to deliver genes 

has also been improved due to innovations 

in methodology to isolate EVs, load car-

go, and improves the surface of the prod-

uct to make them more attractive to use in 

clinical applications of gene editing, par-

ticularly in vivo where safety and immune 

compatibility matters the most.  

Stimuli-responsive and hybrid  

nanoparticles 

Stimuli-responsive and hybrid nanoparti-

cles combine the properties of two or 

more materials and have so-called smart 

release activities, which react to certain 

biological signals. Hybrid nanoparticles 

can be used to complement each other by 

increasing stability, loading capacity, and 

delivery efficiency through the combina-

tion of organic (e.g., polymers) and inor-

ganic (e.g., metal ores) components 

(Ghani et al., 2023). Stimuli-responsive 

designs take advantage of pH, tempera-

ture, redox, or enzymatic variations that 

occur within the pathological microenvi-

ronment and induce the controlled release 

of cargo exactly at the site of interest. 

Here, nanoparticles with pH-sensitive 

groups can be stable in the bloodstream 

but adopt a conformational switch in the 

acidic compartments of cells (and there-

fore release CRISPR components in the 

most required locations). Similarly, ther-

mo-responsive carriers vary in physical 

condition upon heating in the local envi-

ronment, making them heat-activated re-

lease (Kabay et al., 2023). Such sophisti-

cated smart systems minimise off-target 

effects, enhance therapies ratios, and pro-

vide time-varying control of editing activi-

ty, which is essential to clinical transfer, 

particularly in in vivo complex settings. 

IMMUNOLOGICAL AND 

MOLECULAR MECHANISM 

Intracellular trafficking and cellular inter-

nalisation of CRISPR delivery systems 

based on nanoparticles are the very basic 

determinants of gene editing success. Fol-

lowing systemic or localised delivery, 

nanoparticles interact with cell surfaces in 

a number of different ways that utilise 

cellular uptake mechanisms. These in-

volve clathrin-mediated endocytosis, ca-

veolae-dependent endocytosis, macropi-

nocytosis, and other types of receptor-

mediated endocytosis, in which cellular 

invagination of membranes encloses the 

nanoparticle and its CRISPR cargo in 

endosomal vesicles (Ghani et al., 2023). 

The carrier physicochemical characteris-

tics, size, surface charge, and functional 

ligands determine the route of uptake, 

which in turn determines the following 

trafficking dynamics that in turn affect the 

efficacy of editing. After being internal-

ised, nanoparticles are stored in early en-

dosomes, and unless they have effective 

endosomal escape mechanisms, CRISPR 

components are susceptible to degradation 

as vesicles develop into lysosomes. This 

step is a beat-or-lose step: potent endo-

somal escape procedures such as a cation-

ic polymer-induced proton sponge-effect 

or fusogenic lipid-induced destabilisation 

of the membrane are crucial to release 

CRISPR ribonucleoproteins into the cyto-

sol where they can be translocated to the 

nucleus and interact with genomic targets 

in a highly efficient manner (Haghighi et 

al., 2024).  
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The contact between nanoparticles and 

the host immune system is also a factor of 

equal importance in determining the de-

livery results. Although the majority of 

synthetic carriers are designed to over-

come overt immunogenicity, the host im-

mune recognition is an important factor to 

be considered. Plasma proteins may be 

adsorbed onto nanoparticles to create a 

protein corona, which changes the 

biodistribution of the nanoparticles, their 

cellular uptake, and innate immune cell 

clearance. Pattern recognition receptors 

allow macrophages and other phagocytic 

cells to identify and eliminate foreign ob-

jects and have the potential to decrease 

the percentage of particles that reach tar-

get tissues (Saffari Natanzi et al., 2025). 

PEGlation, biomimetic membranes based 

on the surface that commonly appear on 

the body of endogenous cells, and coating 

approaches have demonstrated their abil-

ity to decrease immune recognition, in-

crease half-life of circulation, and enhance 

delivery to specific target cell populations.  

Nanoparticles are usually immunolog-

ically inert, but they can still regulate the 

response of inflammation, either positive-

ly or negatively according to the situation. 

In some therapeutic conditions, controlled 

immunostimulation is beneficial because 

of the improvement of editing, whereas 

uncontrolled inflammation may cause 

cytokine release, tissue destruction, and 

systemic responses (Ledesma & Van 

Eenennaam, 2024). Knowledge of how 

carriers can affect cytokine networks and 

innate immune signaling is therefore es-

sential in maximising safety especially in 

the veterinary environment where the im-

mune response differs across species.  

 

SPECIES-SPECIFIC APPLICATIONS 

OF CRISPR-LOADED NANOPARTIC-

LES IN THE VETERINARY FIELD 

Each animal species has unique physio-

logical, immune, production, economic 

and regulatory characteristics, which can 

lead to differences in the potential for use 

of CRISPR-loaded nanoparticles. Hence, 

species-specific factors should be taken 

into account for the assessment of the fea-

sibility of genome editing using nanopar-

ticles in veterinary medicine. 

Swine 

Pigs have been one of the most extensive-

ly studied livestock species for CRISPR 

mediated disease resistance. Precision 

genome engineering has been used to en-

gineer resistance against porcine repro-

ductive and respiratory syndrome virus 

(PRRSV) in the CD163 receptor, offering 

great promise for precision genome engi-

neering in commercial swine breeding. 

However, large body size and complex 

immune responses in commercial pigs are 

still a challenge to deliver efficient 

CRISPR systems to target tissues (Nesbitt 

et al., 2024). 

Poultry 

Poultry species offer particular benefits 

for genome editing owing to their short 

generation time, quick reproduction rate 

and economic significance. CRISPR tech-

nology has been studied for making 

chickens more resistant to avian flu and 

other important pathogens. Many other 

delivery strategies developed at small 

scale for use in commercial poultry opera-

tions are however less mature and need to 

be optimised (Bakhshandeh, 2023). 
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Equine species 

The use of CRISPR tools in horses is still 

fairly narrow and has the potential to treat 

inherited musculoskeletal diseases, fertili-

ty issues, and performance characteristics. 

Advanced gene editing therapies may be 

more likely to be adopted, given the eco-

nomic value of individual animals; how-

ever, ethical concerns and regulations are 

also relevant. 

Companion animals 

The choice of dog or cat as candidates for 

precision genome-editing therapies is ap-

pealing as decisions may be made regard-

ing treatment on individual patient wel-

fare, not production economics. CRISPR-

nanoparticles have been shown to have 

applications in hereditary disease correc-

tion, cancer immunotherapy and regenera-

tive medicine. Companion animals can 

thus be used as valuable translational 

models between the laboratory and the 

wider veterinary clinical setting (Mariano 

et al., 2024). 

IN VITRO AND IN VIVO PERFORMAN-

CE OF CRISPR-NANOPARTICLES 

Most of the CRISPR-based nanoparticle 

delivery systems deliver high in-vitro gene 

editing efficiencies but high performance 

in vitro often translates poorly in vivo 

(Lino et al., 2018; Salman et al., 2022). 

To achieve efficient cellular uptake and 

gene editing, cell culture models are char-

acterised by their highly controlled envi-

ronment, direct exposure to nanoparticles, 

limited biological barriers, and reduced 

immune interference. However, in vivo 

delivery presents a number of complex 

physiological processes that can dramati-

cally impact biodistribution, stability, tar-

geting, and editing results. A fast immune 

clearance is one of the main reasons for 

this discrepancy. After systemic injection, 

the nanoparticles interact with plasma 

proteins, resulting in the formation of a 

protein corona on the nanoparticle that 

changes the physicochemical properties of 

the particle and increases its recognition 

by the mononuclear phagocyte system 

including macrophages (Rocha Maximia-

no & Franco, 2025). As a result, signifi-

cant amounts of nanoparticles are cleared 

from the bloodstream prior to reaching 

target tissues. Moreover, the serum nucle-

ases and proteases can potentially degrade 

the CRISPR cargo, including the guide 

RNAs and messenger RNA constructs, 

which can further lower the editing effi-

ciency. Another significant obstacle is the 

biodistribution. The liver and spleen are 

very vascular and have a high capacity for 

phagocytosis, leading to preferential ac-

cumulation of many nanoparticle formula-

tions. While this build-up could be bene-

ficial for liver diseases, this can depress 

the delivery of drugs to various target 

tissues such as reproductive organs, lungs, 

skeletal muscles (Wang et al., 2016), and 

tumours. Moreover, endothelial barriers, 

extracellular matrices and tissue-specific 

microenvironments limit the penetration 

and intracellular delivery of nanoparticles 

(Cheng et al., 2020). 

In animal species, these challenges can 

become more pronounced. The body 

mass, circulatory volume, immune system, 

and metabolism of livestock animals are 

significantly larger than that of rodents 

used in preclinical studies and have spe-

cies-specific characteristics. This means 

that doses, circulation times, tissue distri-

bution and uptake efficiencies of nanopar-

ticles could vary greatly between cattle, 

pigs, horses, poultry and companion ani-

mals. Thus, results of successful editing in 

mice cannot be directly translated to vete-
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rinary clinical uses. An off target accumu-

lation is another concern. The possible 

unintended effects of gene editing and 

toxicity can occur when nanoparticles are 

trapped in other organs. This is especially 

important for long-term use such as food 

producing animals where safety, animal 

welfare and public acceptance are im-

portant factors. 

APPLICATIONS IN ANIMAL DISEASE 

MANAGEMENT  

Applications of CRISPR-loaded nanopar-

ticles in animal disease management (Foss 

et al., 2019) are summarised on Fig. 1. 

Infectious diseases 

CRISPR-based gene editing has also 

quickly become a game changer when it 

comes to dealing with significant infec-

tious diseases in livestock and poultry that 

have historically led to high morbidity, 

mortality, and economic losses (Islam et 

al., 2020). Pig viral diseases like porcine 

reproductive and respiratory syndrome 

(PRRS) and poultry viral diseases like 

avian influenza pose continuing threats on 

the global population because they are 

highly prone to genetic drift, their vac-

cines are not effective, and the production 

systems used are intensive (Nesbitt et al., 

2024). CRISPR/Cas9-mediated deletion 

of the CD163 gene in pigs has provided 

strong resistance to infection by PRRS 

virus (PRRSV) by interfering with the 

essential viral entry receptor and pigs that 

are edited are resistant to infection and 

continues to perform their physiological 

functions normally across several genera-

tions. CRISPR has also been applied in 

the field of poultry to develop resistance 

to significant viral pathogens, such as avi-

an influenza viruses that continuously 

evolve and resist the current vaccines. 

CRISPR enables production of disease-

 

Fig. 1. Applications of CRISPR-loaded nanoparticles in animal disease management. 
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resistant host in which host immune path-

ways are modified to generate host genes 

which enable viral replication within 

hosts, or by editing host genes that con-

tribute to viral replication (Gallala, 2025). 

Host genome editing to provide bacterial 

disease resistance, in which the immune 

regulators or pathogen receptors can be 

targeted to increase resistance to systemic 

bacterial infections, and be free of antibi-

otics, and reduce AMR. 

Genetic/hereditary disorders 

Inherited diseases pose both chronic prob-

lems in both companion animals and live-

stock such as metabolic dysfunction and 

musculoskeletal malformations that re-

duce the welfare of animals and their pro-

duction (Wang et al., 2025). CRISPR 

genome editing provides an accurate cor-

rection or disruption in the alleles that 

cause diseases, thereby resulting in the 

generation of healthier populations of 

animals. CRISPR has the ability to cure 

inherited illnesses like metabolic syn-

dromes or skeletal abnormalities because 

of its ability to target pathogenic muta-

tions at their source in the genome, poten-

tially reversing disease phenotypes and 

enhancing quality of life. Gene editing can 

also be introduced into the musculoskele-

tal characteristics in livestock to reverse 

the problem of compromising animal 

movement and productivity (Bishop & 

Van Eenennaam, 2020). As an illustration, 

specific gene alteration can be applied to 

modify alleles in the development, 

growth, or structural integrity of the mus-

cle that produce lines that do not experi-

ence deteriorating genetic diseases and 

retain their productive capacity.  

Reproduction and fertility improvements 

With the help of CRISPR technology, 

there has been a great deal of progress in 

the field of reproductive biology as it ena-

bles the manipulation of genes that influ-

ence fertility, embryo development, and 

reproductive efficiency. Gene editing of 

folliculogenesis, gametogenesis, or hor-

monal regulation can be used to maximise 

fertility attributes in livestock, resulting in 

increased reproductive performance and 

increased breeding success. Likewise, 

early intervention of deleterious alleles 

through gene editing of embryos using 

advanced systems of precise delivery like 

nanoparticles can lead to production of 

disease-free and highly fertile animals 

(Ruan et al., 2017). It is also through gene 

editing that livestock lines with no inherit-

ed fertility disorders are generated and 

indicates better reproductive results in the 

long term. As an example, genes related to 

embryo viability can be altered to narrow 

early embryonic losses that in turn dimin-

ish the reproductive efficiency (Gonen et 

al., 2017).  

Cancer therapy in companion animals 

Cancer has been one of the most major 

causes of morbidity and mortality among 

companion animals especially dogs and 

cats and has been a challenge in veterinary 

oncology treatment. CRISPR genome 

editing offers solutions to tumour-targeted 

gene disruption (Sun et al., 2023), which 

allows inactivationg the oncogenes or 

restoring tumor suppressor activity in ne-

oplastic cells. Gene editing of crucial can-

cer cell survival genes can be used to sen-

sitise tumours to chemotherapeutic drugs 

or enhance immune response, boosting 

therapeutic response. Simultaneously, 

CRISPR can be used to improve the use 

of immunotherapy by developing immune 

cells – T cells or natural killer cells – to 

identify and destroy tumour cells better. 

This method resembles the human coun-

terpart of CAR-T cell therapy, in which 
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immune cells are reprogrammed by gene 

editing to increase their anti-tumour effect 

(Cui et al., 2025). Future veterinary stud-

ies that combined CRISPR plans and so-

phisticated delivery models can complete-

ly transform cancer treatment in pets and 

literally enhance their survival and quality 

of life. 

CHALLENGES AND FUTURE 

DIRECTIONS 

Although nanoparticles-mediated delivery 

of CRISPR is rapidly becoming a promis-

ing technology in the management of ani-

mal diseases, the translation of theoretical 

frameworks and small animal to large 

animals and veterinary practice has been 

met with several inherent challenges. 

Scaling delivery of large animals, includ-

ing cattle, pigs, and horses, is one of the 

most enduring ones (Mamidi et al., 2025). 

Systemic distribution, cellular uptake, and 

tissue targeting of nanoparticle-CRISPR 

complexes are complicated by physiologi-

cal and anatomical differences such as 

larger body mass and complex vascular 

systems, and are not easily predictable 

based on rodent models. The same strate-

gies in mice are poorly maintained in effi-

ciency or safety in animals as much 100–

1,000 times larger and this scaling issue is 

compounded by metabolic, immune 

recognition, and biodistribution differ-

ences (Li et al., 2024).  

Another important limitation is cost 

constraints. Superior nanocarrier systems, 

namely those that necessitate complicated 

production, targeting ligands, or stabilisa-

tion technologies, are costly to produce on 

a large scale. Most livestock farmers are 

working on very thin margins and are not 

able to bear the unit price of nanoparticle-

based therapeutics unless clinical efficacy 

and long-lasting results are proven beyond 

any reasonable doubt (Kang et al., 2024). 

In the absence of cost-effective platforms, 

adoption in production animals will prob-

ably be slow even when scientific feasibil-

ity is known. Also, higher costs can slow 

down research itself, constraining thor-

ough interspecies and disease model com-

parative testing required to permit regula-

tory approval and clinical confidence. 

Field applicability is also another ma-

jor challenge. The work of veterinary in-

terventions should be organised in various 

environmental conditions, and cold chain 

logistics, changing animal health condi-

tions, and different management methods 

affect the practical effectiveness. Formu-

lations of nanoparticles that demand a 

controlled storage, special delivery or 

regular dosage might not be feasible in 

low resource or large scale grazing sys-

tems that define much of the global live-

stock production (Luo et al., 2025). Thus, 

stable, well-administered (e.g. oral or sub-

cutaneous) and robust across settings de-

livery platforms are immediately sought 

after to advance CRISPR-based technolo-

gies into field-ready ones. 

The majority of the available evidence 

comes from cell culture experiments and 

small animal models, especially in mice. 

The information on the biodistribution, 

pharmacokinetics, immune response, and 

therapeutic activity in large animals, such 

as cattle, pigs, horses, sheep, and goats is 

still limited (Kim et al., 2025). Further-

more, the studies that are conducted are 

mainly concentrated on the short-term 

editing results, and the long-term safety 

evaluations are not sufficient (Mariano et 

al., 2024). There is also lack of focus on 

various potential concerns and use of na-

noparticles like chronic inflammation, 

unintended genomic changes, sensitisation 

of the immune system, accumulation of 

nanoparticles, and possible adverse effects 
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only being observed after long term expo-

sure. Additionally the reproductive safety 

of nanoparticle mediated CRISPR deliv-

ery is not well understood. There is little 

information available on possible effects 

on fertility, embryonic development, 

transgenerational inheritance, reproduc-

tive performance and germline transmis-

sion, at least in livestock species used in 

breeding programmes. There is also a 

significant variability between studies in 

terms of nanoparticle composition, strate-

gy of loading the CRISPR cargo, dosing 

regimen, route of administration, and end-

point measures of efficacy. There are no 

standard protocols to compare with other 

studies and make it more difficult for oth-

ers to replicate the work in their laborato-

ries. Variations in physiology, immune 

responses, metabolism, and tissue archi-

tecture among various veterinary species 

could greatly affect the performance of 

nanoparticles. Optimised rodent delivery 

systems are not necessarily optimised for 

livestock or companion animals, high-

lighting the need for species-specific op-

timisation. 

Regardless of such obstacles, the fu-

ture trends and new innovations will con-

tinue to speed up the process and reduce 

the limitations. Another direction that is 

being pursued is the incorporation of AI-

designed sgRNAs that are more specific 

to their targets and have a reduced risk of 

off-target effects due to sophisticated pre-

dictive algorithms (Jia et al., 2025). These 

are tools that would be of great use in 

improving the precision of edits in diver-

gent genomes of livestock and companion 

species. Certain parts of the concept of 

personalised veterinary medicine, in 

which genetic edits are scaled to specific 

animal genotypes and disease risks, are 

becoming increasingly popular, with the 

help of low-cost sequencing and bioin-

formatics pipelines capable of identifying 

actionable targets at a per-animal scale. 

Increment of smart nanoparticle tech-

nology (such as stimuli-responsive carri-

ers, which emit CRISPR cargo on a sig-

nal, e.g. pH, enzymes, temperature, and 

others) will enhance the specificity and 

efficiency of their delivery and minimize 

systemic exposure and immune responses. 

At the same time, CRISPR 3.0 technolo-

gies have now been developed including 

prime editing and base editing to expand 

the editing repertoire beyond double-

strand breaks to allow the introduction of 

single nucleotides into genomic sequences 

with minimised chances of genomic insta-

bility (Zhu et al., 2024; Singh et al., 

2025). These inventions expand the on-

tology of editable targets and provide 

therapeutic interventions with metabolic, 

structural, and regulatory genes that have 

been associated with complex traits. 

CONCLUSION 

CRISPR loaded nanoparticles have the 

revolutionary capacity to advance the 

health sector of animals through specific, 

effective, and pathogen-resistant genome 

editing. Despite the existing difficulties in 

delivering large animals, cost, safety, and 

regulation, the new technologies of smart 

nanoparticles, prime/base editing, and AI-

designed sgRNAs can be viewed as the 

possible options. Further studies that 

combine these technologies will hopefully 

transform veterinary medicine, breeding 

accuracy and livestock farming sustaina-

bility. 
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