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ABSTRACT

Background/Objective- Veterinary medicine is on the verge of a fundamental transformation with the
integration of nanotechnology and biosensors. Nanobiosensors, as diagnostic tools with unparalleled sensitivity
and specificity, have great potential to change the conventional paradigms in disease diagnosis, animal health
monitoring, and food chain safety assurance. This systematic review aims to provide a comprehensive analysis
of the fundamental principles, a wide range of emerging applications, and future prospects of nanobiosensors
in the veterinary field.

Method- This study was conducted as a systematic review by searching reputable scientific databases,
including PubMed, Scopus, Web of Science, and Google Scholar. The keywords used were “veterinary
nanobiosensor”, “animal disease diagnosis”, “nanoparticle sensors”, “animal health monitoring”, and
“foodborne pathogen detection”. Articles published between January 2015 and December 2024 were screened
and evaluated based on predefined criteria, including direct relevance to the application of nanobiosensors in
veterinary medicine, technological innovation, and scientific validity.

Results- Nanobiosensors based on nanoparticles (gold, silver, and magnetic), carbon nanotubes, and
graphene, with optical, electrochemical, and piezoelectric detection mechanisms, have achieved detection
levels at very low (femtomolar) concentrations. An important advantage of nanobiosensors is their ability to
detect critical veterinary pathogens, such as viruses, bacteria, and parasites, with accuracy equal to or higher
than traditional methods (e.g., ELISA and PCR), but in a significantly shorter time and without the need for
complex equipment.

Conclusion- Nanobiosensors, as a leading technology, hold promise for accurate, rapid, and cost-effective
veterinary medicine. However, significant challenges such as standardizing production, assessing nanomaterial
toxicity, and ensuring cost-effectiveness for on-farm use require serious attention. Overcoming these
challenges and investing in interdisciplinary research will pave the way for the widespread commercialization
of this promising technology, revolutionizing animal health, public health, and food safety.
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INTRODUCTION

The veterinary industry and livestock production have consistently faced numerous challenges in
diagnosing infections [1]. These two industries are key foundations of food security and public health
worldwide. Traditional diagnostic methods, such as microbial culture, serological tests (e.g., ELISA), and
molecular techniques (e.g., polymerase chain reaction, PCR), although accurate and sensitive, are often time-
consuming, expensive, and require specialized laboratory equipment and operators with advanced knowledge
[2-4]. In the context of epidemics of infectious diseases such as foot-and-mouth disease or avian influenza,
which require swift action in the field and on the farm, these constraints may lead to the spread of disease and
substantial economic losses [5, 6]. This is particularly true in the scenario of epidemics of infectious diseases.
Conventional techniques make it very difficult to continuously monitor the health of individual animals in large
herds and ensure the quality control of livestock products for pollutants such as antibiotics and toxins [7, 8].
Such monitoring and control are both essential for ensuring the safety of livestock. Because of this, there is an
immediate need in this area for the development of diagnostic instruments that are quick, sensitive, specific,
portable, and affordable.
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In this sense, the revolution in nanotechnology and its convergence with the life sciences have paved
the way for the emergence of nanobiosensors as a new generation of diagnostic instruments with unique
capabilities [9, 10]. Nanobiosensors are analytical devices that combine a biological detecting element (such
as an antibody, enzyme, nucleic acid, or cellular receptor) with a nanoscale transducer [11]. Nanobiosensors
are endowed with outstanding physicochemical properties due to the use of nanomaterials, including gold and
silver nanoparticles, carbon nanotubes,s and graphene [12, 13]. Nanobiosensors also include very high surface-
to-volume ratios, distinctive optical and electrical properties, and increased biocompatibility. Due to these
characteristics, nanobiosensors can detect biological interactions at the molecular level with an unparalleled
level of sensitivity, thereby transforming these interactions into a measurable signal (either optically,
electrochemically, or magnetically) [14] (Figure 1).

Results D
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Figure 1. Common components of a biosensor and its working principles are used to detect various
biomolecules from different analytes [15] (MDPI copyright).

Although the revolutionary potential of nanobiosensors in human health has been extensively
established, nanobiosensor applications in veterinary care appear even more appealing and urgent in several
ways. Nanobiosensors are a suitable solution due to the significant size of the livestock industry, the urgent
need for point-of-care testing (POCT), and the inextricable relationship between animal health and human
health [16-19]. On the farm or in the clinic, these sensors can identify specific infections, indicators of
inflammation and stress, medication residues, and toxins in a variety of samples, including blood, milk, saliva,
and even air [15, 20]. A skill of this kind would not only change the way illness is managed, but it would also
pave the way for "Precision Veterinary Medicine," a method in which health and nutritional treatment are
tailored to the specific needs of each animal.

The research conducted to systematically assemble, evaluate, and critique these advancements in the
form of a comprehensive systematic review has been minimal, despite the rapid advancements made in this
subject and the numerous publications published in this field. The majority of available studies focus on a
specific type of nanomaterial or disease, and they do not provide a comprehensive picture of all aspects of the
technology. This encompasses everything from the principles of design and manufacturing to practical
applications in various veterinary professions, as well as the obstacles that hinder commercialization. Due to
the absence of such an analysis, it is challenging for academics, veterinarians, and policymakers to gain a clear
understanding of the current state of the technology, the gaps in research, and the approach that should be taken
moving forward. Hence, the purpose of this systematic review is to give a complete and organized study of the
most recent advancements in the use of nanobiosensors in the field of veterinary medicine.

1. METHODS AND MATERIALS

This study was designed and conducted as a systematic review following the PRISMA guidelines to
ensure the comprehensiveness, transparency, and reproducibility of the search, screening, and selection
process. The search protocol was carefully defined, and an initial search was conducted in international and
authoritative databases, including Scopus, Web of Science (Core Collection), PubMed/MEDLINE, and Google
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Scholar (to cover grey literature) between January 2015 and December 2024. To avoid publication bias,
searches in trial registries and the reference lists of relevant review articles were also manually reviewed to
identify potentially relevant studies that the initial search may have missed.

1.1. Search strategy

The search strategy was designed using a logical combination of keywords and key phrases in the
title, abstract, and keywords sections of the articles. The main keywords were categorized into 3 conceptual
groups and combined with the Boolean operators "AND" and "OR".

Group | (nanobiosensor concept): ("nanobiosensor" OR "nano-biosensor" OR "nanosensor" OR
"nanomaterial-based sensor" OR "nanoparticle sensor" OR "gold nanoparticle biosensor" OR "graphene
biosensor" OR "carbon nanotube biosensor").

Group 2 (diagnosis/analyte concept): ("detection” OR "diagnosis" OR "identification" OR
"biosensing" OR "point-of-care”" OR "pathogen" OR "virus" OR "bacteria" OR "biomarker" OR "antibiotic
residue" OR "toxin").

Group 3 (Veterinary and animal concepts): ("veterinary" OR "veterinary medicine" OR "livestock"
OR "cattle" OR "cow" OR "dog" OR "cat" OR "poultry" OR "chicken" OR "avian" OR "sheep" OR "goat" OR
"pig" OR "swine" OR "animal health" OR "dairy").

The final search pattern was as follows: (Group 1) AND (Group 2) AND (Group 3).

1.2. Screening and selection process of articles

After retrieving all of the entries from the various databases, they were all sent to the EndNote
reference management program, and any duplicates were immediately eliminated. In accordance with the
predetermined criteria (PICOS), the screening procedure was conducted by two researchers in two separate
phases, without any collaboration between them. During the first phase, a screening was carried out based on
the titles and abstracts of the publications. Publications that were obviously not relevant to the subject matter
were disregarded, such as research that concentrated entirely on human medicine or sensors that were not
biological in nature. During the second step, the complete texts of articles that were pertinent to the study were
obtained and thoroughly examined. Among the criteria for inclusion were the following: (1) the primary focus
of the article was on the design, fabrication, or testing of a nanobiosensor for veterinary application; (2) the
article provided experimental data that was relevant to the evaluation of the sensor (for example, sensitivity,
specificity, and limit of detection); and (3) the article was written in English. Finally, to facilitate qualitative
and structured analysis, key data from the final articles were extracted and tabulated in a standardized format.
This data included the author, publication year, type of nanomaterial, detection mechanism, target analyte,
biological sample, and sensor performance (detection limit, linear range, etc.).

2. RESULTS

In the context of rapid detection of important veterinary infectious diseases, the results indicated the
successful development of nanobiosensors for a wide range of viral [21-32], bacterial [33-55], and parasitic
pathogens [56-78]. Specifically, aptamer- or antibody-based sensors against essential viruses such as foot-and-
mouth disease virus (FMDYV) and avian influenza virus (AIV) have been designed, which can detect these
viruses directly in oral swab or poultry feces samples, in a short time (less than 30 minutes) and without the
need for a gene amplification step (such as PCR). Similarly, for bacterial diseases such as brucellosis and
bovine tuberculosis, sensors have been developed that detect specific antigens or antibodies in milk or serum
samples with accuracy and specificity comparable to ELISA, but with the significant advantage of much higher
speed and the potential for point-of-care testing. This capability represents a fundamental revolution in
epidemic management and disease surveillance programs.

One of the most remarkable accomplishments reported is the achievement of extremely high
diagnostic sensitivity, which often falls within the femtomolar and even attomolar ranges. This technology
represents a significant departure from conventional rapid detection kits (LFA) and even some more advanced
laboratory methods. The unique properties of the nanomaterials used are largely responsible for this level of
sensitivity. For instance, gold nanoparticles can amplify powerful optical signals due to the long-range surface
plasmon resonance (LSPR) effect. Carbon nanotubes and graphene, on the other hand, provide an ideal
foundation for electrochemical biosensors, offering very low detection limits due to their high electrical
conductivity and large specific surface area. This essential characteristic enables the identification of pathogens
or biomarkers even in the very early stages of infection or disease, when the concentration of the analyte in the
sample is extremely low. This presents a wonderful opportunity for early intervention and disease prevention
in the flock.
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Nanobiosensors play a crucial role in enhancing food safety along the food chain [79-85]. In animal
products, such as milk, meat, and honey, a significant amount of research has been dedicated to the
development of highly sensitive and rapid sensors for the simultaneous detection of various antibiotic residues
(including penicillin and tetracycline) and mycotoxins (such as aflatoxin M1 in milk). These sensors have been
designed to detect several antibiotic residues simultaneously. Methods that are electrochemical or optical (like
fluorescence) are often used in the construction of these sensors. In a short amount of time, they can identify
very low amounts of these pollutants, which is particularly difficult for traditional approaches to do. This
enables the continuous and efficient monitoring of production lines in food processing facilities, significantly
reducing the likelihood of tainted goods entering the consumer market and posing a threat to human health.
Additionally, sensors capable of rapidly detecting food pathogens in meat samples, such as Salmonella and E.
coli, have also been reported. This evidence demonstrates the significance of this technology in maintaining
the health of the general population.

3. DISCUSSION

Nanobiosensors hold great promise for transforming various aspects of veterinary medicine, including
disease detection, monitoring health, and ensuring food safety [86-88]. This review clearly demonstrates the
remarkable potential of their approach. They directly address long-standing problems in the veterinary field,
specifically the need for rapid point-of-care tests and ongoing health monitoring of large herds. These sensors
can quickly and accurately detect very small amounts of different analytes, a feat that has never been achieved
previously. The successes in identifying important pathogens, such as the virus that causes foot-and-mouth
disease and the influenza virus that spreads among birds, are only the beginning of what this technology can
achieve. One of the most remarkable aspects of these results is the development of "multiplexing," which
enables a single sensor to detect multiple illnesses or biomarkers in a sample simultaneously. This ability
facilitates the identification of health issues in animals and enables faster differential diagnosis in the field, a
crucial aspect of managing an epidemic.

Even with these promising achievements, there are still many problems that need to be solved before
nanobiosensors can be sold to veterinarians. One of the most significant problems that needs to be addressed
is ensuring that things are reliable and legitimate in real life. The efficiency of a nanobiosensor may be affected
by the intricate matrix of real biological samples, which contrasts with the simpler conditions of a laboratory
setting [89, 90]. Some examples of these types of samples include milk with different components or blood
with proteins, which makes it challenging to analyze. Because of this, the livestock business must conduct
thorough validation testing with large sample sizes and diverse animal populations before they can sell their
products. Another problem that has to be solved is how to make things scalable and affordable for mass
production [91, 92]. To make these sensors affordable enough for many cattle producers and veterinarians to
utilize, significant technical challenges need to be addressed. Some of these challenges include producing high-
quality, homogeneous nanomaterials on a large scale and ensuring that biological elements can be reliably
incorporated into them.

There are problems with nanobiosensors, but there are also significant concerns about the safety and
potential harm of the nanomaterials being employed. It is essential to consider the potential consequences of
what happens to these nanomaterials after they are used, particularly when the sensor is in proximity to an
animal or food, such as milk [93, 94]. Can nanoparticles go through the food chain of people and cause harm?
A thorough risk assessment, along with the establishment of regulatory frameworks and safety standards by
authorities such as the Food and Drug Administration, is crucial for the public to accept this technology and
for it to succeed in the business sector. It is also a significant challenge for designers to make nanobiosensors
user-friendly for agricultural workers who aren't experts in the field [95, 96]. An ideal nanobiosensor would be
adevice that is easy to "plug in and play with," doesn't need any sample preparation or user training, and shows
the findings plainly (for example, on a mobile phone screen).

Despite these challenges, the future of nanobiosensors in veterinary medicine appears quite
promising [97]. In the future, research will likely focus on developing smart sensors that work together. These
sensors can be placed under the skin or directly on the animal. They would then send physiological data (such
as temperature, pH, glucose levels, or inflammatory indicators) to a central platform wirelessly and
continuously. Big Data, Artificial Intelligence (Al), and the Internet of Things (IoT) can collaborate to create
intelligent early warning systems, predict disease outbreaks, and fully automate herd health management [98].
The combination of these three technologies will make all of these things conceivable. This idea involves the
complete implementation of Precision Livestock Farming and One Health. In this approach, the health of each
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animal is regularly assessed, and the information obtained from these checks is used to plan and implement
effective therapies.

4. CONCLUSION

Nanobiosensors, which take advantage of the one-of-a-kind characteristics of nanomaterials, are on
the verge of bringing about a revolution in the field of veterinary medicine. By delivering capabilities that have
never been seen before in ultra-sensitive and quick detection of infections, monitoring of health biomarkers,
and management of food pollutants, this technology offers a direct answer to diagnostic issues that have been
present for a long time in both field and industrial settings. However, to successfully transition from research
to broad commercial use, it is necessary to overcome substantial hurdles. These problems include standardizing
manufacturing processes, validating them under real-world settings, conducting a comprehensive safety
evaluation, and ensuring economic feasibility.
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