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ABSTRACT

Ensuring food safety and quality is a global priority, yet conventional detection methods often fall
short in speed, sensitivity, and adaptability. This review highlights the transformative role of
nanotechnology in biosensor development, offering innovative solutions for real-time, high-precision
monitoring across the food supply chain. It explores the fundamental components and mechanisms of
biosensors, emphasizing how nanomaterials—through enhanced surface reactivity, signal
amplification, and structural stability—significantly improve sensitivity, selectivity, and durability.
The article categorizes nanobiosensors based on detection mechanisms (electrochemical, optical, and
mass-based) and biorecognition strategies (enzymatic, immunochemical, and microbial). Practical
applications are discussed, including pathogen detection using metal nanoparticles, toxin and
allergen sensing via carbon quantum dots, freshness evaluation through colorimetric nanostructures,
and fermentation control using electrochemical nanobiosensors. These advancements underscore the
potential of nanobiosensors to revolutionize food safety monitoring and quality assurance.
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1. INTRODUCTION

1.1 Importance of Food Safety and Quality

Food safety and quality are among the most influential factors affecting public health in human
societies. According to international reports, the consumption of unsafe food leads to millions of illnesses and
hundreds of thousands of deaths worldwide each year [1]. Therefore, ensuring access to safe food not only
saves lives but also promotes individual and societal well-being.

Food safety is a comprehensive concept that begins at the earliest stages of production and extends
through to final consumption— a concept that encompasses the entire food supply chain “from farm to fork.”
Implementing safety and quality systems across all stages of the food chain—including production, processing,
packaging, storage, and distribution—plays a critical role in safeguarding consumer health.

In this context, Good Hygiene Practices (GHP) and Good Manufacturing Practices (GMP) help ensure food
safety by improving sanitary conditions throughout various processes. Additionally, quality assurance systems
ensure that food products conform to specified characteristics, through the definition of standardized criteria
[2].
1.2 The Need for Advanced Detection Methods

Food safety is a vital pillar of public health and a key factor in maintaining consumer trust in the food
supply chain. However, conventional detection methods are often slow, costly, and heavily reliant on
laboratory-based equipment. These limitations hinder the ability to perform rapid and effective monitoring
under real-world production and distribution conditions. In response, emerging technologies such as artificial
intelligence (Al), nanotechnology, and biosensors have introduced transformative capabilities in contaminant
detection. Key advancements include:
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. Machine learning, powered by Al, enhances the analysis of complex food data, improves imaging
techniques, and—through integration with the Internet of Things (IoT) and blockchain—enables precise and
intelligent traceability.

. Nanotechnology, utilizing NPs and nanozymes, facilitates ultra-sensitive and rapid detection of
contaminants.

. Biosensors, employing enzymes, immunosensors, and DNA-based aptamers, offer high specificity in
identifying toxins, pathogens, and harmful chemical compounds.

. Next-generation biosensors, including electrochemical, optical, and paper-based formats, have
expanded practical applications in industrial and commercial settings.

. Hybrid concepts, such as smart nanobiosensors, loT-enabled active packaging, and autonomous
response systems, allow real-time monitoring and rapid reaction to food safety threats [3].

1.3 Emergence of Nanotechnology and the Evolution of Biosensors

As discussed in the previous section, conventional detection methods face significant limitations, making
it essential to explore alternative approaches for rapid monitoring in real-world conditions. One such alternative
is the biosensor, which has undergone substantial improvements in selectivity, repeatability, stability,
sensitivity, and linearity due to recent innovations in design. A particularly noteworthy advancement is the
incorporation of nanoscale materials into biosensor construction, resulting in the development of
nanobiosensors, a rapidly evolving field. These nanomaterials impart unique properties that not only overcome
challenges related to sensitivity and detection limits but also enhance the stabilization of biological molecules,
thereby improving the efficiency of biochemical reactions [4].

2. Fundamentals and Principles of Biosensors

2.1 Core Components of Biosensors

Typically, biosensors consist of two primary components: a biorecognition element and a transducer. These
sensors are classified into various categories based on the type of bioreceptor and transduction mechanism
employed. Biorecognition elements include compounds capable of specifically identifying target molecules,
such as antibodies, enzymes, aptamers, nucleic acids, and molecularly imprinted polymers. The transducer is
responsible for converting the biological response into a measurable signal and through mechanisms such as
optical, electrochemical, mass-sensitive, electrical, or thermal mechanisms [5].
2.2 Mechanism and Performance Indicators

Biosensors are analytical tools designed to detect specific analytes through selective interactions facilitated
by biorecognition elements. These interactions induce physical or chemical changes that are subsequently
converted into quantifiable signals by the transducer. While the fundamental operating principle of biosensors
remains consistent, the choice of bioreceptor and transducer varies depending on the analytical requirements
[6].

Like other technologies, biosensor systems have evolved over time, leading to significant improvements in
key performance indicators such as sensitivity, selectivity, detection limit, reliability, validity, and response
time, which have, in turn, contributed to enhanced functionality and broader applicability [7].

3. Overview of Nanotechnology in Biosensors
3.1 Definition and Classification of Nanomaterials

In 1959, during the annual meeting of the American Physical Society, Richard Feynman delivered a seminal
lecture titled “There’s Plenty of Room at the Bottom,” which drew significant attention to the concept of
nanotechnology—despite the term “nano” not yet being coined. More than five decades later, in 2011, the
European Commission defined a nanomaterial as “a natural, incidental, or manufactured material containing
particles in an unbound state or as an aggregate or agglomerate, where 50% or more of the particles in the
number size distribution have one or more external dimensions in the size range of 1 to 100 nanometers™ [8].

Beyond precise definitions, nanomaterials can be classified based on their origin, dimensionality, and
constituent materials. Additionally, classification based on intrinsic toxicity levels has also been proposed [9].
3.2 Advantages of Nanoscale Materials in Sensors

Nanobiosensors offer numerous advantages over sensors constructed from bulk materials, including
enhanced sensitivity and specificity, a high surface-to-volume ratio, and novel functional properties. For
instance, the application of nanophotonics can significantly improve sensitivity and selective detection.
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Ultimately, these features contribute to reduced cost and response time, making nanobiosensors suitable for
high-throughput applications [10].
3.3 Effects on Sensitivity, Selectivity, and Stability

The incorporation of NPs into biosensors has been shown to significantly enhance their sensitivity,
selectivity, and stability through various mechanisms.

Impact on Sensitivity

. Signal Amplification: NPs provide a large surface area and catalytic activity that amplify the sensor
signal, enabling the detection of analytes at extremely low concentrations and improving the limit of detection
[11,12].

. Increased Surface Reaction Sites: The high surface-to-volume ratio of NPs offers more binding sites
for target molecules, increasing the likelihood of interaction and thereby enhancing sensitivity [10].

Impact on Selectivity

. Catalytic and Reactive Properties: Functionalizing sensors with specific NPs (e.g., noble metals) is a
strategy to enables targeted catalytic reactions that preferentially interact with specific analytes, leading to
improving selectivity [13, 12].

. Material and Structural Tuning: The size, distribution, and chemical composition of NPs can be
engineered to selectively direct the sensor response toward specific substances while minimizing interference
from others [14, 12].

Impact on Stability

. Enhanced Structural Stability: NPs can improve the mechanical and chemical stability of the sensor’s
active layers, helping maintain performance during repeated use or prolonged exposure to analytes, which is
crucial for practical applications [11].

. Reversible Catalytic Behavior: Certain NPs coatings enable reversible reactions, allowing the sensor
to be reset for repeated measurements without degradation, thus contributing to long-term stability [12].

4. Overview of Nanotechnology in Biosensors
4.1 Definition and Classification of Nanomaterials

The design and development of robust enzymatic nanobiosensors require insight into nanofabrication and
bioconjugation techniques. Bioconjugation is an enabling technology that reduces costs and enhances biosensor
performance, operating based on the interaction between functional surface groups of enzymes and
nanomaterials. Common bioconjugation strategies include physical methods (adsorption, entrapment),
covalent methods (covalent bonding, cross-linking), and bioaffinity approaches [15].

In 2014, Pal and colleagues successfully detected choline at a concentration as low as 0.0005 pM in milk
samples using a zinc oxide nanorod film. In this study, choline oxidase and peroxidase enzymes were
simultaneously immobilized covalently on the transducer surface, resulting in high stability and nearly 99%
recovery in real samples [16].

4.2 Immunochemical Nanobiosensors

Immunosensors include electrochemical, microgravimetric, optical, and calorimetric formats. They offer
advantages such as high sensitivity, selectivity, rapid response, and cost-effectiveness. Notably, antibody-based
biosensors have surpassed traditional methods in the detection and analysis of various compounds [17].

Owing to these advantages, immunochemical nanobiosensors play a critical role in food safety by enabling
rapid, sensitive, and selective detection of contaminants such as pathogens, toxins, allergens, pesticides, and
heavy metals. For example, studies have demonstrated the successful identification of aflatoxin strains B1, B2,
G1, G2, and tetrodotoxin [17].

4.3 Cell-Based and Microbial Nanobiosensors

Cell-based and microbial nanobiosensors are devices that use entire microbial cells—often combined with
nanomaterials—to detect specific biochemical or environmental signals. Their responsiveness, operational
stability, and long-term usability depend on the stabilization method, which can be physical or chemical.
Microorganisms have been paired with various transducers, including amperometric, potentiometric,
conductometric, luminescent, and fluorescent systems, to create biosensing devices. Amperometric microbial
biosensors are commonly used to measure biochemical oxygen demand (BOD) in water samples, aiding in the
detection of biodegradable organic pollutants.

5. Types of Nanobiosensors Based on Detection Mechanism
5.1 Electrochemical Detection
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The measurement of electrical properties for extracting data from biological systems typically involves
electrochemical processes, where the electroactive biological component serves as the primary transduction
element. Common techniques in this category include amperometry, potentiometry, conductometry, cyclic
voltammetry, chronoamperometry, and chronopotentiometry [18].

5.2 Optical Detection

Optical biosensors detect analytes by interacting with biorecognition elements. Two main approaches are
employed: label-free and label-based detection. In label-free methods, the signal is generated directly through
the interaction between the analyte and the transducer. In contrast, label-based methods utilize a signaling
molecule, and the optical signal is produced via fluorescence, colorimetry, or luminescence. Various optical
biosensing platforms exist, including surface plasmon resonance (SPR), interferometers, localized surface
plasmon resonance (LSPR), optical gratings, resonators, and refractometers. Each optical biosensor must
generate a signal that directly correlates with analyte concentration to enable accurate quantification [19].

5.3 Mass-Based Detection

As the name suggests, mass-based biosensors measure minute changes in mass resulting from interactions
between the analyte and the biorecognition element. These systems are typically based on piezoelectric
crystals, which oscillate at a specific frequency when an electrical signal is applied. The oscillation frequency
depends on both the applied signal and the mass of the crystal. When chemical bonding increases the
crystal’s mass, the frequency shifts accordingly. This change is measured electrically and used to quantify the
added mass [20].

6. Applications of Nanobiosensors in the Food Industry
6.1 Pathogen Detection Using Gold, Silver, and Zinc Oxide NPs

Food contaminated with pathogenic microorganisms poses a serious threat to public health and may cause
debilitating illnesses in consumers. Among various pathogens, Campylobacter species, non-typhoidal
Salmonella enterica serotypes, Shiga toxin-producing Escherichia coli strains, and Listeria monocytogenes are
among the most recognized [21].

To address this threat, various nanobiosensors have been developed. Studies have shown that
nanobiosensors incorporating gold NPs can detect Listeria monocytogenes, Bacillus cereus, Staphylococcus
aureus, and Campylobacter jejuni [22]. Silver NPs-based biosensors have demonstrated the ability to identify
Staphylococcus aureus and Escherichia coli [23]. Zinc oxide NPs have been successfully employed in
biosensors for detecting pathogens such as Listeria monocytogenes, Salmonella Typhimurium, Staphylococcus
aureus, Escherichia coli O157:H7, and Campylobacter jejuni [24]. This demonstrates the broad applicability
of nanotechnology in pathogen detection.

6.2 Detection of Toxins, Allergens, and Contaminants Using Carbon Quantum Dots

Carbon quantum dots (CQDs) have emerged as versatile fluorescent alternatives widely used as probes in
food detection applications. These nanomaterials possess extensive surface areas with functional groups that
interact with a broad range of substances, modifying their optical properties. CQD-based biosensors can detect
pesticides, nutrients (e.g., glutathione, ascorbic acid), microbial toxins (e.g., ochratoxin A, aflatoxin B1),
pathogens (e.g., Salmonella Typhimurium, Escherichia coli), and prohibited food additives [25].

6.3 Freshness Evaluation Using Colorimetric Nanostructures

Colorimetric nanostructures are increasingly recognized as effective tools for assessing food freshness by
detecting volatile organic compounds and secondary metabolic byproducts released during spoilage. Yu et al.
(2023) developed a colorimetric sensor array based on silver NPs embedded in agar. These arrays exhibited
distinct color changes that corresponded to the freshness stages of chilled chicken meat stored at 4°C. The
sensor’s color transitions were found to correlated with biochemical freshness indicators such as total volatile
basic nitrogen (TVB-N), allowing consumers to visually assess meat quality without opening the packaging
[26].

6.4 Fermentation Process Control Using Nanobiosensors

Fermentation processes in the food and biotechnology industries are inherently complex, involving multiple
critical variables that are challenging to monitor in real time. Historically, the saccharification stage during
fermentation was controlled using the traditional Fehling method. Since this technique relies on the titration of
reducing sugars, its results often lacked sufficient precision. However, following the introduction of glucose
biosensors in 1975, the fermentation industry has benefited significantly. Today, glucose biosensors are widely
employed in sugar production and fermentation workshops to monitor glucose levels through bioenzymatic
methods [27].
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In recent years, nanobiosensors incorporating nanomaterials such as multi-walled carbon nanotubes and
specialized enzymes have enabled more precise and faster monitoring of key metabolites during fermentation.
For instance, electrochemical sensors based on multi-walled carbon nanotubes and oxidase enzymes—such as
glucose oxidase and alcohol dehydrogenase—have been developed for real-time monitoring of alcoholic
fermentation in beverage production. These sensors, with enzymes immobilized in polymeric matrices such as
chitosan or polyvinyl alcohol, function as active electrodes and precisely track changes in glucose, ethanol, or
lactic acid concentrations [28].

7. Conclusion

Food safety and quality are among the most pressing concerns in public health and food security today.
Given the limitations of conventional contaminant detection methods—including lengthy procedures, high
cost, and reliance on laboratory equipment—there is an urgent need to develop innovative and reliable tools.
In this context, nanobiosensors, leveraging nanomaterials and biological recognition elements, have
significantly enhanced the performance of biosensing systems.

These sensors offer improved sensitivity, selectivity, stability, and miniaturization capabilities,
facilitatingrapid and specific detection of harmful compounds under real-world conditions of food production,
storage, and distribution. The diversity in nanobiosensor design—based on biorecognition elements (enzymes,
antibodies, cells) and detection mechanisms (electrochemical, optical, mass-based)—has expanded their
applications across various sectors of the food industry. Key applications include pathogen detection, toxin and
contaminant analysis, freshness evaluation, and fermentation process control.

Moreover, the use of nanomaterials such as metallic NPs, carbon quantum dots, and carbon nanotubes has
conferred unique advantages to these sensors, enhancing their performance in complex and industrial
environments. With recent advancements, nanobiosensors present a promising outlook for the development of
smart, portable, and cost-effective systems for food safety monitoring. These technologies have the potential
to play a pivotal role in protecting consumer health, reinforcing public trust in the food supply chain, and
raising safety standards across the food industry.
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