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Abstract

Optical biosensors have emerged as a transformative technology for food safety monitor-
ing. These devices combine biorecognition molecules with advanced optical transducers,
enabling the detection of a wide array of food contaminants, including pathogens, toxins,
pesticides, and antibiotic residues. This review comprehensively explores the principles,
advancements, applications, and future trends of optical biosensors in ensuring food safety.
The key advantages of optical biosensors, such as high sensitivity to trace contaminants, fast
response times, and portability, make them an attractive alternative to traditional analytical
methods. Types of optical biosensors discussed include surface plasmon resonance (SPR),
interferometric, fluorescence and chemiluminescence, and colorimetric biosensors. SPR
biosensors stand out for their real-time, label-free analysis of foodborne pathogens and
contaminants, while fluorescence and chemiluminescence biosensors offer exceptional
sensitivity for detecting low levels of toxins. Interferometric and colorimetric biosensors,
characterized by their portability and visual signal output, are well-suited for field-based
applications. Biosensors have proven invaluable in monitoring heavy metals, pesticide
residues, and antibiotic contaminants, ensuring compliance with stringent food safety
standards. The integration of nanotechnology has further enhanced the performance of
optical biosensors, with nanomaterials such as quantum dots and nanoparticles enabling
ultra-sensitive detection and signal amplification. Optical biosensors represent a vital
advancement in the field of food safety, addressing critical public health concerns through
their rapid and reliable detection capabilities. Continued interdisciplinary efforts in nan-
otechnology, material science, and device engineering are poised to further expand their
applications, making them indispensable tools for safeguarding global food supply chains.

Keywords: optical biosensors; food safety monitoring; toxin detection; nanotechnology in
biosensors; portable biosensors

1. Introduction

Optical biosensors have emerged as a vital tool in modern food safety monitoring,
offering a combination of high sensitivity, specificity, and real-time detection capabilities.
These sensors operate by converting a biological recognition event—such as antigen-antibody
binding or nucleic acid hybridization—into an optical signal, which is then measured using
methods such as fluorescence, chemiluminescence, absorbance, or SPR [1]. Their ability to
rapidly and accurately identify biological and chemical contaminants makes them excep-
tionally well-suited for ensuring the safety and quality of food products at every stage of
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the supply chain. One of the key advantages of optical biosensors lies in their sensitivity
and specificity, which allows for the detection of trace levels of harmful substances such
as pathogens, toxins, and pesticide residues [2,3]. These sensors also offer rapid analysis,
enabling real-time monitoring that can prevent the distribution of contaminated food before it
reaches consumers [4,5]. Moreover, their portability and user-friendly design facilitate on-site
testing in agricultural fields, food processing plants, and marketplaces without requiring spe-
cialized lab infrastructure [6,7]. Compared to traditional analytical methods, optical biosensors
significantly reduce the cost, complexity, and turnaround time of food safety testing, making
them particularly valuable in low-resource settings [8]. Several types of optical biosensors have
found success in food applications. SPR sensors are among the most widely used, offering
label-free, real-time monitoring with high sensitivity. They are effective for detecting pesticide
residues, toxins, and foodborne pathogens [2,4]. Fluorescence and chemiluminescence-based
sensors, on the other hand, offer amplified optical signals and are frequently used to detect
aflatoxins, mycotoxins, and other low-abundance analytes in complex food matrices [9,10].
Interferometric biosensors provide a powerful approach for multiplexed detection, enabling
the simultaneous monitoring of multiple contaminants with minimal cross-talk, making them
ideal for comprehensive safety evaluations [11]. In terms of real-world applications, optical
biosensors are routinely used for the detection of microbial pathogens such as Salmonella,
Listeria monocytogenes, and E. coli in food and water samples [3,12]. They are also employed in
monitoring chemical hazards, including residues of heavy metals, antibiotics, and illicit food
additives that can pose serious health risks [8]. Additionally, optical biosensors are playing
an increasing role in quality control, helping to monitor freshness, storage conditions, and
shelf life indicators in processed and packaged food [7,13]. Despite their numerous advan-
tages, optical biosensors face several challenges. Non-specific interactions between the sensor
surface and sample components can compromise detection accuracy, particularly in complex
food matrices. Addressing this requires advanced surface chemistry strategies and robust
sensor coatings [14]. Moreover, integrating nanomaterials into optical biosensor platforms
has emerged as a promising solution to enhance sensitivity, stability, and signal amplification.
Nanostructures such as quantum dots, gold nanoparticles, and carbon-based nanomaterials
improve light-matter interactions and facilitate stronger signal outputs [10]. Another key area
of development is miniaturization—the design of compact, portable, and field-deployable
biosensors remains a priority for real-time testing at critical control points throughout the food
production and distribution chain [5]. Regulatory and standardization challenges remain a
barrier to widespread commercialization. Despite strong laboratory performance, many opti-
cal biosensors still lack validated protocols and official approval for use in routine regulatory
testing. Bridging this gap will require collaborative efforts among scientists, manufacturers,
and policymakers to establish performance benchmarks, ensure quality control, and support
the translation of laboratory prototypes into robust commercial tools [2,13].

Molecular and Biochemical Mechanisms of Optical Biosensors

To understand the underlying mechanisms and reactivity pathways of optical biosen-
sors, it is essential to understand their molecular, biochemical, and optical interactions.
Optical biosensors are analytical devices that combine a biorecognition element with an
optical transducer to detect and analyze biological molecules or chemical substances. At
their core, optical biosensors consist of a biorecognition element immobilized on a sensor
surface and an optical transducer that converts biological interactions into measurable
optical signals [15]. The biorecognition component can include antibodies, enzymes, or
nucleic acids, each of which engages in highly specific molecular interactions with a target
analyte, such as an antigen, substrate, or complementary nucleic acid strand [16,17].
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At the biochemical level, antigen—antibody binding remains one of the most widely
used pathways. When an antigen binds to its antibody immobilized on the biosensor
surface, the interaction alters local optical properties, producing a measurable signal [18].
Similarly, nucleic acid biosensors rely on the hybridization of complementary DNA or RNA
strands, where duplex formation produces a detectable change in fluorescence or refractive
index [19]. Enzyme-based biosensors function through enzyme-substrate reactions, in
which enzymatic activity either generates or consumes optically active molecules, leading
to fluorescence, luminescence, or color changes [20]. Effective immobilization techniques
such as covalent bonding, adsorption, or polymer entrapment are essential to preserve the
stability and activity of these recognition molecules [21].

The optical mechanisms underlying detection are equally crucial. Surface plasmon
resonance (SPR) biosensors measure changes in refractive index at a metal-dielectric inter-
face when analytes bind to immobilized recognition elements, shifting the resonance angle
or wavelength [16,17]. Fluorescence- and luminescence-based sensors employ fluorescent
tags or luminescent molecules to generate measurable emission changes in response to
analyte binding [22]. Interferometric sensors detect phase shifts in light waves as a function
of analyte binding, offering high sensitivity to mass or refractive index variations [23,24].

Taken together, these reactivity pathways and optical mechanisms illustrate that
optical biosensors operate not merely as detection devices, but as carefully engineered
systems where biological recognition events are tightly coupled with photonic signal
generation. Through antibody-antigen binding, nucleic acid hybridization, and enzyme—
substrate catalysis, these biosensors translate biochemical specificity into quantifiable
optical signals [15,16,23]. As such, understanding these fundamental processes is critical
for advancing biosensor design, improving sensitivity, and ensuring their reliability in
real-world applications.

2. Types of Optical Biosensors and Their Applications in the
Food Industry

Optical biosensors (as shown in Figure 1) have become indispensable in the food in-
dustry due to their exceptional sensitivity, specificity, rapid response times, and capacity
for real-time, non-invasive analysis. These biosensors function by converting a biological
interaction into a measurable optical signal—such as fluorescence, absorbance, or refractive
index shifts—enabling the precise detection of foodborne pathogens, contaminants, toxins,
allergens, and quality indicators. The diversity in optical biosensor designs has allowed for
broad applications across food safety, quality assurance, and process monitoring. One of the
most extensively used types is the SPR biosensor, which detects changes in refractive index
at the sensor surface as a result of molecular binding events. This type is widely utilized
for detecting foodborne pathogens like E. coli, Salmonella, and Listeria, offering label-free and
real-time detection [3,4]. A closely related variant, the Localized SPR biosensor, enhances
detection sensitivity by incorporating metallic nanoparticles, which amplify local electromag-
netic fields. LSPR sensors are particularly effective in detecting microbial contaminants and
pesticide residues at trace levels [4]. Further refinement of SPR-based detection is achieved
through Fiber Optic SPR (FO-SPR) biosensors, which use optical fibers to guide light and
increase sensitivity in complex food matrices. These are especially suited for real-time quality
assurance applications in liquid foods like milk or juices. Another highly sensitive technique
is Surface-Enhanced Raman Scattering (SERS) biosensing, which uses metallic nanostruc-
tures to intensify the Raman scattering signal. SERS biosensors have been applied in the
ultra-sensitive detection of microbial toxins and adulterants in food products [3]. Similarly,
Surface-Enhanced Fluorescence (SEF) biosensors improve the fluorescence output of labeled
targets, aiding in the detection of allergens, such as peanut proteins, and trace-level contam-
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inants. Total Internal Reflection (TIR) biosensors, which rely on changes in light reflection
at the interface of two media, offer excellent surface sensitivity and are used for rapid de-
tection of bacterial contamination. Another category, Interferometric biosensors, utilizes the
interference patterns of light to enable high-throughput and multiplex detection of several
analytes simultaneously—ideal for screening multiple contaminants in food samples [11].
Fluorescence biosensors, based on detecting variations in fluorescent signals, have been used
extensively for identifying toxins and mycotoxins, while chemiluminescence biosensors offer
a simple yet effective platform for the detection of pathogens like Campylobacter or Listeria due
to their low background noise and high signal contrast [3]. Colorimetric biosensors represent
perhaps the most user-friendly class of optical biosensors, providing visible color changes
in the presence of specific analytes, which allows even non-experts to interpret results easily.
These are particularly effective in detecting spoilage indicators and adulterants in dairy and
meat products [25,26]. The food industry applies these optical biosensors in a wide array of
contexts. For pathogen detection, they serve as frontline tools in preventing outbreaks of food-
borne illness, detecting microbial threats in raw materials and finished products [3,27]. For
contaminant monitoring, biosensors are critical in screening for pesticide residues, veterinary
drug residues, and toxic heavy metals, ensuring compliance with international food safety
standards [23,27]. In quality control, biosensors can monitor biochemical changes such as
sugar and alcohol levels during fermentation, or amino acid profiles in processed foods, which
are important for flavor and shelf life [28]. Emerging applications include allergen detection,
where biosensors are being deployed to trace minute quantities of allergens like gluten or
peanut proteins in processed foods, thus improving food labeling accuracy and consumer
safety [29]. In process monitoring, biosensors are embedded in food production lines to
continuously monitor microbial growth or detect shifts in environmental conditions that may
compromise safety. Recent trends in biosensor development include miniaturization, with
the design of portable, handheld devices that enable rapid, on-site food testing in markets,
warehouses, and farms [4]. Another growing direction is Internet of Things (IoT) integration,
where smart biosensors connected to cloud systems enable continuous food traceability and
remote surveillance of safety parameters across the supply chain [30]. Moreover, quantum
biosensing is emerging as a cutting-edge approach that leverages quantum effects to enhance
detection sensitivity and resolution, holding promise for the next generation of ultra-sensitive
biosensors [15]. Optical biosensors represent a transformative technology in the food industry,
enabling fast, accurate, and scalable solutions for safety assurance and quality control. As
sensor technologies evolve, they will play an increasingly central role in ensuring the integrity,
transparency, and sustainability of global food systems.
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Figure 1. Optical Biosensors Applications in food industry.
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3. Optical Biosensors in Pathogen Detection for Food Safety

Optical biosensors are increasingly recognized as powerful tools for the detection of
foodborne pathogens (as shown in Figure 2), offering rapid, sensitive, and cost-effective
alternatives to traditional microbiological techniques. In the context of food safety, timely
identification of pathogens such as Salmonella, Listeria monocytogenes, and Escherichia
coli O157:H7 is critical for preventing disease outbreaks and ensuring compliance with
food safety regulations. Optical biosensors function by converting a biological recog-
nition event—such as the binding of a pathogen-specific antibody, aptamer, or nucleic
acid—into an optical signal (e.g., fluorescence, color change, light emission, or refractive
index shift), which can be easily measured and interpreted [3,31,32]. Several types of
optical biosensors are employed for pathogen detection in food matrices, each offering
distinct mechanisms of transduction and benefits. SPR biosensors detect minute changes
in the refractive index at a metal-dielectric interface caused by the binding of pathogens,
enabling label-free and real-time monitoring [3]. Fluorescence-based biosensors use
fluorophore-labeled probes that emit light upon binding to target pathogens, achieving
extremely high sensitivity and selectivity [33]. Surface-Enhanced Raman Scattering
(SERS) biosensors, which amplify Raman signals using metallic nanostructures, enable
the detection of pathogens at ultra-low concentrations, even in complex samples like
milk or ground meat [33]. Colorimetric biosensors, on the other hand, provide simple
visual readouts—typically a color change in the presence of the pathogen—making them
especially useful for point-of-care or field-based applications [34]. Chemiluminescence
biosensors, which generate light through a chemical reaction triggered by pathogen
binding, offer high signal-to-noise ratios and fast analysis times [31]. Recent develop-
ments have focused on expanding the application of these biosensors across diverse
food products, from raw produce to dairy and meat. The use of thin-film biosensor
chips, disposable strips, and miniaturized readers has enabled faster on-site pathogen
screening throughout the supply chain [32,34]. Integration with interferometric plat-
forms, which use optical interference to detect binding events, has further enabled
multiplexed detection of multiple pathogens in a single assay, increasing throughput
and efficiency [11]. The incorporation of nanotechnology has significantly enhanced the
capabilities of optical biosensors. Functionalized nanoparticles such as gold, silver, and
magnetic nanomaterials serve as signal amplifiers and immobilization supports, offer-
ing improved detection limits and robustness in complex food matrices [31,33]. These
nanostructures provide high surface-to-volume ratios, facilitating greater biorecognition
probe density and faster interaction kinetics. For example, nanomaterials embedded
in SERS or fluorescence platforms enable single-cell level detection of bacteria in food
samples with minimal preprocessing [35]. Despite these advantages, challenges remain
in fully optimizing optical biosensors for food safety monitoring. Issues such as matrix
interference, cross-reactivity, and false positives or negatives can still affect analytical reli-
ability, especially when detecting pathogens in processed or composite foods. Moreover,
achieving uniform sensitivity across different sample types and scaling biosensor fabri-
cation for commercial production are ongoing hurdles [31,36]. To address these, future
research is focusing on the integration of advanced signal amplification techniques, such
as enzyme-assisted reactions and CRISPR-based cascades, as well as the development of
novel biorecognition elements like synthetic peptides and aptamer cocktails [36]. The
comparative analysis of different optical biosensor types, including SPR, interferometric,
fluorescence, and colorimetric approaches, is summarized in Table 1.
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Figure 2. The procedure of the detection of foodborne pathogens. Reprinted with permission from
ref. [3]. Copyright 2024 Elsevier.

Table 1. Comparative Performance Metrics and Suitability of Different Optical Biosensor Types.
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Table 1. Cont.

Surface Plasmon

Maetric Resonance (SPR) Interferometric Fluorescence Colorimetric
Both lab and field; Mostly lab-based due  Suitable for both lab Suitable for both lab
Suitability (Lab  portable SPR chips to alignment and and field with and field; naked-eye
vs. Field) under fabrication handheld fluorescence readouts make them
development [44]. complexity [41]. readers [42]. accessible [33].
Broad: proteins, Proteins, nucleic acids, Proteins, nucleic acids, Proteins, nucleic acids,
Analvte Tvpe nucleic acids, toxins, = and complex and small molecules; and small molecules;
yte yp small molecules biomolecular widely used for viral suitable for pathogens
[37,38,43]. interactions [41]. diagnostics [42]. and toxins [33].

Table 1 presents a comparative overview of the performance metrics and application
suitability of four major classes of optical biosensors: Surface Plasmon Resonance (SPR),
interferometric, fluorescence, and colorimetric systems. SPR biosensors are widely regarded
for their label-free and real-time monitoring capabilities, achieving extremely low limits
of detection (LOD) ranging between 0.05-10 mg/L depending on sensor design, surface
chemistry, and chip materials [37-39]. These attributes make SPR highly versatile, with
proven applicability in both laboratory and portable field formats [44]. However, the cost
and system complexity remain moderate to high, especially when metal-coated chips or
advanced calibration are required. Interferometric biosensors share the advantage of label-
free detection but rely heavily on precise waveguide design and refractive index contrast
for sensitivity. While they also support multiplexing and rapid detection, their complexity
and dependence on sophisticated fabrication and alignment methods often restrict their
applications to laboratory environments [40,41]. Fluorescence-based biosensors, on the
other hand, are label-dependent and require the integration of fluorophores and detection
optics, which adds cost and complexity but enables high sensitivity and multiplexing
across proteins, nucleic acids, and viral biomarkers [33,42]. Their portability with handheld
readers makes them particularly suitable for field diagnostics. Colorimetric biosensors
provide a low-cost and user-friendly option, relying on visible changes in chromogenic
reagents for detection. While they lack the ultra-sensitivity of SPR or fluorescence systems,
their ease of use and naked-eye readouts make them practical for both laboratory and point-
of-care applications, especially in resource-limited settings [33,42]. Their main drawback
lies in limited multiplexing capacity, as only a restricted number of distinguishable color
changes can be incorporated reliably.

4. Optical Biosensors in Toxin Detection for Food Safety

Optical biosensors have become increasingly valuable in the detection of foodborne tox-
ins (as shown in Figure 3), offering a fast, sensitive, and portable alternative to conventional
analytical techniques such as gas chromatography, liquid chromatography, and mass spec-
trometry. These biosensors leverage the interaction between light and specific biorecognition
events—such as antibody—toxin or aptamer-toxin binding—to produce measurable optical
signals. This enables the rapid identification of toxic compounds in food, which is essential
for protecting public health, ensuring regulatory compliance, and minimizing the risk of
foodborne illnesses [9,45]. Among the key advantages of optical biosensors is their exceptional
sensitivity and specificity. Technologies based on chemiluminescence and fluorescence have
demonstrated the ability to detect toxins such as aflatoxins in milk and cereal products at
trace levels far below regulatory limits [9]. These detection methods benefit from signal
amplification mechanisms that reduce interference from complex food matrices. Furthermore,
optical biosensors enable real-time monitoring, making it possible to assess toxin presence
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during production, storage, and distribution [45,46]. This real-time capability allows for timely
interventions that prevent contaminated products from reaching consumers. Another crucial
benefit is portability—many optical biosensors are integrated into compact, user-friendly
platforms that can be deployed for on-site testing, even in remote or resource-limited environ-
ments [11,47]. Different types of optical biosensors have been applied to toxin detection in
food safety. Chemiluminescence and fluorescence biosensors are frequently used for aflatoxin
detection due to their high signal-to-noise ratios and sensitivity [9]. Interferometric biosensors,
which rely on light interference patterns, offer multiplex detection and are suitable for rapid
screening of multiple toxins, including mycotoxins and bacterial toxins, in a single assay [11].
SPR biosensors, known for their label-free and real-time detection capabilities, are widely
used to detect a broad range of contaminants such as microbial toxins, antibiotic residues, and
pesticides in food products [48]. In addition, optical fiber biosensors offer high detection speed
and flexibility by measuring the modulation of light signals as they interact with analytes
in the sample. These are particularly suitable for detecting pollutants such as ochratoxins,
fumonisins, and heavy metals in beverages and grains [8]. In terms of applications, optical
biosensors have proven particularly useful in the detection of mycotoxins—toxic secondary
metabolites produced by fungi like Aspergillus and Fusarium—which contaminate cereals, nuts,
and dairy products. Mycotoxins such as aflatoxin Bl and ochratoxin A are highly carcinogenic
and must be monitored closely to comply with safety standards [46,49]. Optical biosensors
are also highly effective in detecting microbial toxins, such as staphylococcal enterotoxins,
botulinum toxin, and toxins produced by Clostridium perfringens and E. coli O157:H7 [27 45].
Despite the promise of optical biosensors, several challenges must be addressed to facili-
tate their broader adoption. These include variability in sensor stability and reproducibility,
potential false positives due to non-specific binding, and limitations in detecting ultra-low
toxin concentrations in highly complex food matrices [50,51]. To overcome these limitations,
current research is focused on the development of nanostructured materials, advanced signal
amplification systems, and hybrid biorecognition elements like aptamers and molecularly im-
printed polymers [36,45]. Future trends also point toward integrating optical biosensors with
smartphone-based readout systems and IoT platforms, enabling real-time food surveillance
and traceability in global food supply chains.
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Figure 3. SPR biosensors for the detection of foodborne pathogens. (a) Scheme of a
prism/Ag/graphene/affinity layer/sensitive medium structure based SPR to detect E. coli.
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based SPR to detect P. aeruginosa (c) Scheme of a nano-SPR microfluidic biosensing chip combined
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with permission from ref. [3]. Copyright 2024 Elsevier.
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5. Optical Biosensors in Monitoring Pesticide and Antibiotic Residues
for Food Safety

Optical biosensors are increasingly recognized as crucial tools for ensuring food safety,
particularly in the detection of pesticide and antibiotic residues in agricultural and animal-
derived products. These biosensors, which operate by converting biochemical interactions
into measurable optical signals, offer numerous advantages over traditional analytical
methods such as chromatography and mass spectrometry. Their ability to provide rapid,
real-time, and highly sensitive detection makes them ideal for modern food monitoring sys-
tems, especially in contexts requiring on-site analysis and timely interventions [2,52]. In the
domain of pesticide residue detection, optical biosensors—particularly those based on SPR,
optical fiber technologies, and fluorescent probes like carbon dots—have shown excellent
performance in identifying harmful chemicals such as organophosphates and malathion
across diverse food matrices, including milk, eggs, vegetables, and honey [8,53,54]. These
biosensors use immobilized enzymes or antibodies to detect the presence of pesticide
molecules with high specificity, and they generate detectable optical changes that correlate
with residue concentrations. This ability to detect low-level contaminants in complex
food environments is critical, particularly as pesticide misuse or overuse remains a global
concern in agricultural practices.

Antibiotic residue detection is another area where optical biosensors are making sub-
stantial contributions. These sensors are capable of identifying veterinary drug residues
such as aminoglycosides, tetracyclines, 3-lactams, and 3-agonists in meat, dairy, and egg
products. SPR-based optical biosensors are widely used in this application due to their real-
time monitoring capabilities and label-free detection mechanism [52,55,56]. Additionally,
novel sensing platforms that incorporate carbon dots (CDs) and metal oxide nanozymes
have demonstrated enhanced signal transduction and stability. Their unique optical proper-
ties, such as tunable fluorescence and photostability, allow for more precise quantification
of trace-level antibiotic residues, addressing concerns related to antibiotic resistance and
consumer health risks [55,57]. The advantages of optical biosensors in this context are
manifold. Their high sensitivity and specificity make them suitable for detecting residues
even at sub-regulatory thresholds, ensuring food products meet national and international
safety standards [2,11]. Their portability and user-friendly formats—such as handheld
readers and lateral flow devices—facilitate on-site testing, bypassing the need for expensive
equipment and trained personnel. Furthermore, multiplexing capabilities, particularly in
interferometric biosensor designs, allow simultaneous detection of multiple contaminants
in a single assay, increasing efficiency and reducing testing time [11]. However, the imple-
mentation of optical biosensors for residue monitoring is not without challenges. One major
limitation is matrix interference—the presence of fats, proteins, or other food components
can hinder optical signal clarity and reduce assay accuracy [52]. To address this, ongoing
research is exploring advanced surface chemistries and signal amplification strategies that
enhance sensor robustness in complex sample environments. Another pressing challenge
lies in sensor sensitivity and stability, especially when used for repeated or prolonged field
applications. Innovations in nanomaterial engineering, such as the development of ultra-
stable nanocomposites and biofunctional surfaces, are being actively pursued to overcome
these issues [55,57]. One of the most promising future directions involves the integration
of optical biosensors with machine learning (ML) and artificial intelligence (AI). These
computational tools can analyze complex optical data, recognize patterns, and predict
contamination levels with higher accuracy than conventional threshold-based methods.
This smart integration can significantly improve the reliability and automation of food
residue monitoring, particularly when scaled across supply chains or embedded into smart
packaging systems [58].
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6. Integration of Machine Learning and Artificial Intelligence in Optical
Biosensor Technology for Food Safety

6.1. Integration of Artificial Intelligence

In recent years, the continuous accumulation of medical data has significantly ex-
panded the application of artificial intelligence (Al) and machine learning (ML) in health-
care, elevating it to a broader and more practical level [59,60]. Al has emerged as a trans-
formative force in food safety, particularly through its integration with optical biosensor
technologies, enabling unprecedented improvements in contaminant detection, analytical
precision, and real-time monitoring. By leveraging ML and deep learning (DL) algorithms,
Al enhances biosensor performance through advanced pattern recognition, noise reduction,
and signal optimization, thereby increasing both detection accuracy and sensitivity when
identifying foodborne pathogens, toxins, pesticides, and antibiotic residues [61-63]. Optical
biosensors such as surface plasmon resonance (SPR) sensors benefit significantly from
Al-assisted signal processing, which refines sensor reliability, improves signal-to-noise
ratios, and facilitates the interpretation of complex, multidimensional datasets [63,64].
Beyond laboratory analysis, Al-powered biosensors have enabled rapid, on-site detec-
tion capabilities, allowing for real-time food safety monitoring and immediate interven-
tion to prevent contamination-related outbreaks [61,62,65]. Recent advancements such as
smartphone-integrated nanozyme technologies (S-INTs) paired with Al have further im-
proved portability and user accessibility, making high-sensitivity detection tools available
in diverse food supply chain environments [66]. Moreover, Al has been increasingly inte-
grated with complementary technologies including the Internet of Things (IoT), blockchain,
and nanotechnology to establish intelligent, automated food safety ecosystems that deliver
end-to-end traceability, predictive analytics, and enhanced governance of food safety proto-
cols [61,67,68]. For instance, the combination of Al algorithms with photonic crystal fibers
(PCFs) in SPR-based optical biosensors optimizes light propagation and increases detection
accuracy, expanding the applicability of these platforms in quality assurance contexts [64].
Despite these advancements, the widespread adoption of Al-powered optical biosensors
faces challenges, including scalability, cost-effectiveness, device compatibility, and regula-
tory compliance [61,65]. Ongoing research is focused on developing robust nanostructures,
advanced surface coatings, and adaptive Al algorithms capable of seamlessly integrat-
ing with various biosensor architectures [64,69]. Additionally, the sustainability of these
systems depends on coordinated efforts among stakeholders, regulatory bodies, and the
public to ensure responsible deployment and long-term viability [61,67]. As Al-driven
biosensing platforms continue to evolve, they hold the potential to revolutionize food safety
monitoring by providing rapid, precise, and intelligent detection capabilities that protect
public health and strengthen global food security.

6.2. Integration of Machine Learning in Optical Biosensor Technology for Food Safety

Machine learning (ML) has become a pivotal enabler in advancing optical biosensor
technology for food safety, significantly enhancing sensitivity, specificity, and operational
efficiency in detecting pathogens and contaminants across complex food matrices. By
integrating ML algorithms with biosensing platforms, researchers have accelerated the de-
tection of critical foodborne pathogens such as Escherichia coli and Staphylococcus aureus,
enabling real-time monitoring and rapid response to contamination events while maintain-
ing high analytical accuracy [70,71]. Optical biosensors, particularly those utilizing surface
plasmon resonance (SPR) and surface-enhanced Raman scattering (SERS), benefit from
ML’s advanced data processing capabilities, which enable accurate identification of low
molecular weight contaminants even in challenging sample environments [63,72]. One of
the key strengths of ML lies in its ability to process noisy or low-resolution biosensor signals,
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thereby enhancing reliability, improving signal-to-noise ratios, and facilitating more robust
detection outcomes [63]. Deep learning models, in particular, have proven effective in
extracting critical features from high-dimensional datasets generated by optical techniques
such as near-infrared and hyperspectral imaging spectroscopy, enabling non-destructive
and precise food quality assessment [73]. Coupling ML with the Internet of Things (IoT)
has allowed for the creation of interconnected, intelligent food safety networks capable of
continuous monitoring, automated quality control, and enhanced traceability throughout
the supply chain [61,70]. These advancements extend into the development of Al-sensing
nanosensors and smart packaging systems, which autonomously detect spoilage or con-
tamination and provide real-time alerts, offering both regulatory compliance benefits and
improved consumer safety [61]. Despite these innovations, challenges remain in ensuring
high-quality, representative training datasets, improving the interpretability of ML models
for regulatory acceptance, scaling up cost-effective production, and addressing data privacy
and ethical concerns in connected monitoring systems [70,74]. Recent developments in
multi-task Quantitative Structure-Toxicity Relationship (QSTR) models for acute toxicity
prediction using machine learning (ML) demonstrate promising potential for integration
with biosensor technologies. Such advancements could significantly enhance the predictive
capabilities of biosensors, enabling more precise and reliable toxicity assessment in complex
food matrices [75]. Continued research that bridges ML with cutting-edge innovations in
nanotechnology, optical engineering, and automated food inspection systems will be essen-
tial to overcoming current barriers. This interdisciplinary approach will be critical for fully
realizing the transformative potential of ML-powered optical biosensors in safeguarding
global food supplies.

7. Challenges of Optical Biosensors in Food Safety Monitoring

Despite the considerable promise of optical biosensors in food safety applications,
several critical challenges continue to impede their large-scale deployment, long-term
stability, and regulatory acceptance. While these biosensors offer fast, sensitive, and real-
time detection of contaminants such as pesticides, pathogens, toxins, and antibiotic residues,
translating laboratory innovations into field-ready, industry-validated devices remains
complex and multifaceted.

One of the primary challenges is achieving adequate sensitivity and specificity, es-
pecially when biosensors are used to detect trace levels of contaminants in complex food
matrices. Food samples often contain proteins, fats, sugars, and other interfering sub-
stances that can mask target analytes or interact with sensor components, leading to
signal suppression or false readings [7,13]. In such matrices, even state-of-the-art sen-
sors can face difficulty distinguishing between the target molecule and background noise,
thereby compromising detection accuracy. Moreover, specificity remains a bottleneck,
as cross-reactivity with structurally similar compounds can result in false positives or
false negatives, especially in multiplexed systems designed to detect multiple analytes
simultaneously [11,31,76]. Another persistent issue is matrix interference, which varies
widely depending on the food product. For instance, the complex composition of milk,
meat, or processed foods can drastically affect biosensor performance. Ensuring consistent
sensor responses across different types of food products remains a technical hurdle that
must be addressed through improved sample preparation, advanced filtering strategies,
or the development of highly selective recognition elements [7,12]. Stability and shelf life
also present considerable limitations for real-world deployment. Many biosensors rely on
biological recognition elements such as enzymes or antibodies that are inherently sensitive
to temperature, humidity, and pH fluctuations. These biological components can degrade
over time, particularly under non-ideal storage conditions, resulting in reduced sensor
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performance or complete failure [13,77]. This lack of stability restricts their usability in
field settings or regions without cold-chain logistics. From a commercial standpoint, cost
and scalability remain critical barriers. Although biosensors offer cost advantages over
conventional laboratory techniques in the long run, their initial development, fabrication,
and calibration can be expensive, especially when incorporating advanced nanomaterials
or microfluidic platforms [77]. Moreover, scaling up production while maintaining quality
control and sensor reproducibility is a significant challenge, particularly for applications re-
quiring batch-to-batch consistency across thousands of units [78]. The regulatory landscape
and lack of standardization further complicate the translation of optical biosensors into
routine food safety protocols. Currently, there is no universal framework for validating or
certifying biosensor-based methods across different food sectors, which creates hesitancy
among manufacturers and food safety authorities. Regulatory approval processes are
often lengthy and demanding, requiring extensive validation studies, inter-laboratory com-
parisons, and compliance with diverse regional standards [13,77,79]. To overcome these
limitations, technological integration offers a promising path forward. Incorporating nan-
otechnology and artificial intelligence (Al) into biosensor platforms can enhance detection
limits, automate data analysis, and reduce the incidence of false results [62]. Additionally,
embedding biosensors into IoT-enabled smart packaging or automated food inspection
systems may transform how real-time food safety monitoring is conducted on a global
scale [31]. Nonetheless, to realize such visions, continued investment is needed in materials
science, biosensor engineering, and computational analytics, as well as in creating global
standards that can validate biosensor technologies across different food systems.

8. Current Status and Challenges of Standardizing Optical Biosensor
Methods for Food Safety Control

Optical biosensors are increasingly recognized as promising analytical tools for food
safety control, owing to their ability to combine high sensitivity, rapid detection, and
real-time monitoring within compact platforms. These devices exploit light-biomolecule
interactions to detect contaminants including pathogens, mycotoxins, heavy metals, an-
tibiotic residues, and pesticides [6-8,11]. While the research base continues to expand,
their regulatory acceptance and integration into official food control frameworks remain a
major hurdle.

8.1. Current Status

Technological Progress.: Optical biosensors have evolved from laboratory prototypes
to increasingly robust detection platforms. Surface plasmon resonance (SPR)-based sensors
and other label-free detection strategies provide rapid, sensitive, and specific analysis
of food contaminants [6,48]. Cutting-edge advances, such as nanotechnology integra-
tion, plasmonic enhancement, and microfluidics, have further improved miniaturization
and portability [80].

Practical Applications.: Applications span across detection of foodborne pathogens,
pesticide residues, toxins, and heavy metals [7,50,81]. The capability of optical biosensors to
conduct real-time, on-site analysis aligns with global priorities for farm-to-fork safety and
supply chain integrity [13]. Their potential to replace lengthy laboratory-based methods
positions them as attractive candidates for official monitoring.

8.2. Challenges

Sensitivity and Matrix Effects.: Although optical biosensors offer remarkable sen-
sitivity, their performance can be significantly impacted by food matrix interferences,
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leading to reduced specificity in complex samples [7,13]. Developing sensors that maintain
reproducibility and robustness across diverse food types is a continuing challenge.

Regulatory Acceptance: Despite technological maturity, biosensors lack standardized
validation protocols for official food control. Regulatory bodies such as the U.S. Food and
Drug Administration (FDA), the European Food Safety Authority (EFSA), and CODEX
Alimentarius require rigorous method validation comparable to established techniques like
HPLC and ELISA [82-84]. The absence of internationally harmonized guidelines delays
regulatory adoption [85].

Cost and Commercialization.: Many optical biosensors remain at the prototype stage.
High development and production costs, coupled with the need for user-friendly operation,
hinder large-scale commercialization. Sustainable business models must balance market
demand and technology performance to ensure real-world adoption [86,87].

8.3. Regulatory Considerations

FDA Perspective: The FDA follows a risk-based evaluation framework for new food
testing methods, requiring demonstration of accuracy, reproducibility, and safety. The
lengthy approval process contributes to delays in bringing biosensor technologies into
regulatory practice [88]. EFSA and the EU: EFSA seeks harmonization of scientific evalua-
tions but has historically faced delays and inconsistencies in applying novel technologies
to food safety assessments [82,84]. The evaluation of biosensors often involves complex
negotiations among stakeholders, slowing regulatory pathways. CODEX and Global Har-
monization.: The CODEX Alimentarius Commission provides an international reference
for food safety standards. However, biosensors are not yet fully embedded within CODEX
methods. Recent policy discussions stress the need for globally harmonized protocols to
facilitate international trade and acceptance of biosensor-based food monitoring [89].

9. Future Directions of Optical Biosensors in Food Safety and
Potential Impact

9.1. Future Directions

The future of optical biosensors in food safety lies at the intersection of innovation
in nanotechnology, microfabrication, digital integration, and multiplexed sensing. These
advancements are reshaping how contaminants such as pathogens, toxins, pesticides,
and antibiotic residues are detected in food, aiming to create rapid, sensitive, and field-
deployable solutions for real-time monitoring across the entire food supply chain. One of
the most transformative directions involves the integration of nanotechnology with optical
biosensor platforms. Nanomaterials such as gold nanoparticles, quantum dots, graphene,
carbon dots, and metal-organic frameworks (MOFs) are increasingly being embedded
into optical sensing systems to enhance their sensitivity, specificity, and signal amplifica-
tion [10,90]. These materials provide unique optical, electronic, and catalytic properties
that allow for the detection of analytes at extremely low concentrations. Nanozymes,
particularly metal oxide-based artificial enzymes, are also gaining attention due to their
cost-effectiveness, environmental stability, and tunable functionalities, which support ro-
bust and repeatable sensing assays [57]. Another prominent trend is the miniaturization
and development of portable biosensing devices. As food safety monitoring moves closer
to the point of consumption and processing, biosensors are being designed in compact
formats that integrate light sources, detectors, and microfluidic systems onto a single
chip [5]. These lab-on-chip systems enable rapid, on-site testing and are particularly useful
for perishable goods, where timely analysis is critical. Paired with battery-operated readers
or smartphone-based interfaces, these devices have the potential to revolutionize food
safety practices, especially in remote or resource-limited environments. The move toward
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multiplexed detection is another essential direction. Advanced optical biosensors are now
being engineered to detect multiple analytes—such as a combination of pathogens, toxins,
and allergens—simultaneously in a single assay [11,25]. Techniques like interferometric
biosensing and SPR are being refined to support such multiplexing while maintaining high
throughput and low cross-reactivity. This approach is particularly important in complex
food matrices where various contaminants may co-occur. Parallel to these hardware ad-
vancements is the integration of biosensors with the IoT and smart monitoring systems.
Real-time data acquisition, remote accessibility, and cloud-based analytics are enabling
dynamic monitoring of food safety conditions throughout the supply chain—from farm
to table [13]. This integration not only improves traceability but also facilitates predictive
analytics and early-warning systems for contamination events. However, as the technology
evolves, challenges such as stability, reproducibility, and regulatory compliance must be
addressed. Ensuring that biosensors maintain performance over time and across different
environmental conditions is critical for their widespread deployment. Moreover, regula-
tory frameworks must evolve to accommodate these emerging technologies, establishing
standardized protocols for validation and performance benchmarking [6,48].

9.2. Potential Impact

The integration of nanotechnology, microfabrication, multiplexed sensing, and digital
connectivity into optical biosensor platforms has the potential to revolutionize food safety
monitoring. These innovations can deliver rapid, ultra-sensitive, and portable detection
of diverse contaminants—such as pathogens, toxins, pesticides, and antibiotics—directly
at critical points in the food supply chain. Nanomaterials, including gold nanoparticles,
quantum dots, graphene, carbon dots, and MOFs, enhance detection limits and signal
stability, while lab-on-chip systems enable compact, field-deployable devices for timely
testing of perishable goods. Multiplexed detection allows simultaneous analysis of mul-
tiple contaminants, improving efficiency in complex food matrices. When coupled with
IoT-enabled monitoring and cloud-based analytics, these biosensors support real-time trace-
ability, predictive risk assessment, and early contamination warnings. Such advancements
can strengthen consumer protection, reduce foodborne illness outbreaks, and enhance
global food security, particularly in resource-limited and high-risk settings [77,82,85].

10. Conclusions

Optical biosensors have rapidly become essential in modern food safety and quality
assurance, owing to their ability to convert biological interactions into measurable optical
signals with high sensitivity, specificity, and speed. These devices enable precise detection of
diverse contaminants, including pathogens, toxins, pesticides, and antibiotics. Techniques
such as surface plasmon resonance (SPR), surface-enhanced Raman scattering (SERS), fluo-
rescence, and interferometric sensing offer real-time, label-free, and multiplexed analysis
across the entire food supply chain, from raw material inspection to post-processing quality
control, thereby reducing the risk of foodborne illness and contamination. Advances in
nanotechnology have significantly enhanced sensor performance, with quantum dots,
carbon dots, and metal-organic frameworks improving detection sensitivity, stability, and
miniaturization. Coupled with innovations in microfluidics, machine learning, and IoT
integration, optical biosensors are evolving into intelligent, connected platforms capable
of continuous monitoring and predictive analytics. Despite these advances, challenges
remain in reproducibility, scalability, and regulatory validation, alongside technical barriers
such as matrix interference, sensor degradation, and the absence of standardized protocols.
Interdisciplinary research combining material science, biotechnology, and digital analytics
is actively addressing these limitations. The future lies in seamlessly integrating optical
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biosensors into automated, Al-driven monitoring systems, delivering precise, real-time
safety insights for proactive food protection.
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