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Abstract: Food spoilage represents a major global concern due to its significant economic, environmental, and public
health implications. Conventional methods for assessing food freshness, such as sensory evaluation and
microbiological culturing, are time-consuming, labor-intensive, and often incapable of providing real-time
information regarding the onset of spoilage. Consequently, there is an increasing demand for rapid, sensitive, and
automated detection systems capable of monitoring food quality throughout the supply chain. Biosensors have
emerged as promising analytical tools for real-time detection of spoilage indicators. This review presents a
comprehensive overview of biosensor technologies used for food spoilage detection based on specific spoilage
markers. Biosensors are broadly categorized into chemical biosensors, microbial biosensors, and physical or optical
biosensors depending on the nature of the target analyte and sensing mechanism. Chemical biosensors detect
physicochemical changes such as pH variation, Volatile Organic Compounds (VOCs), and metabolites generated
during food degradation. Microbial biosensors identify spoilage-causing microorganisms using immunological and
nucleic acid-based detection strategies, including Enzyme-Linked Immunosorbent Assays (ELISA). Physical or
optical biosensors detect variations in environmental parameters such as gas emission, temperature fluctuations, and
refractive index changes. In addition, this review discusses the advantages, limitations, and challenges associated with
these biosensor technologies, particularly in complex food matrices where interfering compounds may affect sensor
performance. The integration of biosensors with smart packaging, Internet of Things (IoT), and portable detection
platforms is also highlighted as a future direction for enhancing food safety monitoring systems.
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1. Introduction

Food spoilage is a complex biochemical and microbiological process that results in deterioration of food
quality, leading to undesirable changes in taste, odor, texture, and nutritional value. It is primarily caused
by microbial growth, enzymatic degradation, oxidation reactions, and environmental factors such as
temperature and humidity. According to the Food and Agriculture Organization of the United Nations (FAO,
2011), approximately one-third of all food produced globally is lost or wasted each year, representing
significant economic losses and environmental concerns (Ahmed et al., 2014). Early detection of food
spoilage is therefore essential to ensure food safety, maintain product quality, and reduce food waste
throughout the supply chain.
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Traditional methods used to detect food spoilage include microbiological culturing, chemical analysis, and
sensory evaluation. Although these techniques provide reliable results, they are often time-consuming,
labor-intensive, and require sophisticated laboratory infrastructure. Microbiological culture methods, for
instance, may take 24—72 hours to produce results, making them unsuitable for real-time monitoring
applications in food processing and distribution systems (Clark & Lyons, 1962). Similarly, chemical
analysis techniques such as chromatography and spectrometry require complex instrumentation and trained
personnel. The increasing demand for rapid and reliable food quality monitoring has led to the development
of'advanced sensing technologies, particularly biosensors. A biosensor is an analytical device that integrates
a biological recognition element with a physicochemical transducer to detect specific analytes and convert
biological interactions into measurable signals (Arora et al., 2011). Since the pioneering work of Clark and
Lyons in 1962, biosensors have evolved significantly and are now widely used in medical diagnostics,
environmental monitoring, and food safety applications (Bhalla et al., 2016).

In the context of food spoilage detection, biosensors can identify various biochemical markers
associated with microbial activity and metabolic degradation. These markers include Volatile Organic
Compounds (VOCs), biogenic amines, microbial toxins, nucleic acids, and changes in physicochemical
parameters such as pH and gas composition (Cooper, 2002). The ability of biosensors to detect these
indicators rapidly and with high sensitivity makes them highly suitable for real-time food monitoring.

Biosensors used for food spoilage detection can generally be categorized into chemical biosensors,
microbial biosensors, and physical or optical biosensors depending on the nature of the sensing mechanism
and the type of spoilage marker detected. Chemical biosensors detect metabolites such as ammonia,
hydrogen sulfide, and organic acids released during microbial metabolism. Microbial biosensors identify
specific spoilage microorganisms using immunological or nucleic acid-based recognition systems. Physical
and optical biosensors detect changes in physical properties such as mass, refractive index, fluorescence,
or thermal signals associated with food degradation (Homola, 2008).

Recent advancements in nanotechnology, microelectronics, and smart packaging systems have
further enhanced the capabilities of biosensors for food quality monitoring. Integration of biosensors with
wireless communication systems, Internet of Things (IoT) platforms, and portable diagnostic devices is
enabling real-time monitoring of food freshness throughout the supply chain (Tothill, 2001). These
emerging technologies have the potential to significantly reduce food waste and improve food safety
management. Therefore, this review provides a comprehensive overview of biosensor technologies used
for food spoilage detection based on specific spoilage markers. The paper discusses different categories of
biosensors, their working principles, advantages, limitations, and emerging trends in biosensor-based food
monitoring systems.
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Figure 1: General Structure of a Food Analysis Biosensor System

Figure 1 gives a general structure of a food analysis biosensor system consisting of a sample preparation
unit used for preparing the food sample for analysis and a detection unit, which is the core of the biosensor
and responsible for actual sensing. The detection unit consists of a bioreceptor, which is a biological
component that interacts specifically with the spoilage marker of interest and a transducer that converts
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these interactions into measurable signals. The detection unit is followed by a signal processing unit, which
interprets and analyzes the signals obtained from the detection unit. The display unit presents the results
and information to the user.

2.  Types of Biosensors Used for Food Spoilage Detection

This section categorizes biosensors based on the specific spoilage markers they detect—chemical,
microbial, and physical—and provides an overview of their detection mechanisms.

2.1 Chemical Biosensors

Chemical biosensors detect biochemical changes associated with food spoilage, particularly the formation
of Volatile Organic Compounds (VOCs), biogenic amines, and pH variations. During microbial metabolism
and enzymatic degradation, various chemical compounds such as ammonia, hydrogen sulfide, and
trimethylamine are produced, which serve as reliable indicators of spoilage (Clark & Lyons, 1962).
Electrochemical biosensors are widely used for detecting these chemical markers due to their high
sensitivity and fast response time. These sensors typically employ enzymatic or catalytic reactions that
generate measurable electrical signals proportional to the concentration of the target analyte. For example,
pH-sensitive electrodes can monitor the acidification process occurring in dairy and meat products during
microbial fermentation.

Gas-sensing biosensors based on metal oxide semiconductors or conducting polymers have also
been extensively used for detecting volatile compounds emitted during food degradation. These sensors are
capable of detecting trace concentrations of VOCs released during early stages of spoilage. However,
chemical biosensors may face challenges when applied to complex food matrices. Components such as fats,
proteins, and salts can interfere with sensor response, leading to reduced selectivity and potential signal
drift. Such interference may contribute to false positive or false negative signals, particularly in
heterogeneous food samples.

2.2 Microbial Biosensors
Microbial biosensors are designed to detect specific microorganisms responsible for food spoilage and

foodborne illnesses. These biosensors utilize biological recognition elements such as antibodies, nucleic
acids, or enzymes to identify microbial pathogens. One of the most widely used techniques in microbial
biosensing is the Enzyme-Linked Immunosorbent Assay (ELISA). ELISA-based biosensors detect
microbial antigens using antigen-antibody interactions, producing colorimetric, fluorescent, or
electrochemical signals proportional to the concentration of the target microorganism (Cooper, 2002).

ELISA has been extensively applied for detecting foodborne pathogens such as Escherichia coli,
Salmonella enterica, and Listeria monocytogenes. The high specificity of antigen-antibody binding enables
accurate detection of spoilage microorganisms even at low concentrations. Another important category
includes nucleic acid-based biosensors, which detect microbial DNA or RNA sequences using techniques
such as Polymerase Chain Reaction (PCR), DNA hybridization, or CRISPR-based assays. These sensors
provide high sensitivity and rapid detection of microorganisms without the need for extensive culturing.
Despite their advantages, microbial biosensors may encounter limitations when used in real food samples.
Food matrices often contain background microflora, organic compounds, and inhibitors that may affect
antibody binding or DNA amplification efficiency. These factors can reduce sensor accuracy and may
contribute to false detection results.
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2.3  Physical and Optical Biosensors
Physical biosensors detect changes in environmental parameters associated with food spoilage. These

include temperature variations, gas emissions, mass changes, or alterations in mechanical properties of food
products. Optical biosensors represent a significant subset of physical biosensors. They operate by detecting
changes in optical properties such as fluorescence, absorbance, refractive index, or surface plasmon
resonance. Optical sensors have gained considerable attention due to their non-destructive nature and high
sensitivity. For instance, fluorescence-based sensors can detect microbial metabolites or enzymatic activity
in food samples. Similarly, Surface Plasmon Resonance (SPR) biosensors are widely used for monitoring
biomolecular interactions in real time.

Piezoelectric biosensors represent another class of physical biosensors. These sensors measure
changes in mass or mechanical properties on the surface of a quartz crystal, enabling detection of microbial
growth or gas emission during spoilage. Although optical and physical biosensors offer rapid detection and
high sensitivity, their performance may be affected by factors such as sample turbidity, humidity, and
variations in refractive index within complex food matrices. Figure 2 gives a pictorial classification of
various types of biosensors based on specific spoilage markers.
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Figure 2: Types of Biosensors Based on Spoilage Markers

3.  Performance Comparison and Limitations

The performance of biosensors for food spoilage detection depends on several parameters, including
sensitivity, selectivity, response time, cost, and operational stability. Table 1 presents a comparative
overview of the major biosensor categories along with their working principles, advantages, and limitations.
While chemical biosensors provide rapid detection of metabolic by-products, they may suffer from
interference caused by complex food compositions. Similarly, microbial biosensors provide high specificity
but may require complex sample preparation procedures.
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Table 1: Comparison chart of different kinds of Biosensors
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Optical biosensors offer high sensitivity and label-free detection; however, their performance may be
affected by environmental factors such as turbidity or background fluorescence in food samples. One of the
key challenges in biosensor-based food monitoring is the occurrence of false positive and false negative
responses. False positives may occur when non-target compounds produce signals similar to spoilage
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markers, while false negatives may arise due to low analyte concentrations or signal suppression caused by
interfering substances. Addressing these challenges requires improved sensor calibration, advanced signal
processing techniques, and integration with machine learning algorithms to enhance detection accuracy.

4. Emerging Trends and Future Directions

Recent developments in nanotechnology and microelectronics have significantly enhanced the capabilities
of biosensor systems. Nanomaterials such as graphene, carbon nanotubes, and metal nanoparticles are
increasingly used to improve sensor sensitivity and signal amplification. The integration of biosensors with
smart packaging technologies and Internet of Things (IoT) platforms is another promising direction for food
quality monitoring. Smart packaging systems equipped with biosensors can continuously monitor food
freshness and transmit data to mobile devices or cloud-based monitoring systems. Additionally, the
development of portable biosensor devices may enable real-time monitoring of food quality throughout the
supply chain, from production to consumption. Figure: 3 shows the role of biosensors at various points in

the food supply chain.
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Figure 3: Integration of Biosensors in Food Supply Chain

5. Conclusion

Biosensor technology represents a powerful tool for rapid and reliable detection of food spoilage. Chemical,
microbial, and physical biosensors each provide unique advantages in detecting different spoilage markers.
While significant progress has been made in improving sensor sensitivity and response time, several
challenges remain, particularly in complex food matrices where interfering substances may affect sensor
accuracy. Future research should focus on improving sensor selectivity, minimizing interference effects,
and integrating biosensor technologies with smart monitoring systems. Such advancements have the
potential to significantly reduce food wastage and improve global food safety.
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