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ABSTRACT

Biosensors technology represents an extremely wide field with a great impact to healthcare,
environmental and food quality control. The aim of this review is limited to biosensors
developing in the very last year’s specifically for monitoring food contaminants. The review
covers the basic principles and types of electrochemical biosensors reported for food specific
applications. The various type of biosensors such as enzyme-based, tissue-based,
immunosensors, DNA-biosensors, thermal and piezoelectric biosensors have been deliberated
here to highlight their indispensable applications i multitudinous field. The use of biosensors
is considered anovel approach for the rapid detection of foodborne pathogens in food products.
Food adulteration is the purposeful altering of food quality. It involves adding additives to alter
the qualities of food products for commercial purposes. Such food attributes include color,
appearance, taste, weight, volume, and shelf life. Substituting food or nutritious content
enhances the overall qualty. Food substitutions include species, protein, fat, and plant
elements. Organic and synthetic substances are introduced to have a quick impact on the human
body. Adulterated food can have negative health and economic consequences. Symptoms may
include diarrhea, nausea, allergies, diabetes, and cardiovascular disease.

Biosensors for sensitive and specific detection of foodborne and waterborne pathogens are
particularly valued for their portability, usability, relativity low cost, real time or near real time
response. Their application is widespread in several domains, including environmental
monitoring. Biosensor applications are prevalent in the plant biology sector to find out the
missing links required in metabolic processes. Food safety always remains a grand global
challenge to human health, especially in developing countries. To solve food safety pertained
problems numerous strategies have been developed to detect biological and contaminants
chemical in food.
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INTRODUCTION

Food is essential for all living beings and consists of carbohydrates, water, fats, and proteins.
It can be consumed by animals and humans for both sustenance and enjoyment [1].

Food safety and quality issues are growing more complicated. Toxic foods, especially those of
anthropogenic origin, are on the market, posing a risk. Sewage from industrial and agricultural
operations contains leftover pesticides, fertilizers, growth stimulants, and other dangerous
compounds, causing environmental degradation and toxic accumulation in fish, meat, and dairy
products. Many people around the world become ill each year by consuming food pathogens.
Foodborne infections are associated with physical and chemical pollution, as well as
pathogenic microorganism.[2 ]

Foodborne infections are associated with physical and chemical pollution, as well as
pathogenic microorganisms. Foodborne diseases are primarily caused by bacteria, viruses, and
parasites, however fungal infections have also been reported. Bacteria are the leading cause of
foodborne disease.

FOOD ADULTERATION

Adulteration involves adding or removing important nutrients from food for financial gain or
owing to poor hygiene during production, storage, transportation, and marketing. This can lead
to consumer fraud or illness [3].

Food adulteration is a long-standing issue, particularly when a food item is in short supply and
in high demand [4]. Food adulteration deceives consumers and poses health hazards. It's
challenging to locate a non-adulterated food industry today [11]. Consumers should understand
the impact of common adulterants on their health. Examples include adding water to milk,
animal carcasses to meat, stones, gravel, sand, insects, or animal hairs to grains. Food
adulteration is purposely lowering the quality of food for sale.

Biosensors are used to detect adulteration i Food. The term Biosensor was coined by
Cammann and its definition was introduced by IUPAC [5].

BIOSENSOR

Abiosensor is adevice that detects an analyte by providing an electrical signal proportional to
its concentration. It typically consists of three components: receptor, transducer, and electronics
[6]. Biosensors are analytical devices that converts a biological response into an electrical
signal. Biosensors, which combine molecular biology and information technology, can quickly
detect pathogens and contaminants, including chemical/biological agents, during outbreaks [7].
This reduces health risks and medical costs associated with foodborne illnesses.
Quintessentially Biosensors be highly specific, independent of physical parameters including
as pH and temperature and should be reusable.
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The term Biosensor refers to an innovative analytical gadget that uses biological sensing for
several purposes, including food safety, environmental monitoring, biomedicine, and drug
development [8]. Biosensors are widely used for identifying and detecting bacteria and are
considered one of the most efficient and accurate ways of food analysis and safety monitoring.

TYPES OF BIOSENSORS

Biosensors are classified into several categories based on their operating principles. Biosensors
can be electrochemical, mechanical, biological, acoustic, SPR, or optical. Three major
biosensors are discussed below [6].

1. Optical Biosensors — Optical biosensors are important detecting technologies with
numerous uses in food, biomedicine, healthcare, pharmaceuticals, and environmental
monitoring It consists of a light source and various optical components that generate a
light beam with specific properties and direct this light to a modulating agent via a
modified sensing head and a photodetector. Optical biosensor approaches with great
sensitivity, simple handling, and rapid detection have been widely employed to identify
vast numbers of bacteria.

2. Electrochemical Biosensors — Electrochemical biosensing techniques are among the
most used platforms for the detection of foodborne pathogens. It has been stated that
these techniques are effective for bacteria detection due to therr low cost, precision,
miniaturization capacity, and ability to detect changes directly based on the contact
between the sensor and the sample. However, the time necessary to detect food
contamination using electrochemical biosensors has decreased dramatically as new
approaches have been developed, some of which take as little as 10 minutes.

3. Mechanical Biosensors- Mechanical can measures a mass sensitive sensor surface
deflection because the target analytes will be bonded on the functionalized surface.
They are typically classified into four broad groups according to the sensor-analyte
chemical interactions: affinity-based assays, fingerprint assays, separation-based
assays, and spectrometric assays. Quartz crystal microbalance [QCM] is a mechanical
biosensor that is widely used due to its capacity to track shift in mass in sub-nanogram
amounts.

CLASSIFICATION OF BIOSENSOR

Biosensors are classed based on the transducer type or biological component. There are four
distinct types of transducers [2].

Electrochemical Transducers
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Potentiometric Transducers — The analytical signal i this situation is the potential drop
between the working electrode and reference electrode, or between two reference electrodes
separated by a semipermeable membrane (at zero current through the electrochemical cell).
Transducers are often ion-selective electrodes (ISEs). The most common potentiometric
biosensors use pH electrodes [13].

Voltametric Transducers- The electroactive species' oxidation or reduction current is
measured. The latter is induced by creating a predefined potential drop between electrodes.
Typically, the working electrode (or bundle of electrodes) receives a constant potential
compared to the reference electrode. The current detected in a biocatalytic layer is proportional
to the volume concentration of electroactive species or their rate of disappearance or production

[9].

Conductometric Transducers- Transducers assess electrical conductivity during biological
reactions. They are less typically utlized i biosensors, especially for enzyme-based
recognition. However, they should not be dismissed while detecting affine interaction [13]

Impedimetric Transducers- These devices measure an electrochemical cell's impedance and
how it changes with alternating current frequency.
Transducers built with field-effect transistors. Ion-sensitive silicon field-effect transistor
systems are like potentiometric systems, with the exception that the high-resistance voltmeter's
mput transistor is transposed into the solution under analysis. This significantly improves the
transducer's resolving power, increasing biosensor sensitivity. The bio sensitive layer is often
applied directly to an ion-sensitive membrane as part of the field-effect transistor gate.
Biologically modified ion-selective field-effect transistors enable direct detection of tiny
peptides and proteins characteristics charge [22].

Transducers built with Field-Effect Transistors (FETs) — lon-sensitive silicon field-effect
transistor systems are like potentiometric systems, with the exception that the high-resistance
voltmeter's put transistor is transposed mnto the solution under analysis. [14]. This
significantly mmproves the transducer's resolving power, increasing biosensor sensitivity. [15].
The bio sensitive layer is often applied directly to an ion-sensitive membrane as part of the
field-effect transistor gate. [16]. Biologically modified ion-selective field-effect transistors
enable direct detection of tiny peptides and proteins characteristics charge. [17].

Optical transducers- Optical transducers may use absorption, fluorescence, luminescence,
mternal  reflection, surface plasmon resonance, or light scattering spectroscopy.
For instance, a localized immunosensor. The interaction involves antibodies and antigens.
Antibodies in blood can indicate infection or toxicity from specific chemicals.
Antigens can be detected in several media, including the natural environment. Immunosenso rs
with antibodies can detect almost any molecule with great specificity and selective [26].

Bhawna Sharma et.al Application of Biosensors in detecting Food contaminants: A comprehensive review | May-June 2025 | Vol.3 | Issue 5




Table 1. Biosensors for the identification of various contaminants in Food Products:

Consumi
Type of Sensor |Contaminant Food Items Detection “g
. Times
Limit
e Optical Biosensor
Chemiluminescen |Listeria monocytogenes |Milk 1.1log 40 mmn.
ce CFU/mL
Colorimetric Cronobacter sakazakii  |Powdered Milk 3.85log 30 min.
CFU/mL
Surface Plasmon| Pseudomonas Water 7.09log 25 mn.
Resonance [SPR] CFU/mL
Interferometric  |Escherichia coli Buffer 0.34log 2 hours
CFU/mL
e Mechanical Biosensor
Multi- Channell Mycobacterium tuberd Buffer llog CFU/mL |1 day
Series ulosis
Piezoelectric
Guartz  Crystal
[MSPQC]
QCM Campylobacter jejuni Poultry 1.30log 30 min
CFU/mL
Quartz  Crystal Salmonella Milk 2log CFU/mL {10 mmn
Microbalance
[QCM]
o Electrochemical Biosensor
Impe dime tric Salmonella Apple juice 0.47log 45 min
Typhimurium CFU/mL
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Amperometric Streptococcus Fish 1-7log 90 min.
agalactiae CFU/mL
Photoelectrochemical Biosensor
Visible- Light Sulfadimethoxine Milk 0.55 nM 50s
Photoelectrochem
ical Aptasensing
Tungsten Chloramphenol Milk Powder 3.6 pM 105 min
Disulfide [WS2]
Nanosheet- Based
Photoelectrochem
ical
Electrochemical Chemiluminescence
Aptamer- BasedEscherichia Luria-Bertsani 0.17 CFU/mL  [40min
ECL Sensor coli Broth
ECL Vibrio Seafood 0.69log Lhour
Immunosensor  |parahaemolyticus CFU/mL
Paper based Organophosphate Fruits, Vegetables |0.1ng/mL 5-10
aptasens pesticides min
Smartphone- Aflatoxin Bl Nuts, grains 1 ppb 15 min
integrated
Biosensor
DNA SENSOR

A DNA biosensor includes a nucleic acid probe or aptamer, which can bind specifically to its
complementary DNA or RNA target [18]. DNA Sensors' biological components include nucleic
acids (DNA). DNA probes or primers are often fragments of live organisms, rather than isolated
components. They are chosen to accurately represent the DNA structure. It may also use DNA
enzymes that produce a signal upon interaction [20]. These things include regulatory proteins,
tumour indicators that damage DNA, and anti-cancer medications. These biosensors are
valuable for detecting pathogens, genetically modified organisms (GMOs), and allergen DNA
in food [21]. They are fast, label-free, and enable direct and highly specific recognition of target
sequences [22].

MICROBIAL BIOSENSORS
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Microbial biosensors use whole microbial cells as biorecognition elements. These living cells
can detect a variety of analytes due to their natural metabolic activity [23]. Typically, the cells
are immobilized on transducers to convert biological reactions into readable signals. They are
slower than enzyme-based biosensors but offer excellent stability and lower cost. All microbial
biosensors separate the biological component from the recording equipment [25].
Microorganisms respond slowly to changes in the medium's chemical composition, unlike
enzymes or antibodies. This is due to matter transfer across a bio membrane. To achieve a
higher concentration of living cells than the transducer's design allows, further measures must
be taken [26]. A microbial biosensor can be a columnar or membrane reactor, or a suspension
of microorganisms with an immersed sensor. Microbial biosensors are used in water testing,

biochemical oxygen demand (BOD) measurements, and detection of toxins or heavy metals
[27].

Thermometric transducers

Thermal biosensors work on the principle that many biochemical reactions release or absorb
heat [28]. Thermal biosensors are rather uncommon. Biochemical elements can be mixed with
various transducers to create diverse biosensors. Up to 80% of biosensors are electrochemical,
also known as enzyme -electrodes, immunosensors, and DNA sensors. Biosensors use
recognition elements, which are biological entities capable of distinguishing between many
substrates. This criterion is supplied by four entities: enzymes, antibodies, nucleic acids and
receptors. They use thermistors to measure these changes, giving an indication of reaction
activity [29]. Although not widely used in the food industry, they are effective in monitoring
enzyme kinetics and metabolic activities. [30]

Enzymatic sensors- Enzymatic biosensors are some of the oldest and most reliable biosensors
mn food safety [31]. They use enzymes that specifically catalyze reactions involving the analyte
of mterest [32]. The simplest enzymatic biosensor design involves using electrochemically
active substrates or products that may be promptly and reversibly oxidized or reduced on an
electrode with a suitable voltage. Substrate-based biosensors monitor target compound
conversion (like gluicose), while mhibitor-based biosensors detect substances that interfere with
enzymatic reactions (like pesticides). They are commonly used in fermentation control and
food quality monitoring [34]. Enzymatic sensors are classified as substrate or mhibitor,
depending on therr function. Substrate biosensors identify specific substrates i enzymatic
processes.

Determination utilizing Examples include glicose urease sensor is used for enzymatic and urea
determmation. Inhibitor sensors detect chemicals that reduce the activity of enzymes. An
example is the identification of organic phosphate insecticides that mhibit acetylcholine
breakdown by acetylcholinesterase. The most used enzymatic biosensors are gluicose and urea
biosensors.
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Immunosensors- Immunosensors utilize the specific interaction between an antibody and its
antigen [35]. These biosensors can detect toxins, viruses, allergens, and pathogens with high
specificity. Immunoglobulin, proteins released by an organism's immune system in reaction to
foreign chemicals (antigens), serve as a biochemical receptor. Immunoglobulins (antibodies)
form strong complexes with antigens. Immunosensors detect participants in immunochemical
reactions. They are extremely sensitive and ideal for use in food safety, clinical diagnostics,
and environmental testing [37]. Depending on the transducer type, immunosensors can be
optical, electrochemical, or piezoelectric [38]. Toxin detection technologies often rely on
mhibiting luciferase, a microbial enzyme that produces light during oxidation.

Microbial sensors can also be used to study the impact of chemicals on cells, providing a model
for multicellular organisms. Biosensors are used in toxicological nvestigations to determine
the median fatal concentration of toxicants, as well as to optimize antbiotic doses and
antimicrobial and antifingal additives for paints and finishes. Microbial biosensors are used to
assess the health of natural microorganisms, including monitoring the effectiveness of
biological wastewater treatment systems.

APPLICATION OF BIOSENSORS: -

Biosensors have been used in a variety of industries, including the food industry, the medical
field, and the marine sector, and they offer greater stability and sensitivity than traditional
approaches [5].

1. In Food processing, monitoring, food authenticity, quality, and safety-
Biosensors play a key role in food safety monitoring by detecting contaminants, spoilage,
toxins, and adulterants in raw and processed foods [39]. They enable real-time, on-site, and
high-sensitivity detection without the need for sophisticated lab infrastructure [40]. Enzyme-
based biosensors are used for freshness detection, such as measuring glucose, ethanol, or
peroxide in food samples [41]. Additionally, biosensors support food authentication, ensuring
that ingredients match product labels and quality standards [42].
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Fig.1. Biosensors in Food processing, Monitoring, Authenticity, Quality and Safety.

2. In Fermentation process-

Glucose biosensors have been integrated into industrial fermentation systems to monitor
sugar levels and optimize yield. They ensure controlled fermentation in processes like
brewing, yogurt, and vinegar production [43]. Monitoring of metabolites like ethanol and
lactic acid through biosensors helps maintain product consistency and safety [4].

In the fermentation industry, process safety and product quality are critical. Thus, accurate
monitoring of the fermentation process is critical for developing, optimizing, and
maintaining biological reactors at peak efficiency. During the fermentation process,
saccharification was monitored using the classic Fehling method.

H “f1 ) Temperature
p 2/ Sensor

) l ‘ Dissolved
\‘ / Oxygen Sensor

Biomass
Sensor

— @

Su|t'>1stl:¢::te O_ Real-Time Harvest &
P Monitoring Product
Glucose/ & Control Output
Lactate

Sensor

Fig.2. Role of Biosensors in Fermentation process

3. In Medical field-
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Biosensors are widely used for clinical diagnostics and therapeutic monitoring. Glucose
biosensors for diabetes management account for the majority of the biosensor market
globally. In addition, biosensors detect cancer biomarkers, urinary tract infections,
infectious diseases, and sepsis [44]. They are also embedded in portable and wearable
medical devices to enable real-time patient health tracking [45].

Biosensors are finding new uses in medical science. Glucose biosensors are commonly
employed in clinical settings to diagnose diabetes mellitus, which necessitates precise
monitoring of blood glucose levels. Biosensor’s uses in medical science are fast expanding.
Glucose biosensors are frequently used i clinical applications to diagnose diabetes
mellitus, which necessitates careful management of blood glucose levels. Biosensors are
widely utilized in the medical field to detect infectious mnfections.

4. Fluorescent biosensor-

Fluorescent biosensors use fluorophores like GFP or fluorescent dyes to report molecular
mteractions, ion concentrations, oranalyte presence. These are applied in disease diagnosis,
drug screening, and imaging of metabolic processes [46]. Fluorescent biosensors are used
in drug discovery programs to identify medicines using high throughput, high content
screening methodologies, as well as for post screening hit analysis and lead optimization.
Fluorescent biosensors are effectively employed for early detection of biomarkers in
molecular and clinical diagnostics, for monitoring disease progression and response to
treatment/therapeutics, for ntravital imaging and image guided surgery.

FRET-based biosensors allow detection of conformational changes i proteins or enzyme-
substrate iteractions in live cells [47].

5. In metabolic engineering-

Biosensors are used in synthetic biology and metabolic engineering to identify strains
producing target compounds. Earlier approaches used spectroscopy-based enzymatic assay
analytics, but they had restricted throughput. Transcription factor-based biosensors detect
the intracellular concentration of a specific metabolite and trigger expression of reporter
genes [48]. Transcription factors are natural sensory proteins that have evolved to regulate
gene expression in response to environmental changes, allowing for high-throughput
screening. It is performed by breaking into the host transcription system and using a
synthetic condition-specific promoter to trigger the production of a reporter gene. This
helps in the selection of high-yield microbes for biofuel, pharmaceutical, and food
production [49].
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6. Biosensing technology for sustainable food safety-

Food safety is an essential component of public health, requiring rapid and reliable tools
for contaminant detection [50]. Biosensors offer powerful solutions to identify biological
and chemical threats in food through specific, sensitive, and fast responses [51]. They help
detect foodborne pathogens, pesticides, antibiotics, and heavy metals at very low
concentrations  [52]. Sustainable biosensing technology combines sensitivity  with
environmental responsibility, using biodegradable materials, miniaturized designs, and
portable formats [53]. Smart packaging equipped with biosensors can detect spoilage or
contamination in real-time, reducing food waste [56].

7. Biodefense biosensing applications-

Biosensors are crucial in national security for detecting biowarfare agents such as viruses,
toxins, and bacteria. Biosensors can be utilized for military purposes in the event of
biological assaults. The primary goal of such biosensors is to detect and selectively identify
organisms posing a threat in real time known as biowarfare agents (BWAs), which include
bacteria (vegetative and spores), poisons and viruses. Their ability to rapidly detect harmful
biological materials makes them ideal for military, public health, and border applications
[54]. Unlike traditional laboratory methods, biosensors provide immediate results on-site,
reducing response time in emergencies. DNA-based biosensors have shown superior
sensitivity for identifying threats like anthrax, ricin, and botulinum toxin [55].
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8. Biosensors in plant biology-

Plant science has advanced thanks to revolutionary new technologies such as DNA
sequencing and molecular imaging. Traditional mass spectroscopy methods for
determmning cellular and subcellular localization, as well as measuring ion and metabolite
levels, offered exceptional precision, but lacked crucial information about the position and
dynamics of enzyme substrates, receptors, and transporters.

In plant biology, biosensors enable monitoring of intracellular signals, nutrient status, and
metabolite dynamics without damaging the tissue. FRET-based biosensors have been
applied to track sugar and ion transport between cells [57]. They provide precise data on
plant responses to drought, heat, and nutrient deficiencies, supporting genetic
improvements [58]. These biosensors are used to develop stress-tolerant crop varieties and
optimize fertilizer use [59].
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Fig. 5. Biosensors in Plant Biology.
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Graph 1.1. Development of biosensors in food safety (2015-2026):

e The graph illustrated the remarkable growth in biosensors tech ology applications within
food safety from 2015-2026. Starting at 50 developments in 2015, the field has grown
steadily, reaching an estimated 300 by 2026. This upward trend highlights increasing global
emphasis on rapid, non- invasive, and eco-friendly detection methods. Technological
advancements in nanomaterials, fluorescence systems, and portable diagnostics have
played a pivotal role in shaping this progress, reinforcing biosensing as a cornerstone of
sustainable food safety solutions.

FUTURE SCOPE OF BIOSENSOR:

Biosensor technology is evolving rapidly and expanding mto domamns lke marine biology,
smart agriculture, wearable health monitors, and environmental remediation [4]. In marine
systems, biosensors detect algal toxins, nitrate levels, and heavy metals, ensuring ecological
balance [60]. Agricultural applications include soil nutrient monitoring, pest control alerts, and
automated irrigation systems [61]. One of the primary goals is to detect pollutants, heavy
metals, and pesticides using biosensors. Sensors can monitor raw materials, trace compounds,
sugars, alcohols, amino acids, vitamins, taste additives, and pollutants such as antbiotics,
bacteria, enzymes, and toxins. Beer, wine, bread, and some dairy products require controlled
microbial growth conditions. Biosensors can monitor component and microbe levels to manage
similar activities on a continuous or periodic basis.
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Future biosensors will likely ntegrate with Al, IoT, and cloud technologies to deliver predictive
analytics and remote diagnostics [62]. The continued development of flexible, low-cost, and

smartphone-integrated biosensors will make personalized and public health surveillance more
accessible [63].
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