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ABSTRACT

Nano-biosensors are rising as a promising technology for ensuring the protection and high-quality of meals
merchandise. They offer excessive sensitivity, selectivity, and speedy reaction, making them ideal for detecting
contaminants, pathogens, and first-rate signs in meals samples. This up to date evaluate affords a complete
evaluation of recent improvements in nano-biosensor technology for meals great and safety warranty. The
evaluate covers the essential standards and kinds of nano-biosensors typically utilized in meals evaluation,
exploring various nanomaterials and their unique homes and sensing talents. It also discusses mixing
nanomaterials with biological reputation elements, antibodies, enzymes, and DNA aptamers to enhance sensor
performance. The software of nano-biosensors in detecting chemical contaminants, which includes pesticides,
heavy metals, and mycotoxins, is drastically protected. Nanomaterials allow ultrasensitive detection of these
contaminants, even at trace stages, ensuring the protection and compliance of meal products. The review also
explores the usage of nano-biosensors for rapid identification and quantification of foodborne pathogens, such
as microorganisms, viruses, and parasites, allowing on-web page pathogen detection and timely interventions
to prevent outbreaks. Additionally, the review highlights the tracking of meals satisfactory signs of using nano-
biosensors, including freshness, spoilage, and dietary composition. Accurate assessment of those parameters
offers treasured information to manage and predict shelf-life. Overall, the advancements in nano-biosensor
generation maintain high-quality promise for ensuring the integrity of meals products, defensive public fitness,
and assembly regulatory standards.
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INTRODUCTION

Nanobiosensors are a promising tool for enhancing meals quality and safety assurance. These sensors use
nanomaterials and biological recognition elements to locate and analyze food samples' specific biological or
chemical components. They offer numerous blessings over traditional strategies, including rapid response, high
sensitivity, and miniaturization. Nanomaterials have been utilized in various programs, including food production,
processing, packaging, labeling, transporting, tracing, and maintaining excellent food products. They have also
been used to broaden green optical sensors to discover hint pollution stages from various sources. Additionally,
nanomaterials have increased nanobiosensors for food safety, enabling rapid and touchy detection of food-borne
pathogens. Using nanocomposite materials in meal packaging has also made for a better great food product, with
enhanced antimicrobial, mechanical, thermal, and barrier properties against external factors that could affect the
food packaging system [1], [2], [3], [4], [5].
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Figure 1 Scheme of different applications of nanobiosensors.

Food quality and safety assurance are essential elements of the food industry, ensuring that our food is safe,
nutritious and free from contamination. Traditional approaches to food quality and safety assessment often require
time-consuming and labour-intensive processes, which can delay the identification of potential hazards and
compromise consumer health In order to overcome these challenges on, researchers and scientists have turned to
nanotechnology, especially nano biosensors, as a promising solution. Nano biosensors combine nanomaterials
with biological sensors to detect and analyze specific biological or chemical compounds in food samples. These
sensors offer several advantages over conventional methods, making them an attractive tool for improving food
quality and safety [2], [6], [7].

One of the main advantages of nano biosensors is their fast reaction time. Traditional methods typically require
extensive sample preparation and analysis time, which can take several hours or even days. In contrast, nano
biosensors offer real-time monitoring and detection, providing almost immediate results. This allows quick
decisions and interventions to prevent further contamination or food waste. Nano biosensors also exhibit high
sensitivity, enabling the detection of trace contaminants or pathogens in food samples. Their ability to detect and
quantify specific substances at trace levels is critical in identifying potential hazards and ensuring compliance
with regulatory standards Upon reaching high sensitivity, nano biosensors can reduce false positives, negative
and false positives, to give accurate and reliable results [8], [9], [10].

Furthermore, the miniaturization of nano biosensors allows them to be integrated into portable handheld
devices. This portable unit allows for easy on-site testing and monitoring across the entire food supply chain, from
fields to pans. Farmers, food manufacturers, and distributors can use these devices for real-time analysis, spoilage
detection, and detection of harmful substances Nanomaterials have been widely used in a variety of applications
in the food industry. For example, processing, manufacturing, labelling, transportation and inspection of food
products to ensure the quality and safety of foods are used to obtain the environment of mature consciences the
development of the enabled pollution is enhanced and protected. Specialized nano(bio)sensors have been
developed to ensure food safety. These sensors allow rapid and sensitive detection of food-borne pathogens, such
as Salmonella, Escherichia coli (E. coli), and Listeria monocytogenes. Their high sensitivity enables rapid
detection, allowing for early intervention to prevent the spread of infection and reduce the risk of foodborne illness
2], [3], [10], [11], [12].

The use of new nanocomposite materials in food packaging has also contributed significantly to the quality of
the food. Nano composite materials have desirable properties, such as high antimicrobial properties, mechanical
strength, thermal stability, and barrier properties to prevent migration in food packaging systems and these
properties can help extend the shelf life of perishable foods, reduce food waste and reduce the need for chemical
preservatives [3], [13], [14], [15].
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This review aims to provide a comprehensive understanding of the progress of nano biosensors for food quality
and safety assurance. By highlighting the capabilities of these sensors and discussing their applications, limitations
and prospects, it seeks to contribute to the growing knowledge base in this fascinating area and to stimulate further
research and innovation to promote nanobiosensors for food technology.

Challenges in Shelf-Life Monitoring

Accurate and predictive analysis of the shelf life of food products is essential to ensure safety and quality
throughout storage and distribution. However, there are many challenges to this task. One of the major challenges
is the complexity of food systems, which have different components and characteristics. Factors such as moisture,
pH, fat content, and the presence of additives or preservatives can significantly impact storage time.
Understanding the interconnections and dynamics of these complex matrices is essential to monitor shelf life
accurately. Another challenge is the inherent variability in the material properties. Food products can exhibit
variations in microbial loads, enzymatic activity and chemical reactivity due to factors such as raw materials,
processing methods and storage conditions. These variations make it difficult to establish statistics fixed retention
period [3], [15], [16].

Microbial spoilage and decomposition are important challenges in storage time management. Microorganisms
play an important role in food packaging, affecting storage and safety. Accurate identification and detection of
microbial organisms is essential for effective management. Furthermore, microbial adaptation and evolution can
lead to the emergence of new strains or pathogens, further complicating monitoring efforts. Time and cost are
additional challenges in determining shelf life. Traditional methods typically require time-consuming and
expensive procedures such as sensory testing, microbiological testing, and chemical analysis. These methods may
not be suitable for real-time monitoring, making it difficult to respond quickly to product quality or safety changes.
The lack of standardized methods for predicting the shelf life of foods is another challenge. Each production stage
may require specific procedures, making it difficult to establish standardized quality control guidelines and
procedures [2], [16], [17].

Furthermore, interactions between packaging and food products can affect shelf life. Process efficiency and
stability can be affected by factors such as air permeability, moisture permeability, and the presence of volatiles.
Understanding and managing these interactions is essential to maintaining shelf life accuracy. Addressing these
challenges requires developing and adopting advanced technologies such as nano biosensors. By integrating this
technology into food packaging design, it is possible to improve the accuracy, efficiency and reliability of
inspection practices through the limitations of traditional methods, controlling limitations of traditional methods
using nanobiosensors also provide real-time precision monitoring capabilities, timely intervention and enhanced
quality control. They provide valuable insights into changes in the food chain, enabling better decision-making
and reducing food waste [3], [11], [13], [14], [15], [16].

Need for Advanced Monitoring Systems

The demand for superior monitoring systems in food packaging and shelf-lifestyles management has grown
because of the increasing want for stronger product quality, safety, and efficiency throughout the supply chain.
Traditional tracking methods frequently fail to provide real-time data and comprehensive insights into product
conditions. Therefore, implementing superior tracking systems, including nano biosensors, is important for
numerous key motives. Firstly, advanced tracking systems allow extra correct shelf-life determination. These
structures offer actual-time information by constantly tracking essential parameters like temperature, humidity,
fuel composition, and microbial hobby, allowing for a more precise shelf life assessment. This is an extensive
improvement over conventional techniques that depend upon fixed expiration dates. Secondly, superior tracking
structures facilitate prompt intervention and quality control. Real-time monitoring enables the early detection of
deviations or adverse conditions, allowing for prompt moves to save you spoilage, maintain product high-quality,
and reduce food waste. By figuring out capacity troubles quicker, businesses can take corrective measures to
ensure product integrity [11], [13], [14], [16], [18].

Third, these programs contribute to enhancing food safety. Advanced monitoring systems can identify
potential sources of contamination, microbial growth, or degraded conditions that could compromise food safety.
Early identification of such risks enables appropriate action to prevent the distribution and consumption of unsafe
products, thereby protecting consumer health. Another advantage of a comprehensive monitoring system is
effective supply chain management. Real-time information about product conditions, such as fluctuations in
temperature, helps identify points that can affect product quality or shelf life. This information simplifies logistics
planning, reduces losses, and improves inventory management, leading to more efficient and cost-effective supply
chains [3].
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Additionally, the improved surveillance system contributes to customer confidence and transparency. By
incorporating smart labels or QR codes, consumers can receive real-time information on renewal, safety and
storage recommendations. This transparency enables consumers to make informed purchasing decisions and
builds consumer confidence in the products they purchase. Sustainability and waste reduction are addressed
through advanced monitoring systems. By more accurately determining the remaining life of consumer goods,
premature disposal of still-safe consumer goods can be reduced, including food waste, consumables role and
environmental reduction. These programs help companies comply with regulatory standards. Monitoring
companies provide precise timekeeping control and management. Advanced monitoring systems enable product
inspection, data recording and proof of compliance with food safety standards to help businesses comply with
regulatory requirements [19], [20], [21], [22], [23].

Principles of Nano Biosensors

Nano biosensors are state-of-the-art devices that use the principles of nanotechnology and biotechnology to
detect and analyze specific biological, chemical, or physical agents. These sensors work based on several
fundamental operating principles. First, nano biosensors incorporate a detector responsible for operating
principles selectively interacting with the target probe. This sensing agent can be a biological molecule, such as
an enzyme, antibody, nucleic acid, or receptor, or a synthetic material with a specific binding ability. The
selectivity of the sensor's specificity and ability to distinguish between the target analyte and other factors. Second,
nano biosensors use a transducer, which converts the binding reaction between the detection element and target
analyte into a detectable signal. The transducer can be based on physicochemical principles, including electrical,
optical, light energy, or piezoelectric effects are included. Converts a biological or chemical discovery process
into a quantifiable form that can be detected and analyzed accurately. Nano biosensors typically incorporate
amplification techniques to increase the sensitivity and detection capability of the target molecule. These methods
can include enzymatic reactions, signal amplification based on nanomaterials, or signal amplification by
electronic or optical methods. Amplification techniques increase the signal-to-noise ratio, enabling the analyst to
detect even trace amounts [23], [24], [25], [26], [27], [28], [29].

Signals generated by nano biosensors are often read and detected using specialized instruments or devices.
This can be electronic devices, optical detectors, imaging systems, or remote sensing methods. The readout system
converts the sensor output into meaningful data that can be analyzed and interpreted further. Moreover, nano
biosensors are characterized by miniaturization and integration abilities. Using nanoscale materials and
manufacturing techniques, these sensors can be made extremely small, allowing them to be incorporated into
platforms. They can be incorporated into lab-on-chip devices, wearable sensors, or products that packaging in
combinations. This miniaturization enables mobility, adaptability, and integration into complex systems.
Concepts of ecological and environmental analysis, importance, and time savings across various industries include
those used in various industries, and it lacks the positive role of unique, acceptable and transformative specificity.
To analyze implications and emotions, for Shelf-Life decision-making and to provide greater control [22], [30],
[31].

Introduction to Nano Biosensors

Nano biosensors are advanced devices that combine the principles of nanotechnology and biotechnology to
detect and analyze specific biological, chemical, or physical properties of target molecules. These sensors work
at the nanoscale, leveraging the unique properties of nanomaterials to enable highly sensitive and selective
detection. Nano biosensors have received significant attention and applications in various fields, such as
healthcare, environmental monitoring, and food safety. The key components of a nano biosensor are a detector,
transducer, and readout system. The sensing agent, typically a biomolecule or synthetic material with the ability
to selectively bind to a specific target, selectively interacts with the target probe. This binding process generates
a signal that the converter converts into a detectable output such as an electrical, optical, or chemical signal, and
the readout system detects and interprets the result, providing valuable information regarding the presence and
quantity of the target molecule [32].
As nanotechnology continues to evolve, nano biosensors have the potential to revolutionize food packaging and
shelf-life by improving product quality, reducing waste, increasing consumer safety, and maintaining the supply
chain. However, challenges related to standardization, integration, and regulatory considerations must be
addressed for wider adoption and commercialization of nano biosensors in the food industry [30], [31], [32], [33],
[34].
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Nano biosensors have several applications in food packaging, including the following:

e Monitoring key parameters: Nano biosensors can be integrated into food packaging materials or devices
to monitor critical parameters such as temperature, humidity, gas concentration, and microbial activity in
real-time.

o This enables accurate product freshness, quality, and safety determination, enabling timely interventions
and informed decision-making throughout the supply chain.

e Detection of pathogens: Nano biosensors can be used to detect pathogens in food packaging, which can
help prevent foodborne diseases.

e Shelf-life monitoring: Nano biosensors can be used to monitor the shelf-life of food products by detecting
changes in the chemical composition of food, such as the presence of volatile organic compounds (VOCs)
that indicate spoilage.

e Quality control: Nano biosensors can be used for quality control in food packaging by detecting
contaminants or adulterants present in food products.

Working Mechanisms of Nano Biosensors

Nano biosensors work based on various techniques in which nanomaterials and biological recognition elements
are used to detect and analyze target analytes. The working mechanism of a nano biosensor depends on its design
and configuration. Some common applications are optical detection, electrochemical detection, piezoelectric
detection, magnetic detection, and nanomechanical detection. optical, electrochemical, piezoelectric, magnetic,
and nanomechanical detection techniques. Changes in the optical properties of these nanomaterials, such as
fluorescence intensity or surface plasmon resonance, occur when the detection element binds to the analyte. On
the other hand, electrochemical nano biosensors lead to changes in electrical properties such as conductance or
impedance changes used to investigate binding events [35], [36], [37].

Piezoelectric nano biosensors use nanomaterials with piezoelectric properties, causing changes or
deformations in mechanical stress due to binding phenomena magnetic nano biosensors use magnetic
nanomaterials, where changes in magnetization or magnetic field response indicate that analyte it binds to nano
biosenicsers they measuring structures like mass or resonance frequency to detect binding events, in order to
determine bonding phenomena [38].

These working mechanisms show the various approaches nano biosensors use to detect and measure target
analytes. By using the distinctive properties of nanomaterials and their interaction with recognition elements, nano
biosensors offer high sensitivity and selectivity in detection. They can be customizable for specific analytes and
applications, enabling real-time monitoring of essential parameters in food packaging and shelf-life management.
Figure 2 displays the mechanism of how nano biosensors working.
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Figure 2 Scheme of nanobiosensors working mechanism.
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Types of Nano Biosensors

Nano biosensors include various types of systems, each designed for analyzing specific materials. Some types
of nano-biosensors commonly used in various applications, including food packaging and shelf-life monitoring,
are nanoparticle-based biosensors, and nano-wire biosensors based on carbon and porous materials. Availability
of Raman scattering (SERS) biosensors and nanoimprint biosensors. Nanoparticle-based biosensors use
nanoparticles such as quantum dots, gold, or magnetic nanoparticles as transducer components. A detector such
as antibodies, enzymes, or DNA probes is used is attached to the surface of the nanoparticles. When the detector
binds to the target probe, it induces changes in the optical and electromagnetic properties of the nanoparticles,
allowing the analyte to be concentrated and quantified [39], [40], [41], [42].

Nanowire biosensors are nanoscale wires made of silicon or carbon nanotubes. The recognition element is
located on the surface of the nanowire, and upon binding to the target analyte, causes a change in electrical
conductivity or impedance. These changes are measured, and the concentration of the analyte is determined based
on the electrical signal. Carbon-based biosensors use carbon nanotubes, graphene or other carbon-based
nanomaterials. These materials exhibit excellent electrical conductivity and a large surface area, making them
suitable for sensing applications. The recognition element is embedded in a carbon-based nanomaterial, and the
binding event with the target analyte induces changes in electrical conductivity or electrochemical properties,
allowing detection and analysis [43], [44], [45].

Nanopore biosensors utilize tiny pores, typically at the nanoscale, to detect and analyze analytes. The

recognition element is placed inside the nanopore, and when target analytes pass through the pore, there is a
change in ionic current or electrical impedance. These changes are measured, and the concentration or type of
analyte is determined based on the electrical signal. Surface-enhanced Raman scattering (SERS) biosensors use
metallic nanostructures, such as silver or gold nanoparticles, to enhance the Raman scattering signal of target
analytes The identification element is attached to the nanoparticle surface at the Raman scattering signal or
spectrum or spectrum in which it binds to the analyte or conversion occurs These conversions are measured using
Raman spectroscopy, allowing sensitive detection and identification of the analyte [46], [47], [48].
Nanoimprint biosensors use nanoimprint lithography to create nanoscale patterns or features on a substrate. The
recognition element is immobilized on a patterned surface, and binding to an analyte causes changes in optical
and electromechanical properties these changes are measured, and the analyte is quantified or characterized
appropriately. These types of nano biosensors provide unique benefits and are appropriate for specific analytes or
sensing requirements. An appropriate type of nano biosensor is selected based on factors such as target analyte,
sensitivity, selectivity, intended use in food packaging and shelf-life monitoring [49], [S0], [51], [52], [53].

Nano Bio Sensors for Food Packaging

Nano biosensors are highly advanced sensing devices that use the principles of nanotechnology and
biotechnology to monitor and manage food quality, safety, and shelf life. These sensors are incorporated into
packaging materials or devices, continuous monitoring of important parameters such as temperature, humidity,
gas concentration and microbial activity and accurate Provision of Nano biosensors enables timely intervention
and manufacturing controlled to ensure the freshness and safety of packaged food products. Sensors use a variety
of sensing techniques based on optical, electrochemical, or nanomechanical principles to detect and analyze
specific materials of interest. Furthermore, nano biosensors contribute to intelligent packaging design by
integrating sensors into packaging or devices to ensure food integrity and quality. This allows for improved
monitoring and control of material conditions, including detecting increased temperatures, decreased ventilation,
or bacterial growth and taking appropriate action to maintain optimal conditions [1], [12], [54], [55], [56], [57].

One of the most important advantages of nano biosensors is their ability to improve quality and safety
assurance in food packaging. They enable early detection of potential sources of contamination, microbial growth,
and conditions that could compromise food safety and freshness. This enables prompt action, preventing the
distribution of unsafe or substandard products that have been eaten. Moreover, nano-bio sensors play an important
role in the remaining shelf life of food products. This sensor provides accurate and dynamic information about
material conditions by continuously monitoring parameters such as temperature, humidity and air content. This
accurate determination of shelf life decreases unnecessary waste and enables better inventory management. Nano
biosensors also contribute to traceability and transparency in food packaging by incorporating technologies such
as RFID or QR codes. These sensors provide consumers with information on product history, shelf life, and
expiration dates, enabling them to make informed purchasing decisions and increase confidence in the food supply
chain. Additionally, nano biosensors contribute to sustainability efforts by reducing food waste. By precise control
of production conditions, unnecessary disposal of still-safe consumables is prevented by accurately determining
the remaining shelf life This waste reduction not only reduces consumption but also meets sustainability goals
[31, [4], [58], [59].
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Current State of Food Packaging

The current state of the food packaging industry is characterized by continuous developments and innovations
driven by consumer needs, regulatory requirements, and technological advancements. Safety and security are top
priorities, with continuous enhancements in food packaging materials and technologies to safeguard foods from
contamination, moisture, oxygen, light, and physical damage. Convenience drives adopting eco-friendly solutions
that reduce waste, enable recycling and promote recycling. Proactive intelligent packaging technology is gaining
popularity due to the ability to interact with products, monitor conditions, improve quality, and prolong shelf-life.
Packaging is a crucial marketing tool, offering branding opportunities and effective communication with
consumers through attractive design, labelling, and storytelling elements on the packaging [53], [60], [61], [62],
[63], [64], [65].

Convenience drives the adoption of eco-friendly solutions, including standards and regulations for materials,
additives, labelling claims, and recycling practices to guarantee food safety, labelling precision, and
environmental compliance. E-commerce has also led to specific packaging material requirements for shipping,
protecting products during transportation, and promoting efficient resource management. The current state of food
packaging reflects a dynamic state driven by safety, sustainability, convenience, branding, and regulatory
compliance. Technological advances and evolving consumer preferences continue to shape the industry, while
future growth may focus on additional environmental sustainability, the incorporation of intelligent packaging
technologies, and addressing emerging challenges related to food waste and traceability [66], [67], [68], [69].

Role of Nano Biosensors in Food Packaging

Nano biosensors play an important role in enhancing the efficiency and effectiveness of food packaging by
integrating the principles of nanotechnology and biotechnology. The main application is continuous real-time
monitoring by nano biosensors to monitor the temperature, humidity, and gas concentration and microbial activity
in the packaging. This allows for immediate detection of deviations and timely corrective action to ensure quality
and safety. Nano biosensors also contribute to quality assurance by detecting degradation indicators such as
volatile organic compounds (VOCs) or microbial activity. This early detection enables immediate decision-
making and mitigates the risk of substandard or unsafe products. For shelf-life extension, nano biosensors offer
precise and real-time information about packaging conditions. This helps to identify and address spoilage factors
more quickly, facilitating interventions to enhance product freshness and prolong shelf life. Nano biosensors
contribute to food safety by detecting harmful contaminants, pathogens, and allergens. They can be designed to
specifically target and detect these objects, enhancing security assurance. Furthermore, nano biosensors can be
integrated into actual packaging materials for quality and authenticity control. For example, sensors embedded in
packaging films can detect breakage or leaks, preventing physical damage, contamination, or exposure to adverse
conditions. Nano biosensors also help enable examine and honest in packaging. Including unique indicators
enables the tracking of product origin, manufacturing and storage of products, enhances visibility and prevents
counterfeiting and tampering. In terms of waste reduction, nano biosensors contribute to reducing food waste by
providing accurate information on freshness and shelf life. This allows for better inventory management and
prevents the premature disposal of safe and edible products [33], [70], [71], [72], [73].

Enhanced Integrity and Barrier Properties

Nano biosensors are important in enhancing food packaging integrity and barrier properties. Several strategies
for incorporating nano biosensors can be used to enhance the safety potential of food packaging using
nanotechnology-based materials. On the one hand, nano biosensors enhance integrity by providing mechanical
strength to the packaging. They can be incorporated into packaging films or coatings to provide durability and
resistance to tears and physical damage during controlled storage. Nano biosensors also contribute to the gas
barrier properties of materials, a packaging is excellent. Nanocomposite films can be produced by incorporating
nanoparticles or nano clays into the packaging material, significantly reducing oxygen and water permeability.
This provides the desired environmental properties of the packaging material to remain intact, preventing food
contamination, oxidation or water-related non-degradation [33], [70], [71], [72], [73].

Another advantage is the ability to deliver antibiotics. Nano biosensors can incorporate antimicrobial
compounds or nanomaterials with inherent antibacterial properties into the packaging. This actively inhibits the
growth of bacteria, fungi, and other microorganisms, extends the shelf life of foods, and ensures safety. Nano
biosensors can also serve as an anti-pollution barrier. The application of nanocoatings or nanoporous membranes
on packaging materials prevents unwanted ingredients such as chemicals or fragrances in the food, thereby
enhancing product safety, quality, and consumer acceptability. Nano biosensors can also contribute to UV
protection. Packaging containing UV-repellent nanoparticles or coatings effectively protects photosensitive foods
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from harmful UV rays, while retaining their sensory properties and nutritional value. Nano biosensors can also
provide waterproofing solutions. Nanomaterials with absorbent or water-repellent properties can be incorporated
into films or packaging bags to maintain optimal moisture content for moist products. This helps prevent texture
changes, microorganisms growth and migration edges. In addition, nano biosensors help protect the taste and
aroma of foods. Packaging films can be incorporated with nanomaterials containing barrier anti-taste or odour
molecules to prevent loss or contamination and preserve the sensory properties of the product [72], [74], [75].

Active Packaging Systems

Dynamic packaging design involves packaging technology that interacts actively with packaged food to
extend shelf life, enhance safety, and improve overall effectiveness. Nano biosensors consume plays an essential
role in designing and implementing dynamic packaging systems. This framework employs various techniques and
applications to create a dynamic environment that adapts to packaging material or product changes. Nano
biosensors and gas laws enable a key feature of dynamic packaging. Nano biosensors enable systems to monitor
and control the gas content of packaging materials. It includes the detection of oxygen, carbon dioxide, or ethylene
levels, which are important factors affecting food quality and shelf life. Based on sensor readings, the packaging
system can release or absorb specific gases to maintain optimal airspace for the product, thus reducing waste and
preventing widespread product contamination. Hydration is another crucial aspect of dynamic packaging. Nano
biosensors embedded in these systems can monitor the moisture content of the packages. Excess moisture or
changes in humidity can be detected and trigger mechanisms to release or absorb moisture in the packaging. This
helps prevent moisture-related issues such as microbial growth and alteration that results in moulding or spoilage,
thereby improving the quality and safety of packaged foods. They observe [71], [76], [77], [78], [79].

Nano biosensors can also be active packaging materials with antimicrobial agents or nanomaterials with innate
antimicrobial properties. These biosensors detect the presence of harmful microorganisms or signs of spoilage
and trigger the release of antimicrobial agents to prevent microbial growth. This tight control of microbial activity
helps to prolong the shelf life of the product and enhances security. Temperature monitoring and control is another
function nano biosensors enable in dynamic packaging materials. These sensors can monitor temperature changes
in the packaging and detect deviations from the desired temperature. If necessary, the packaging system can
trigger storage cooling and heating mechanisms to maintain optimal storage conditions. Thermal insulation helps
preserve the quality and freshness of the product, especially for hot items. Nano biosensors facilitate the
integration of time-temperature records into dynamic packaging materials. These signals provide visual or
electronic information about the aggregation behaviour of the product under adverse temperature conditions. By
looking at the temperature history, customers and stakeholders can assess the time remaining in a product and
make informed decisions about its suitability [76], [77], [78], [79], [80].

Nano biosensors continually monitor various parameters in dynamic packaging systems, such as pH, colour
change, or volatile emissions. Nano biosensors detect indicators of quality degradation and distribute real-time
information to stakeholders. This information enables prioritization of actions, such as rearrangement, debris
removal, or quality assessment. Moreover, dynamic packaging can offer an intelligent feedback mechanism that
employs nano biosensors to provide stakeholders in the supply chain. Such feedback may comprise information
on heat transfer, changes in air composition, or product quality conditions. These feedback systems expedite
decision-making and improve supply chain management [76], [78], [79], [80].

Nano Bio Sensors for Shelf-Life Monitoring

Determining shelf life is crucial in food production and quality control. It evaluates when a food can maintain
its desired quality, safety and performance under specific storage conditions. Nano biosensors are valuable in
determining shelf life by offering real-time and accurate data on parameters that affect product stability. To
determine shelf life, it is essential to consider a broad range of factors that may change over time. These parameters
include sensory attributes such as taste, texture, colour, and nutrient content, microbial load, chemical
composition, and processing characteristics. Periodic analysis of these parameters during storage can assess
variability and aid in identifying when the product no longer meets acceptable quality standards. Accelerated
Lifecycle Testing (ASLT). ) is a common method for estimating product durations. ASLT simulates the effects
of rapidly changing environmental conditions, such as high temperature, humidity, or light exposure, on a shorter
time scale to predict long-term storage effects. Nano biosensors assist in ASLT by continuously monitoring
changes in and recording relevant parameters. Nano biosensors offer real-time feedback and valuable insights into
product stability and degradation processes, aiding in determining overall shelf life. In summary, nano biosensors
enhance shelf-life accuracy and efficiency by providing real-time analysis of critical parameters that enable them
to determine shelf life [71], [77], [78], [79].
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Traditional Methods vs Nano Biosensors for Shelf-Life Monitoring

Food product shelf-life monitoring traditionally involved manual analysis, laboratory testing, and sensory
evaluation. Nano biosensors have revolutionized monitoring by offering significant advantages over conventional
methods. Sensory evaluation is a traditional method where trained assessors rate attributes such as taste, smell,
appearance, and texture. However, sensory evaluation can be subjective, biased, and limited in information. In
contrast, nano biosensors offer real-time and objective information about traits such as volatiles, pH levels, or
enzymatic activities. They offer quantitative measurements, reducing subjectivity and providing accurate and
consistent information, regardless of changes in innovation and quality [81].

Cytology is another traditional method involving laboratory testing to detect the presence and growth of
microorganisms or pathogens. This process can be time-consuming and may not yield immediate results. In
contrast, nano biosensors allow real-time monitoring of microbial activity, enabling quick microbial detection and
quantification. They offer rapid results and direct detection of signs of damage or pathogens, enabling timely
intervention and ensuring microbial safety. This method can be time-consuming and requires sample preparation
and complex equipment. In contrast, nano biosensors offer continuous real-time monitoring of chemical
parameters such as pH, oxidation markers, or gas content. They offer sensitive and selective detection, enabling
immediate detection of chemical changes that affect product properties [81].

Physical testing, including texture, colour and physical properties, is usually performed by visual inspection
or instrumental measurement in traditional methods. However, these tests can be subjective, requiring human
interpretation, and may not account for subtle changes in material properties. In contrast, nano biosensors can
offer accurate and quantitative measurements of physical properties, such as texture, using special nanomaterials
or modifiers. They enable objective and sensitive detection, enabling the identification of transcriptional changes
that can affect production efficiency. Nano biosensors provide more accurate and consistent results compared to
optical or manual inspection. Time-temperature indicators (TTIs) offer an alternative to traditional methods, such
as using labels or devices that change colours or provide visual cues based on cumulative temperature changes.
However, TTIs provide limited information about changes in the material and require visual inspection. Nano
biosensors can include time-temperature monitoring features, offering precise and detailed information on
temperature changes. They offer real-time monitoring of temperature history, enhancing our understanding of
temperature's impact on product quality and facilitating shelf-life determination [81].

Real-Time Monitoring Techniques

Real-time monitoring techniques are vital to ensuring the quality and safety of food products throughout their
shelf life. A common approach involves using nano biosensors, where nanotechnology is utilized to detect and
analyze specific compounds in real-time. These sensors can be integrated into food packaging or food processing
to offer rapid and precise measurements of temperature, pH, humidity, and microbial activity. Nano biosensors
offer accessibility oversight, enabling timely intervention and quality and safety assurance. Another crucial area
for real-time monitoring is Internet of Things (IoT) devices. These sensors and connected devices gather and
transmit data wirelessly. The food industry employs IoT devices to monitor temperature, humidity, and storage
conditions. Stakeholders can monitor product quality in real-time by continuously collecting and sharing
information in a centralized system. [oT devices allow for remote monitoring, data analysis, and automated alerts,
aiding swift decision-making. Wireless sensor networks (WSNs) are interconnected sensors that wirelessly
communicate to monitor and collect data from various points in the system. In food management, WSNs can
monitor temperature, humidity, and gas content in storage areas or pipelines. The sensors communicate with a
central control system, providing real-time environmental data. WSNs provide scalability, flexibility, and the
ability to monitor large areas or multiple locations simultaneously. Imaging and vision systems use cameras,
scanners, or spectrometers to capture images or analyze visual information about the food prod [81], [82], [83],
[84].

E-nose systems use gas sensor systems to detect and analyze volatile compounds generated by food processing,
while e-tongue systems use sensor systems to assess taste profiles. This system provides fast and real-time food
taste and aroma analysis, facilitating quality control and sensory monitoring. Data analytics and machine learning
algorithms are often combined with real-time analytics techniques to derive meaningful insights from the collected
data. These techniques analyze patterns, look for anomalies, and predict future events based on real-time data.
Using historical data and real-time measurements, combined with data analytics and machine learning for
predictive modeling and optimizing decision support systems, enables food manufacturers to monitor priorities
continuously, identify deviations from desired situations, and optimize decision-making. By implementing these
real-time analytics techniques, technology acts as an active enabler, facilitating real-time decision-making,
increasing productivity, reducing inventory spending, and ensuring customer satisfaction [85].
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Detection of Spoilage Markers

The detection of spoilage indicators plays an important role in assessing the freshness and durability of food
products. Spoilage markers are specific products or symbols produced by spoiled food, indicating the presence of
spoilage. Several methods are available for determining these markers, including gas chromatography (GC) for
identifying markers of thermal degradation and high-performance liquid chromatography (HPLC) for identifying
nonvolatile compounds associated with degradation, such as organic acids or biogenic amines. GC works well for
identifying markers of thermal degradation. At the same time, HPLC is suitable for identifying nonvolatile
compounds associated with degradation, such as organic acids or biogenic amines Enzyme-based assays are often
used to identify markers of damage associated with enzymatic degradation. These assays use specific enzymes or
cofactors that react with the target compound, producing a measurable signal. Biosensors, including nano
biosensors, are increasingly used for rapid and real-time detection of damage markers. Nano biosensors
incorporate nanomaterials or nanoscale structures to enhance sensitivity, selectivity, and real-time diagnostic
capabilities. Markers of degradation such as volatile compounds, specific enzymes and microbial metabolites can
be detected with high specificity and sensitivity [86], [87], [88], [89].

The Electronic Nose (E-Nose) system uses an array of gas sensors to detect volatile organic compounds
(VOCs) associated with food spoilage, providing a unique pattern or "scent print" for identification purposes.
Mass spectrometry (MS) is a powerful identification and annotation recognition alternative. MS provides detailed
information on the sample's chemical composition, facilitating the identification of specific markers of
degradation. The discovery method depends on the drugs of interest, the required sensitivity and selectivity, and
the need for real-time monitoring. Nano biosensors offer advantages such as early detection, high sensitivity and
can be incorporated into food packaging or manufacturing processes, enabling and contributing to real-time
monitoring of spoilage signals so they are assured of food quality and safety [90].

Emerging Trends in Nano Biosensors for Food Packaging and Shelf-Life Monitoring

The field of nano biosensors for food packaging and shelf-life monitoring is developing rapidly, with many
emerging products shaping their future applications. One trend is to miniaturize and embed nano biosensors as
much as possible for incorporation into packaging materials or directly on food surfaces. These small sensors are
cost-effective, disposable, and highly sensitive, allowing real-time temperature, humidity, pH, and microbial
activity monitoring. Another trend is wireless communication technology connectivity, enabling remote
monitoring of foods. This wireless and remote monitoring capability provides immediate access to critical
information, enhances analysis, and facilitates quick decision-making. The development of multi-parameter
sensing is also an important factor, enabling nano biosensors to detect multiple quality indicators simultaneously.
By combining multiple sensors or using multiple sensing channels, these sensors can monitor various components
in a single pipeline, providing a comprehensive view of nutritional quality and enhancing quality control. These
systems offer dynamic functions such as real-time analysis, freshness indicators, and intelligent release of
additives or pesticides. Nano biosensors detect signs of degradation, triggering alerts or interventions to extend
shelf life and enhance product safety. Advances in nanomaterials are leading to the developing of highly sensitive
and selective nano biosensors. Nanostructured materials can be adapted to interact with specific analytes, improve
sensor performance, and enable accurate detection of dissolution markers. Integrating nano biosensors into food
packaging and shelf-life monitoring systems is an emerging trend [91], [92].

Integration of Wireless and loT Technologies

The integration of wireless communications and Internet of Things (IoT) technologies is transforming the use
of nano biosensors for food packaging and shelf-life analysis. This integration allows for real-time data collection,
transmission, and analysis, providing valuable insights into product quality and safety. One key aspect of this
integration is wireless sensor networks (WSNs), where nano biosensors communicate wirelessly to monitor
various parameters such as temperature, humidity, vibration, and more at different points in the packaging or
warehouse. The data collected by these sensors are transmitted wirelessly to a central control system for remote
monitoring and management of food products. loT systems provide a centralized data storage and analysis system,
facilitating seamless integration and communication between nano biosensors, data storage systems, and
analytical tools. This connectivity enables stakeholders to access real-time information, receive alerts, and make
informed decisions based on collected data. [oT technologies, combined with nano biosensors, can revolutionize
the food industry by improving product quality and safety, reducing waste, and increasing efficiency in the supply
chain.

Cloud computing is key in integrating nano biosensors, enabling flexible and efficient data processing and
analysis. Sensor data collected from multiple sources can be stored and processed in the cloud efficiently,
eliminating the need for local storage and audit resources. Cloud-based data analytics provide real-time insights,
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trend analysis, and predictive models for shelf-life estimation and quality management. The combination of
wireless and [oT technologies enables sensor data visualisation through a user-friendly interface. Stakeholders
can access aggregated data through web-based dashboards or mobile applications, facilitating real-time analysis
and enabling informed decision-making. Active alerts and reports can be generated when nano biosensors detect
parameter deviations, enabling timely intervention and prompt product development to ensure product quality and
safety. Data analysis and machine learning algorithms can be applied to collect sensor data, using historical data
to identify patterns and assess product quality and shelf life and potential risks. Predictive models can be used to
optimize storage conditions, predict the end of shelf life, and implement targeted quality control strategies for
stakeholders [93], [94], [95], [96], [97].

Smart Packaging Solutions

Smart packaging solutions in the food industry use nano biosensors to provide proactive functionality and real-
time monitoring capabilities. These solutions include advanced technologies to improve the quality of food
packaging. Real-time monitoring is a key enabler of nano biosensors integrated into smart packaging, allowing
continuous data collection on parameters such as temperature, humidity, gas content, microbial activity etc. The
immediate delivery of this information allows for timely interventions and changes to help ensure product quality
and safety. Quality indicators are often combined in smart packaging to inform consumers and stakeholders about
the freshness and quality of food. Specific changes detected by nano biosensors and triggered by these signals can
be colour change labels or visual signs of deterioration, alerting consumers to potential hazards. Smart packaging
solutions can also be active release systems with additives to extend the shelf life of food products. They can
provide antibiotics or preservatives. Nano biosensors monitor environmental conditions, detect signs of pollution,
and trigger reactions that occur as needed. This proactive approach protects food quality and safety in the long
term [98].

Authentication and traceability are important components of a smart packaging solution. An RFID tag or QR
code can be inserted to verify the authenticity and origin of the food. Nano biosensors monitor and record
environmental conditions during storage and transport, ensuring that the product remains within specified
parameters. Storing and accessing this information through a trust system provides traceability and transparency
throughout the supply chain. Smart packaging solutions also improve customer engagement through interactive
features and information. QR codes on packaging provide consumers with product descriptions, nutrition
information, or cooking instructions. Nano biosensors can track consumer usage patterns, providing insights into
product development and marketing strategies. Nano biosensors enable the prediction of shelf life by continuous
monitoring of the composition of the packaging. This information helps in inventory management, waste
reduction, and supply chain efficiency. Smart packaging solutions with shelf-life prediction can improve planning
and decision-making and ensure efficient use of resources. Promoting sustainability and reducing waste is another
goal of smart packaging solutions. Nano biosensors prevent premature removal of safe-to-consume products by
monitoring them in real-time. Smart packaging provides information about optimal storage conditions, helping
consumers reduce food waste at home. Combining biodegradable materials and environmentally friendly designs
contributes to environmental sustainability [99].

Advanced Sensing Approaches

In nano biosensors for food packaging and life cycle monitoring, significant progress is being made in
advanced detection techniques to improve the efficiency and effectiveness of these biosensors. Notable advanced
sensing techniques include surface-enhanced Raman spectroscopy (SERS), which combines nanomaterials with
Raman spectroscopy to amplify signals and provide accurate detection without labelling. Plasmonic sensing uses
metallic nanostructures to interact with target molecules, resulting in higher sensitivity and faster response times.
Electrochemical sensing measures electrical signals generated during analyte-electrode contact, enabling sensitive
and selective detection. Microfluidics-based sensing combines nano biosensors into a microfluidic system for
efficient sample handling and analysis. Nanobar codes use encoded nanostructures with recognition elements for
multiple signal recognition. Bio-inspired sensing draws inspiration from biological systems to develop highly
sensitive and selective biosensors. Smartphone-based sensing uses smartphone capabilities for spatial analysis
and data processing. These advanced detection techniques push the limits of nano biosensor technology, enabling
improved accuracy, efficiency and real-time analysis to ensure food quality, safety and shelf life expansion [71],
[100], [101].

Nanomaterials and Surface Modifications
Nanomaterials and surface modification are essential in improving the performance and efficiency of nano
biosensors used for food packaging and shelf-life monitoring. These advances improve sensitivity, selectivity,
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and stability, and they contribute to improved sensing with different analytes. Nanomaterials, such as
nanoparticles, nanowires, and nanofilms, offer unique properties that can be tailored for specific sensing
applications. By mechanical means, these materials can selectively interact with target analytes, leading to
increased sensitivity and selectivity of nano biosensors. In addition, the nanomaterial offers a high area-to-volume
ratio, amplifying the sensing signal and overall biosensor performance. Surface modification is important for
immobilization of biomolecules such as antibodies or enzymes on the sensing surfaces of nano biosensors. These
modifications facilitate the specific identification and binding of targets, allowing them to be identified.
Techniques such as self-assembly of monolayers, chemical reactions, and layer-by-layer deposition are being used
to achieve stable and continuous biomolecules, thereby increasing the sensitivity and specificity of biosensors
[102], [103], [104], [105], [106].

Bioconjugation techniques are used to covalently attach biomolecules to nanomaterials or surface coatings,
creating a working interface for sensing. This adds specific receptors or recognition elements to the biosensor
surface, enabling detection and monitoring of target analytes. Scripting and other bioconjugation techniques, as
well as nano functionality and nanocoatings, are applied to the surface of biosensors to improve their stability,
selectivity, and overall performance [107], [108], [109], [110], [111].

Quantum dots (QDs) and fluorescent probes are used as labels or tags in nano biosensors to enable sensitivity
and multiplex detection. These semiconductor nanocrystals and fluorescence probes offer unique optical
properties, high signal-to-noise ratio, long-lived fluorescence, and compatibility with detection methods. When
conjugated with biomolecules, QDs and fluorescence probes provide unique recognition and fluorescence-based
readout. Incremental, nanostructured surfaces, obtained by patterning, nanoprinting, or nanotexturing, improve
the sensing performance of biosensors. This surface modification increases the effective site sensing, increases
analyte capture efficiency, and enhances binding specificity. In addition, nanostructured surfaces facilitate
complex biomolecules, enhance their stability and contribute to the overall sensitivity, reproducibility and
performance of nano biosensors [109].

Technical Challenges

The successful implementation of nano biosensors for food packaging and shelf-life monitoring faces several
technical challenges that need to be addressed. These challenges include ensuring the stability and durability of
the sensors to withstand the harsh conditions encountered during food processing, transportation, and storage.
Standardization and reproducibility are crucial to ensure consistent and reliable sensor performance. Establishing
standardized processes, materials, and characterization methods is essential to achieve comparable and consistent
sensor performance, enabling widespread adoption and consumption of this technology in the market.
Furthermore, the sensitivity and selectivity of the sensors need to be improved to ensure accurate and reliable
monitoring of food products, and the scalability and manufacturing cost must be optimized to make the technology
economically viable. Addressing these technical challenges is critical to successfully applying nano biosensors
for food packaging and shelf-life monitoring.

Achieving high sensitivity and selectivity is an ongoing challenge in biosensor development. A major research
objective is to increase the sensitivity of nano biosensors to detect low concentrations of analytes while
maintaining their selectivity to distinguish between specific markers and interfering substances. Limits to improve
portable detection and reducing false positives or false negatives are important. Scalability and manufacturing
cost are important considerations for adopting nano biosensors. Ensuring that manufacturing becomes cost-
effective on a large scale requires developing processes that can be manufactured, optimizing material costs, and
simplifying manufacturing. Such efforts will enable the integration of nano biosensors into food packaging and
monitoring systems, making them commercially viable and accessible [38], [112], [113].

Future Prospects and Opportunities

Nano-biosensors for food packaging and shelf-life monitoring hold great promise for the future, offering many
possibilities and opportunities for development. One exciting opportunity is that artificial intelligence (Al)
technology and nano biosensors will be combined. Using Al algorithms, analyzing complex data generated by
sensors to predict shelf life, optimize warehousing conditions, and provide real-time feedback, machine learning
models can be seen modelling and correlating data to improve nutrition management and decision-making.
Another promising possibility is the development of multiple sensing mechanisms. Integrating multiple sensing
methods such as optical, electrical, and biological, nano biosensors provide increased performance and versatility.
These sensing techniques provide information that enables accurate and comprehensive monitoring of nutrition
data. It opens up new possibilities for detecting analytes and monitoring multiple parameters simultaneously. The
combination of wireless communication and Internet of Things (IoT) technologies is another area of great
potential. Integrating nano biosensors into wireless networks allows real-time data to be transmitted and analyzed
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remotely. This connectivity allows continuous monitoring of foods throughout the supply chain, providing
valuable insights into their status and enabling prompt production in case of delays. The IoT integration also
facilitates seamless communication between various stakeholders in the food industry, fostering collaboration and
effective decision-making.

Conclusion

Nano biosensors offer exciting properties that can revolutionize food packaging and shelf life. These advanced
sensing technologies have the potential to improve food safety, quality and sustainability by providing real-time,
accurate and reliable information about the state of a of packaged foods. In this paper, we investigated the aspects
of nano-biosensors for food packaging and storage time monitoring. Integrating nano biosensors into food
packaging enables improved integrity and barrier characterization and provides improved protection against
external factors that can affect food quality and shelf life, extending the life of the food products for storage. For
shelf-life monitoring, nano biosensors offer advantages over conventional methods by providing real-time non-
destructive monitoring of key parameters such as temperature, humidity, air content, and signals that indicate
spoilage. This enables the sensor to detect quality and deterioration quickly, enabling timely intervention and
reducing food waste. However, several challenges must be addressed to apply nano biosensors in the food industry
successfully. Additional research and development efforts are needed for technical challenges such as sensor
stability, standardization, feed matrix absorption, and scalability. Regulatory considerations for safety assessment,
labelling, and appropriate regulation are also needed to ensure the safe and responsible use of nano biosensors.
The future prospects and opportunities for nano biosensors on food packaging and shelf life are promising.
Artificial intelligence (Al) technology can improve data analysis and decision-making, while multi-sensing
techniques provide complete and accurate information. Wireless connectivity and [oT integration enable real-time
and remote monitoring food packaging systems, improving efficiency and quality control. . In conclusion, nano
biosensors represent a transformative technology in food packaging and shelf-life monitoring. By addressing the
technical challenges, regulatory considerations and leveraging emerging trends, nano biosensors can revolutionize
the food industry, ensuring safer, longer-lasting, and higher-quality food products while reducing waste and
promoting sustainability. Continued research, innovation, and collaboration among scientists, engineers,
regulators, and industry stakeholders will pave the way for the successful adoption and implementation of nano
biosensors in the food packaging and monitoring landscape.
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