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Abstract

Marine pollution poses a significant threat to U.S. coastal ecosystems, biodiversity, and human health. Traditional
methods of monitoring pollutants, such as heavy metals, hydrocarbons, and microplastics, are often limited in their
ability to provide real-time, in situ data. This review explores the critical role of biosensors in revolutionizing marine
pollution monitoring in the USA, examining recent technological advancements and their application in detecting and
controlling pollutants. By combining biological sensing elements with advanced physicochemical detectors, biosensors
offer sensitive, specific, and timely pollution detection, enabling more efficient environmental management. The review
evaluates key technological innovations in biosensor design, including the integration of nanotechnology, wireless
communication, and artificial intelligence, while also addressing the challenges of deploying these technologies in
dynamic marine environments. Furthermore, the review assesses current biosensor applications in U.S. government
monitoring programs, such as those led by NOAA and the EPA, and highlights their growing role in private sector and
academic research initiatives. Finally, the paper identifies the technical, regulatory, and operational challenges facing
biosensor technology and offers recommendations for future development. Through this assessment, the review
underscores the potential of biosensors to enhance the effectiveness of marine pollution control strategies in the USA
and contribute to the long-term protection of marine ecosystems.
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1. Introduction

Marine pollution is one of the most pressing environmental concerns in the USA, affecting coastal ecosystems, wildlife,
and human health. The primary sources of pollution include industrial discharge, agricultural runoff, plastic debris, and
oil spills, which collectively contribute to the degradation of marine habitats and the disruption of biodiversity (Kennish,
2017). In the past few decades, technological innovations have played a significant role in addressing these challenges,
enabling more efficient monitoring and control of pollution levels in marine environments. Biosensors, in particular,
have emerged as a powerful tool for real-time monitoring of marine pollutants, offering both sensitivity and specificity
in detecting harmful substances like heavy metals, hydrocarbons, and toxins (Krdger, Piletsky, & Turner, 2002).

The adoption of biosensors has been driven by the need for more rapid, accurate, and cost-effective methods of detecting
marine pollution compared to traditional laboratory-based techniques. In the U.S., the National Oceanic and
Atmospheric Administration (NOAA) and the Environmental Protection Agency (EPA) have increasingly relied on
biosensors to monitor water quality in sensitive regions like the Gulf of Mexico and the Great Lakes (Ibe & Kullenberg,
1995). These technologies are integral to understanding the real-time dynamics of pollutants, which are critical in
formulating effective marine pollution control strategies. With increasing awareness of the ecological impacts of marine
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pollution, biosensor technologies are poised to become a cornerstone in the nation’s environmental monitoring
infrastructure (Lowe, 1974; Gerlach, 2013).

Figure 1 Advanced Biosensor Technology for Real-Time Marine Pollution Monitoring in the USA

Figure 1 shows a realistic scene of biosensors floating in coastal waters near the USA, actively monitoring marine
pollution. These biosensors detect pollutants like oil spills, heavy metals, and microplastics. The data collected is
transmitted in real-time via drones and satellites to environmental monitoring stations. The image highlights the use of
advanced technology, including wireless communication and artificial intelligence, to protect marine ecosystems. In the
background, the coastline is visible, along with marine wildlife, showcasing the harmonious blend of nature and
technology working together to safeguard the environment.

1.1. Biosensors in Pollution Monitoring

Biosensors have revolutionized marine pollution monitoring by providing a more efficient, accurate, and responsive
method of detecting harmful substances in marine environments. Defined as analytical devices that combine a biological
sensing element with a physicochemical detector, biosensors allow for the real-time detection of a wide range of
pollutants, including heavy metals, pesticides, and hydrocarbons (Kroger, Piletsky, & Turner, 2002). These devices are
particularly valuable in marine pollution monitoring due to their high sensitivity, specificity, and ability to function in
situ, which makes them ideal for dynamic marine ecosystems where pollutant levels can fluctuate rapidly (Gerlach,
2013).

The fundamental mechanism behind biosensors involves the interaction between the target pollutant and the biological
element—such as enzymes, antibodies, or nucleic acids—which triggers a measurable signal that is proportional to the
concentration of the pollutant. This allows for the continuous and automatic collection of data without the need for
complex and time-consuming laboratory analysis (Ibe & Kullenberg, 1995). The integration of biosensors with emerging
technologies like wireless communication and artificial intelligence has further enhanced their application in marine
pollution monitoring, enabling remote sensing and real-time data analysis (Idoko et al., 2024). Such innovations are
proving crucial for the early detection of pollution events and for enabling rapid response measures, thereby minimizing
environmental damage (Kroger et al., 2002; Thia-Eng, 1999).

With growing environmental concerns and stricter regulations on pollution control, biosensors are increasingly being
incorporated into national and international monitoring frameworks. The U.S. has made significant progress in this
regard, with biosensor networks deployed across sensitive marine environments, aiding in pollution control efforts and
helping to safeguard biodiversity (Ibe & Kullenberg, 1995; Karim, 2015). These developments underscore the critical
role biosensors play in advancing marine pollution control technologies, offering a promising path for more effective
environmental management.
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Figure 2 Environmental Applications of Screen-Printed Electrodes and Nanowire-Based Biosensors (Hernandez-
Vargas et. al., 2018)

1.2. Purpose of the Review

The growing threat of marine pollution, particularly in coastal regions of the USA, has underscored the urgent need for
innovative solutions to monitor and control pollution. Traditional methods of pollution monitoring, while valuable,
often fall short in providing the real-time, high-resolution data required for timely intervention and mitigation (Gerlach,
2013). As a result, biosensors have garnered increasing attention as a pivotal tool in marine environmental
management, offering unprecedented capabilities for detecting pollutants such as oil spills, heavy metals, and
microplastics (Kroger, Piletsky, & Turner, 2002).

This review aims to critically assess the advancements in biosensor technology and their application in monitoring
marine pollution in the USA. By analyzing the technological innovations that have propelled biosensor development,
this review will explore how biosensors have become an integral part of national pollution control strategies,
contributing to environmental protection efforts across U.S. waters (Ibe & Kullenberg, 1995). Furthermore, this paper
seeks to identify the challenges that biosensor technologies face, including technical limitations, regulatory hurdles, and
operational complexities, while also highlighting the opportunities they present for the future of marine pollution
control (Karim, 2015).

In doing so, the review will provide a comprehensive overview of the state of biosensor technology in the USA, offering
recommendations for both policy and practice to enhance their effectiveness. The ultimate goal is to inform future
research and development initiatives aimed at integrating biosensors more fully into marine environmental monitoring
systems, ensuring that they play a central role in the nation’s efforts to safeguard marine ecosystems from pollution
(Kroger et al., 2002).

1.3. Organization of the Paper

This paper is organized into five key sections, each addressing different aspects of biosensor technology and its
application in marine pollution monitoring in the USA.

e Introduction: This section provides a comprehensive overview of marine pollution issues in U.S. waters,
discussing the ecological impacts and the role of technological innovations, specifically biosensors, in
monitoring pollutants. It sets the context for the paper by explaining the increasing importance of real-time,
accurate data collection in environmental management.

e Technological Advances in Biosensors for Marine Pollution Monitoring: This section delves into the
various types of biosensors used in marine pollution detection, including enzymatic biosensors,
immunosensors, and DNA-based sensors. [t explores recent innovations, such as nanotechnology and wireless
communication integration, that have enhanced the functionality and applicability of biosensors in monitoring
diverse marine pollutants.
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e Current Applications of Biosensors in U.S. Marine Pollution Control: Here, the paper reviews the real-
world applications of biosensors, focusing on their use in U.S. government programs, such as those
implemented by NOAA and the EPA. It also examines the contributions of private sector initiatives and
academic research in advancing biosensor technologies and their deployment across sensitive marine regions
in the USA.

e Challenges and Limitations of Biosensor Technology in Marine Pollution Monitoring: This section
identifies and analyzes the key challenges facing biosensor deployment, including technical limitations (e.g.,
sensitivity, durability), operational difficulties (e.g., costs, maintenance), and regulatory barriers. It provides
insights into the complexities involved in scaling up biosensor networks for broader marine pollution
monitoring.

e Future Directions and Conclusion: The final section explores emerging trends in biosensor technology,
including innovations in artificial intelligence, biohybrid sensors, and next-generation wireless communication.
It offers recommendations for policy and practice, focusing on the integration of biosensors into national and
international marine pollution monitoring frameworks. The paper concludes by emphasizing the potential of
biosensors to revolutionize marine pollution control strategies in the USA, providing pathways for future
research and development.

This structure ensures a clear progression of ideas, from an introduction to the problem of marine pollution to an in-
depth analysis of the role of biosensors and the challenges they face, and finally, to recommendations for future
advancements.

2. Technological advances in biosensors for marine pollution monitoring

2.1. Overview of Key Technologies

Biosensors have become a cornerstone of marine pollution monitoring due to their ability to detect pollutants with high
sensitivity and specificity. The key technological innovations that have enhanced their functionality are rooted in
advancements in biological sensing elements and detection mechanisms. Enzymatic biosensors, for example, utilize
enzymes as biological recognition elements to detect pollutants such as heavy metals and organophosphates, converting
these interactions into measurable electrochemical signals (Kroger, Piletsky, & Turner, 2002). Imnmunosensors, another
prominent type, use antibodies as biorecognition elements to target specific pollutants like hydrocarbons and pesticide
residues, offering a high degree of selectivity in complex marine environments (Gerlach, 2013; Idoko, est al., 2024).
DNA-based biosensors, on the other hand, have proven effective in detecting genetic mutations in marine organisms
caused by toxic pollutants, which can serve as biomarkers for environmental health (Ibe & Kullenberg, 1995).

Recent technological advancements have introduced nanotechnology into biosensor design, significantly improving
their sensitivity and detection limits. Nanomaterials such as gold nanoparticles and carbon nanotubes are increasingly
being used to enhance the surface area and conductivity of biosensors, thereby improving their performance in
detecting even trace amounts of pollutants (Idoko et al., 2024). Additionally, microfluidics technology, which enables
the manipulation of small volumes of fluids, has been integrated into biosensors, allowing for rapid, real-time analysis
of water samples in remote marine environments (Karim, 2015).

The ability to integrate biosensors with wireless communication systems has further expanded their applicability.
These wireless-enabled biosensors can transmit real-time data to remote monitoring stations, allowing for continuous,
autonomous surveillance of marine environments (Kroger et al, 2002). The combination of nanotechnology,
microfluidics, and wireless systems positions biosensors as a cutting-edge solution for the challenges of marine
pollution monitoring, providing environmental managers with powerful tools to detect and respond to pollution events
more effectively.

Table 1 provides a comprehensive overview of key biosensor technologies used in marine pollution monitoring. It
includes five columns detailing various types of biosensors, their specific functions, the pollutants they detect, the
technological advantages they offer, and their practical applications in environmental monitoring. The table highlights
how enzymatic, immunosensors, DNA-based biosensors, nanotechnology, microfluidics, and wireless communication
systems contribute to detecting pollutants like heavy metals, hydrocarbons, and genetic mutations. Each technology's
unique function and advantage is explained, showcasing how these innovations enhance sensitivity, selectivity, and real -
time data collection in marine environments.
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Table 1 Overview of Key Biosensor Technologies for Marine Pollution Monitoring: Functions, Pollutants Detected, and

Applications
Technology Function Key Pollutants | Technological Application
Detected Advantage
Enzymatic Detect pollutants | Heavy metals, | High sensitivity and | Marine  pollution
Biosensors using enzymes organophosphates measurable signals monitoring
Immunosensors Use antibodies to | Hydrocarbons, High selectivity in | Marine
detect specific | pesticide residues complex environment
pollutants environments surveillance
DNA-based Detect genetic | Genetic mutations | Effective biomarker | Genetic health of
Biosensors mutations in marine | (biomarkers) detection marine species
organisms
Nanotechnology Enhance sensitivity | Various pollutants in | Improved detection | Detection of trace
with nanomaterials trace amounts limits pollutants
Microfluidics Manipulate small | Multiple pollutants | Rapid and real-time | Remote water
fluid volumes (real-time analysis) analysis sample analysis
Wireless Enable real-time data | General pollution (real- | Continuous, Real-time
Communication transmission time monitoring) autonomous environmental
surveillance management

2.2. Pollutants Detected by Biosensors

Biosensors have demonstrated remarkable versatility in detecting a wide range of marine pollutants, making them
invaluable tools in the continuous monitoring of U.S. coastal waters. One of the most significant pollutants detected by
biosensors is heavy metals, which enter marine environments through industrial discharge and agricultural runoff.
These toxic metals, such as mercury, lead, and cadmium, pose serious threats to marine biodiversity and human health.
Enzymatic biosensors, which are designed to detect heavy metals, have proven highly effective in measuring their
concentrations, often providing results with superior sensitivity compared to traditional detection methods (Krdger,
Piletsky, & Turner, 2002; Lowe, 1974).

Another critical class of pollutants monitored by biosensors is hydrocarbons, particularly those originating from oil
spills. These hydrocarbons cause severe ecological damage, impacting marine life and coastal habitats. Immunosensors,
which utilize specific antibodies to target hydrocarbon molecules, have emerged as one of the most effective
technologies in real-time detection of oil pollution in marine environments (Idoko et al., 2024). The rapid detection of
oil spill contaminants allows for timely interventions, minimizing the spread of pollution and reducing its
environmental impact (Idoko, Ijiga, Harry, et al., 2024).

In addition to heavy metals and hydrocarbons, biosensors have been successfully employed in detecting microplastics,
a growing concern in marine pollution. Microplastics, which result from the degradation of larger plastic debris, are
pervasive in marine environments, where they are ingested by marine organisms, entering the food chain. DNA-based
biosensors, which can identify genetic mutations in marine organisms caused by exposure to microplastics, offer a
promising approach to studying the long-term effects of this pollution on marine ecosystems (Idoko, Danso, Olala, et al.,
2024). These biosensors help to quantify the extent of microplastic contamination and assess its impact on marine
biodiversity (Kroger et al., 2002).

Biosensors have also been integrated into environmental monitoring systems to detect a range of other pollutants, such
as pesticides, nitrates, and pathogens, which originate from agricultural runoff and wastewater discharge. The ability
to detect such a diverse array of contaminants underscores the flexibility and potential of biosensors in safeguarding
marine environments (Idoko, Igbede, et al., 2024). These advancements in biosensor technology are paving the way for
more comprehensive monitoring programs aimed at protecting U.S. marine ecosystems from the myriad threats posed
by pollution.
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Table 2 Pollutants Detected by Biosensors: Sources, Types, Environmental Impact, and Detection Benefits

Pollutant Type Source Biosensor Type | Environmental Impact Detection Benefit
Heavy Metals Industrial Enzymatic Threats to marine | High sensitivity in
discharge, Biosensors biodiversity and human | measuring
agricultural runoff health concentrations
Hydrocarbons 0il spills, | Immunosensors Severe ecological damage, | Effective real-time
industrial impacts on marine life detection for timely
activities intervention
Microplastics Degradation  of | DNA-based Ingestion by marine | Quantifies
plastic debris Biosensors organisms, entry into food | contamination and
chain assesses long-term
effects
Pesticides, Agricultural Various types Varied impact on | Flexibility in detecting
Nitrates, runoff, ecosystems, including | a wide range of
Pathogens wastewater contamination and | contaminants
discharge biodiversity loss

Table 2 provides an overview of the key pollutants detected by biosensors, highlighting their sources, the types of
biosensors used for detection, the environmental impacts of these pollutants, and the benefits of using biosensors for
monitoring. It includes four main pollutant categories: heavy metals, hydrocarbons, microplastics, and
pesticides/nitrates/pathogens. For each pollutant, the table outlines how they enter marine environments, the specific
biosensor technologies employed, their ecological consequences, and the advantages of using biosensors, such as
enhanced sensitivity and real-time detection, in marine pollution monitoring efforts.

2.3. Data Collection and Integration

One of the most significant advantages of biosensor technology in marine pollution monitoring is its capacity for real-
time data collection and integration. The ability of biosensors to collect continuous, high-resolution data from marine
environments enables researchers and policymakers to respond more swiftly and effectively to pollution events (Idoko
et al.,, 2024). Traditionally, pollution monitoring required time-consuming laboratory analysis, often leading to delays
in detecting critical pollution thresholds. Biosensors have revolutionized this process by offering rapid, on-site
detection, thereby facilitating immediate intervention and control measures (Kroger, Piletsky, & Turner, 2002).

Moreover, recent innovations in data integration have significantly expanded the utility of biosensors in environmental
monitoring. The integration of biosensors with wireless communication technologies allows real-time transmission of
pollution data to remote monitoring stations. This not only reduces the need for frequent site visits but also enables
continuous, autonomous surveillance of marine environments, especially in hard-to-reach areas (Idoko, et al., 2024).
For example, biosensors deployed in offshore oil drilling sites can transmit hydrocarbon detection data directly to
environmental agencies, allowing for immediate action in the event of a spill (Idoko, et al., 2024).

Another transformative aspect of biosensor technology is its integration with artificial intelligence (Al) and machine
learning algorithms. Al-driven data analytics enable the rapid interpretation of large datasets generated by biosensors,
identifying patterns and trends that may not be immediately visible through manual analysis (Idoko, et al., 2024). This
combination of biosensors and Al has allowed for predictive pollution modeling, helping policymakers to anticipate
future pollution risks and develop proactive management strategies. Furthermore, Al-based systems can reduce the
likelihood of false positives or negatives by refining the accuracy of biosensor data interpretation, making marine
pollution monitoring more reliable and efficient (Kroger et al., 2002).

The flexibility of biosensors to integrate with other technologies—such as the Internet of Things (IoT), drones, and
satellite systems—further enhances their role in comprehensive environmental monitoring frameworks. For instance,
biosensors connected to IoT platforms can provide real-time feedback on water quality across multiple monitoring
stations, creating a dynamic network of pollution detection points (Idoko, et al., 2024). This interconnected approach
ensures that pollution data is not only collected but also analyzed and acted upon in real time, reinforcing the role of
biosensors as a critical tool in safeguarding marine environments.
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Figure 3 Biosensor-Based Pollution Detection and Response Workflow

Figure 3 illustrates the process of how marine biosensors detect pollution and trigger corresponding responses. It
begins with biosensors continuously monitoring the environment. When pollution is detected, the system assesses the
severity. For minor pollution, the process proceeds to ongoing monitoring, allowing for further observation. In cases of
severe pollution, immediate response and intervention measures are triggered to mitigate environmental damage. If no
pollution is detected, no action is required. This flow ensures a streamlined, automated decision-making process based
on real-time data from biosensors.

3. National Monitoring Programs

The deployment of biosensors in U.S. national marine pollution monitoring programs has significantly enhanced the
ability of environmental agencies to track and mitigate pollutants in real-time. Government agencies, such as the
National Oceanic and Atmospheric Administration (NOAA) and the Environmental Protection Agency (EPA), have
increasingly adopted biosensors to improve their marine environmental management strategies (Idoko, Ijiga, et al,,
2024). These biosensors provide continuous monitoring of water quality, enabling timely detection of pollutants such
as heavy metals, hydrocarbons, and microplastics, which are often by-products of industrial activities and agricultural
runoff (Kroger, Piletsky, & Turner, 2002).

The Gulf of Mexico and the Great Lakes are prime examples of regions where biosensors have been instrumental in
monitoring pollution. In the Gulf of Mexico, where offshore drilling activities pose a significant threat to marine
ecosystems, biosensors have been employed to detect hydrocarbon levels in the water, providing early warnings of
potential oil spills and enabling rapid response measures (Idoko, Danso, Olala, et al., 2024). Similarly, the Great Lakes,
which are vulnerable to pollution from agricultural runoff, benefit from biosensors that monitor nutrient levels, such as
nitrates and phosphates, which can lead to harmful algal blooms if left unchecked (Idoko, Igbede, et al.,, 2024). By
continuously measuring water quality, these biosensors help government agencies enforce pollution control regulations
and ensure the sustainability of these vital water bodies.

Additionally, biosensors play a crucial role in meeting the regulatory requirements of the Clean Water Act and other
environmental protection laws in the U.S. (Idoko, Ijiga, Harry, et al., 2024). The real-time data provided by biosensors
allows for quicker identification of water quality violations, aiding in the enforcement of penalties against polluters and
ensuring that corrective measures are implemented efficiently. The integration of biosensors into the national
regulatory framework represents a significant advancement in the U.S.’s efforts to combat marine pollution and protect
coastal and marine ecosystems (Kroger et al., 2002).
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Furthermore, biosensors deployed in the national monitoring programs are often linked with broader data networks,
allowing for the sharing of pollution data across various federal and state agencies (Idoko, Danso, et al., 2024). This
collaborative approach enhances the effectiveness of marine pollution control by fostering coordinated efforts in
pollution detection and response. The success of these programs highlights the critical role of biosensors in modern
environmental monitoring systems and their importance in safeguarding the nation's marine environments for future
generations.

Table 3 Biosensor Applications in U.S. National Marine Pollution Monitoring Programs: Regions, Pollutants, and
Environmental Benefits

Region Key Pollutants | Environmental Agency Involvement Biosensor Benefits
Detected Threats

Gulf of | Hydrocarbons  from | Oil spills impacting | National Oceanic and | Early detection and

Mexico offshore drilling marine ecosystems Atmospheric rapid response to oil

Administration (NOAA) | spills

Great Nutrients (nitrates, | Harmful algal blooms | Environmental Prevention of harmful

Lakes phosphates) from | due to nutrient overload | Protection Agency | algal blooms through
agricultural runoff (EPA) continuous monitoring

National Heavy metals, | General pollution | Multiple federal and | Enforcement of Clean

Coverage hydrocarbons, affecting water quality | state agencies Water Act and pollution
microplastics and biodiversity control regulations

Table 1 provides an overview of the application of biosensors in U.S. national marine pollution monitoring programs. It
highlights three key regions: the Gulf of Mexico, the Great Lakes, and national coverage across various U.S. waters. For
each region, the table lists the primary pollutants detected, such as hydrocarbons from offshore drilling, nutrients from
agricultural runoff, and general pollutants like heavy metals and microplastics. It also details the environmental threats
these pollutants pose, the involvement of agencies like the NOAA and EPA, and the benefits of using biosensors, such as
early detection, rapid response, and compliance with environmental regulations. The table emphasizes how biosensors
are crucial tools for safeguarding U.S. marine ecosystems.

3.1. Private Sector and Academic Contributions

In addition to government-led initiatives, the private sector and academic institutions have played a pivotal role in
advancing the development and application of biosensors for marine pollution monitoring in the USA. Many private
companies specializing in environmental technology have developed innovative biosensor solutions tailored for specific
pollutants, such as heavy metals, oil spills, and microplastics (Idoko, Danso, Olala, et al., 2024). These companies often
collaborate with research institutions to enhance the functionality of biosensors, incorporating new technologies like
nanomaterials and artificial intelligence to improve sensitivity and detection capabilities (Idoko, Igbede, et al., 2024).

For example, private sector firms in the U.S. have developed biosensors designed to detect hydrocarbon pollution in
offshore drilling sites, significantly improving the response times to oil spills. By integrating biosensors with remote
monitoring systems, companies can track pollution levels in real-time and take immediate action to prevent
environmental damage (Kroger, Piletsky, & Turner, 2002). The private sector’s contribution extends beyond the
development of biosensors to their deployment in practical, high-risk environments, where rapid detection of pollutants
is critical to minimizing ecological damage.

Academic institutions have been equally instrumental in the development and testing of new biosensor technologies.
Universities and research centers across the U.S. have pioneered the use of DNA-based biosensors for detecting genetic
changes in marine organisms exposed to toxins and pollutants (Idoko, ljiga, Harry, et al., 2024). These biosensors not
only monitor the presence of pollutants but also provide insights into the biological effects of contamination on marine
life, offering a more comprehensive understanding of marine ecosystem health. Academic research has also led to the
advancement of multi-target biosensors capable of detecting multiple pollutants simultaneously, significantly
enhancing the scope and efficiency of marine pollution monitoring (Idoko, ljiga, et al., 2024).

Moreover, collaborations between the private sector and academia have fostered the development of pilot projects and

field trials that test the efficacy of biosensors in real-world conditions. For instance, universities often collaborate with
environmental consulting firms to conduct large-scale monitoring programs in regions prone to industrial pollution,
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such as the Gulf of Mexico and California’s coastal waters (Idoko, Danso, et al., 2024). These partnerships have proven
crucial in refining biosensor technology, making it more adaptable to diverse marine environments and enhancing its
reliability as a tool for continuous pollution monitoring.

The combined efforts of the private sector and academic institutions have contributed significantly to the progress of
biosensor technologies. Together, they have accelerated the adoption of these tools in national pollution control
strategies, ensuring that the U.S. remains at the forefront of marine pollution monitoring and environmental protection.

Private Firms Research Institutions

N~

Collaborations

l

Innovation in Biosensors

Jes—

Government Bodies Field Trials and Testing Deployment in Marine Environments

Policy Support and Funding

Figure 4 Collaborative Network for Biosensor Development and Deployment in Marine Pollution Monitoring

Figure 4 illustrates the interconnected roles of private firms, research institutions, and government bodies in advancing
biosensor technology. Private firms and research institutions collaborate to drive innovation, leading to the
development and deployment of biosensors in marine environments. Government bodies provide policy support and
funding, ensuring that field trials and practical applications of biosensors align with national environmental goals. This
network emphasizes how these entities work together to enhance biosensor capabilities for real-time pollution
monitoring and environmental protection.

3.2. Successes and Limitations

The use of biosensors in marine pollution monitoring in the USA has yielded several notable successes, particularly in
their ability to provide real-time data and early detection of pollutants. In regions such as the Gulf of Mexico, biosensors
have played a crucial role in detecting oil spills and hydrocarbon pollutants, allowing for quicker response times and
reducing the overall environmental impact (Idoko, Danso, Olala, et al., 2024). The integration of biosensors with
wireless communication systems has enabled continuous monitoring in remote and offshore areas, enhancing the
capability of environmental agencies to respond effectively to pollution incidents (Kroger, Piletsky, & Turner, 2002).
Similarly, the deployment of biosensors in freshwater ecosystems, such as the Great Lakes, has proven successful in
monitoring nutrient levels, particularly nitrates and phosphates, which contribute to harmful algal blooms (Idoko,
Igbede, et al.,, 2024).

Despite these achievements, the implementation of biosensors in marine environments faces several limitations. One
of the primary challenges is the durability and stability of biosensors in harsh marine conditions, where factors such as
salinity, temperature fluctuations, and biofouling can affect sensor performance (Idoko, ljiga, Harry, et al,, 2024).
Ensuring that biosensors remain functional for extended periods without frequent maintenance is critical for their
continued success in large-scale monitoring programs. Research is ongoing to improve the robustness of biosensors,
particularly through the use of nanomaterials that enhance sensor longevity and resilience (Idoko, ljiga, et al., 2024).

Another limitation lies in the sensitivity and selectivity of biosensors when exposed to complex mixtures of pollutants.
While biosensors are highly effective in detecting specific contaminants such as heavy metals or hydrocarbons, their
performance can be compromised in environments where multiple pollutants are present (Idoko, Danso, et al,, 2024).
Cross-reactivity between pollutants may lead to false positives or inaccurate readings, necessitating the development
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of more sophisticated biosensor systems capable of detecting multiple targets simultaneously with high accuracy
(Idoko, Igbede, et al., 2024).

Additionally, the cost of deploying and maintaining biosensor networks can be prohibitive, especially in large-scale
monitoring programs. While the technology has become more affordable over time, the initial investment required for
installing biosensor networks, coupled with ongoing maintenance costs, can limit widespread adoption (Idoko, Ijiga,
Harry, et al., 2024). Efforts to reduce these costs, such as through public-private partnerships and the development of
more cost-efficient biosensor designs, are essential to overcoming these barriers.

While biosensors have brought significant advancements to marine pollution monitoring in the USA, addressing their
technical limitations and cost challenges will be critical to their future success. Continued research and development,
alongside greater collaboration between government, academia, and the private sector, will be key to optimizing the
use of biosensors in protecting marine environments.

Table 4 Five-Column Overview of Successes and Limitations of Biosensors in Marine Pollution Monitoring

Aspect Success/ Pollutants Challenge/ Advantage | Solution/
Limitation | Monitored Recommendation
Real-Time Data and | Success Heavy metals, | Early  detection of | Continued deployment for
Early Detection hydrocarbons pollutants allows for | early response efforts.
quicker responses.
Wireless Success Hydrocarbons, Continuous monitoring | Increased adoption of
Communication and various pollutants in remote areas | wireless-enabled
Remote Monitoring enhances response | biosensors.
capabilities.
Freshwater Success Nitrates, phosphates | Helps prevent harmful | Expand usage in
Ecosystem algal blooms in | vulnerable freshwater
Monitoring freshwater ecosystems. | areas.
Durability and | Limitation General pollutants | Harsh  environments | Develop robust
Stability in Marine (e.g, heavy metals, | affect biosensor | biosensors with enhanced
Conditions hydrocarbons) performance materials.
(biofouling, salinity,
etc.).
Sensitivity and | Limitation Multiple pollutants | Cross-reactivity leads | Improve biosensor
Selectivity in Complex in complex mixtures | to false positives in | accuracy for  multi-
Pollutant Mixtures complex environments. | pollutant detection.
Cost of Deployment | Limitation General pollutants | High installation and | Encourage cost-effective
and Maintenance (cost related to all | maintenance costs limit | designs and  public-
types) large-scale adoption. private partnerships.

Table 4 provides a detailed overview of the successes and limitations of biosensors in marine pollution monitoring,
organized into five columns. It covers key aspects such as real-time data and early detection, wireless communication,
and freshwater ecosystem monitoring, which have proven successful in enhancing response capabilities. The table also
addresses limitations like biosensor durability in harsh marine environments, sensitivity issues in detecting complex
pollutant mixtures, and the high costs of deployment and maintenance. Each aspect highlights the pollutants monitored,
the challenges or advantages presented, and recommendations for overcoming limitations or enhancing successes.

4. Technical Challenges

Despite the significant advancements in biosensor technology, several technical challenges hinder the widespread
adoption and long-term effectiveness of biosensors in marine pollution monitoring. One of the primary issues is the
durability of biosensors when deployed in harsh marine environments. Factors such as high salinity, temperature
fluctuations, and biofouling can degrade biosensor components, leading to decreased sensitivity and operational life
(Idoko, ljiga, Harry, et al., 2024). Biofouling, the accumulation of microorganisms, plants, and algae on sensor surfaces,
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is particularly problematic in marine settings, as it can obscure the biosensor’s sensing elements, reducing its accuracy
and requiring frequent maintenance (Kroger, Piletsky, & Turner, 2002).

Another significant technical challenge lies in the sensitivity and selectivity of biosensors. While biosensors are designed
to detect specific pollutants, such as heavy metals or hydrocarbons, the complex nature of marine environments—
where multiple pollutants often coexist—can lead to issues with cross-reactivity. Cross-reactivity occurs when the
biosensor interacts with non-target substances, resulting in false positives or inaccurate readings (Idoko, Danso, Olala,
et al., 2024). This is particularly problematic in regions such as the Gulf of Mexico, where industrial, agricultural, and
urban pollutants converge, complicating the detection and differentiation of specific contaminants (Idoko, Igbede, et al,,
2024).

The accuracy of biosensors is also affected by the temporal and spatial variability of pollutants in marine environments.
For instance, pollutant concentrations can fluctuate rapidly depending on water currents, tides, and weather conditions,
which makes it difficult for biosensors to consistently detect and monitor pollutants over time (Idoko, Ijiga, et al., 2024).
Ensuring that biosensors are able to provide reliable, real-time data under these dynamic conditions remains a key
technical challenge for researchers and environmental managers.

Another challenge is the limited operational life of biosensors. Most biosensors rely on biological elements, such as
enzymes or antibodies, which can degrade over time, particularly in the harsh conditions of marine ecosystems. This
degradation reduces the sensor’s ability to detect pollutants accurately over extended periods, necessitating frequent
replacement or recalibration (Idoko, Danso, et al., 2024). Research into more durable biological elements and materials,
such as synthetic receptors or nanomaterial-based sensors, is ongoing to address these limitations (Kroger et al., 2002).

Finally, the integration of biosensors into large-scale environmental monitoring systems poses a significant challenge.
While biosensors are highly effective at detecting specific pollutants in localized areas, scaling their use to cover large
marine areas requires significant resources, including the installation of multiple sensors, data integration systems, and
continuous maintenance efforts (Idoko, et al, 2024; Neuman, 1970). The high costs and logistical complexity of
implementing and maintaining widespread biosensor networks are barriers to their broader adoption in national
monitoring programs.

While biosensors offer significant promise in marine pollution monitoring, addressing these technical challenges is
essential for their long-term success. Ongoing research into improving biosensor durability, sensitivity, and scalability

will be critical in overcoming these limitations and enhancing their effectiveness in protecting marine ecosystems.

Table 5 Key Technical Challenges and Solutions in Biosensor Technology for Marine Pollution Monitoring

lifespan.

and calibration.

Challenge Description Impact Current Recommendation
Solutions/Research
Durability  in | Biosensor components | Decreased Research into | Develop more robust
Harsh Marine | degrade due to high | sensitivity, nanomaterials and | materials for marine
Environments salinity, temperature | requiring synthetic receptors to | conditions.
changes, and biofouling, | frequent enhance durability.
affecting sensitivity and | maintenance

Sensitivity and | Cross-reactivity occurs in | Reduced Development of more | Increase specificity of
Selectivity complex environments | accuracy in | selective biosensor | biosensors to reduce
where multiple | detecting systems to minimize | false positives.
pollutants coexist, | specific cross-reactivity.
leading to false positives | pollutants in
or inaccurate readings. mixed
environments.
Temporal and | Pollutant levels fluctuate | Inconsistent Improvement in real- | Adapt sensors to
Spatial rapidly, making it | real-time data | time data processing to | handle fluctuations in
Variability difficult for biosensors to | due to | account for | pollutant levels.
consistently detect and | changing environmental
monitor over time. environmental | variability.
conditions.
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Limited Biological elements like | Frequent Research into more | Enhance durability of
Operational enzymes and antibodies | sensor durable biological and | sensor elements for
Life degrade in harsh | replacement or | synthetic sensor | longer operational life.
conditions, reducing | recalibration components.
detection accuracy over | needed,
time. increasing
costs.
Scaling for | Scaling biosensors to | High logistical | Efforts to reduce costs | Streamline scaling
Large-Scale cover large marine areas | complexity and | and simplify | efforts with public-
Monitoring requires significant | costs limit | maintenance through | private  partnerships
resources, with high | widespread innovative designs. and cost-efficient
costs for installation, | adoption. designs.
maintenance, and data
integration.

Table 5 provides a summary of the key technical challenges faced by biosensors in marine pollution monitoring. It
highlights five main challenges: durability in harsh marine environments, sensitivity and selectivity in complex
pollutant mixtures, handling temporal and spatial variability of pollutants, limited operational life of biosensors, and
scaling for large-scale monitoring. Each challenge is accompanied by its impact on biosensor performance, current
research solutions, and recommendations for improvement. The table underscores the need for more robust materials,
better sensitivity, improved real-time data handling, and cost-effective designs to ensure biosensors remain effective in
monitoring and protecting marine ecosystems.

4.1. Data Interpretation and Accuracy

The accurate interpretation of data collected by biosensors is critical to their effectiveness in marine pollution
monitoring. One of the major challenges in biosensor technology is ensuring that the data collected is both accurate and
reliable, particularly in the complex and variable conditions of marine environments. The presence of multiple
pollutants, dynamic water currents, and fluctuating environmental factors can complicate the interpretation of
biosensor data, leading to potential inaccuracies or false readings (Idoko, ljiga, Harry, et al.,, 2024). These issues
underscore the importance of developing sophisticated data interpretation systems that can account for these variables
and provide accurate assessments of pollution levels.

Marine environments are inherently complex, and pollutants can interact with each other in ways that affect biosensor
readings. For example, the co-occurrence of heavy metals and organic pollutants in the same water body can result in
cross-reactivity, where the biosensor mistakenly detects one pollutant as another, leading to inaccurate data (Idoko,
Danso, Olala, et al, 2024). To address this, researchers are developing biosensors with enhanced specificity and
selectivity, designed to accurately differentiate between multiple contaminants even in the presence of complex
mixtures. This is particularly important in regions like the Gulf of Mexico, where industrial runoff and oil spills introduce
a wide variety of pollutants into the marine ecosystem (Idoko, Igbede, et al., 2024).

Another significant challenge in data interpretation is the temporal variability of pollutant concentrations in marine
environments. Pollution levels can fluctuate significantly due to changes in tidal movements, water temperature, and
seasonal weather patterns, making it difficult to obtain consistent readings from biosensors (Idoko, ljiga, et al., 2024).
For instance, a biosensor deployed in coastal waters might detect high levels of pollutants during periods of heavy rain,
but lower levels during dry weather, leading to potential misinterpretations of long-term pollution trends. To mitigate
this, advanced data analytics tools, including artificial intelligence (AlI) and machine learning algorithms, are being
integrated into biosensor systems. These tools help to process large datasets and identify patterns that may not be
immediately apparent, allowing for more accurate assessments of pollution levels over time (Kroger, Piletsky, & Turner,
2002; Idoko, et al., 2024).

Moreover, ensuring the accuracy of biosensor data requires rigorous calibration and quality control measures.
Biosensors must be regularly calibrated to maintain their sensitivity and precision, particularly when exposed to
varying environmental conditions (Idoko, Danso, et al., 2024). Inadequate calibration can lead to drift, where the
sensor’s accuracy degrades over time, resulting in erroneous data that could mislead environmental monitoring efforts.
Implementing robust calibration protocols and quality assurance systems is essential for ensuring that biosensor data
remains reliable and can be used to inform pollution management strategies (Idoko, et al., 2024; Manuel, et al., 2024).
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While biosensors offer immense potential for real-time marine pollution monitoring, the accurate interpretation of their
data remains a challenge. Addressing issues of cross-reactivity, temporal variability, and calibration will be key to
improving the reliability and accuracy of biosensor data. The integration of advanced analytics and Al-driven tools will
further enhance the ability to interpret complex data and make informed decisions for marine environmental
protection.

Data Collected by Biosensors
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Figure 5 Ensuring Data Accuracy in Marine Pollution Monitoring with Biosensors

Figure 5 outlines the key steps in interpreting biosensor data to ensure reliability. The process begins with data
collection by biosensors, followed by an accuracy check. If the data is deemed accurate, it moves to reliable data storage;
if not, challenges such as cross-reactivity (where pollutants interfere with sensor readings) and temporal variability of
pollutants are addressed. Advanced Al-driven tools are then applied to interpret complex data patterns, while regular
calibration and quality control are essential to avoid sensor drift. Ultimately, the integration of Al and robust calibration
ensures accurate pollution assessments.

4.2. Regulatory and Operational Challenges

While biosensor technology holds immense promise for enhancing marine pollution monitoring, several regulatory and
operational challenges hinder its widespread implementation in the USA. One of the primary obstacles is the lack of a
comprehensive regulatory framework that specifically governs the deployment and usage of biosensors in
environmental monitoring. Although various environmental laws, such as the Clean Water Act, provide guidelines for
water quality monitoring, there is currently no dedicated regulatory standard for the calibration, validation, and
widespread deployment of biosensors in marine ecosystems (Idoko, Danso, Olala, et al., 2024). This regulatory gap
creates uncertainty for government agencies and private entities that wish to integrate biosensors into national
monitoring programs, limiting the technology’s potential for broader application (Idoko, ljiga, Harry, et al., 2024).
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Operationally, the cost of biosensor deployment and maintenance poses a significant barrier to widespread adoption.
While the initial investment in biosensor technology has decreased over time due to advancements in materials and
manufacturing processes, the ongoing costs associated with maintenance, calibration, and data management remain
substantial (Idoko, Igbede, et al., 2024). Biosensors require regular calibration to maintain accuracy, and in marine
environments where conditions are constantly changing, this can lead to frequent downtime and increased operational
costs (Kroger, Piletsky, & Turner, 2002; Boyle, 1985; Idoko, et al., 2024). Moreover, the logistical challenges of deploying
biosensors in remote or offshore locations, where pollution is often most concentrated, further complicate their use.
Transporting and maintaining biosensor networks in such areas requires significant infrastructure and resources,
which can be a deterrent for smaller agencies or companies (Idoko, Danso, et al., 2024).

Another operational challenge is the integration of biosensors into existing environmental monitoring frameworks.
While biosensors offer real-time data collection capabilities, many existing monitoring systems rely on traditional
methods such as laboratory-based testing, which can create compatibility issues (Idoko, ljiga, et al., 2024). Transitioning
from conventional sampling techniques to biosensor-based systems requires substantial investment in both technology
and training for personnel to ensure that the data generated by biosensors is appropriately analyzed and integrated
into decision-making processes (Idoko, Danso, Olala, et al,, 2024). Furthermore, ensuring that the data collected by
biosensors is harmonized with other monitoring technologies, such as satellite imaging and remote sensing, is critical
for creating a comprehensive and effective pollution monitoring network (Idoko, ljiga, et al., 2024).

Additionally, regulatory approval processes for new biosensor technologies can be lengthy and complex. Before
biosensors can be deployed on a large scale, they must undergo rigorous testing and validation to ensure their accuracy
and reliability in detecting pollutants. This process can be time-consuming, particularly for emerging biosensor
technologies that incorporate novel detection methods, such as nanomaterials or biohybrid sensors (Idoko, et al., 2024).
Delays in regulatory approval can hinder the rapid deployment of cutting-edge biosensor systems, especially in regions
where pollution incidents require immediate response (Kroger et al., 2002; Kennish, 2017; Ijiga, et al., 2024; Idoko, et
al., 2024).

While biosensors offer transformative potential for marine pollution monitoring, addressing the regulatory and
operational challenges associated with their deployment is crucial for maximizing their impact. Establishing clearer
regulatory frameworks, reducing operational costs, and enhancing system integration will be key to overcoming these
barriers and ensuring that biosensors become a central tool in safeguarding marine ecosystems.

5. Innovative Approaches and Emerging Technologies

The continuous evolution of biosensor technology for marine pollution monitoring has been driven by innovative
approaches and emerging technologies. One of the most promising areas of advancement is the incorporation of
nanomaterials into biosensors. Nanotechnology has revolutionized the design and performance of biosensors by
enhancing their sensitivity and reducing detection limits. For example, the use of gold nanoparticles and carbon
nanotubes has improved the surface area and conductivity of biosensors, enabling them to detect even trace amounts
of pollutants, such as heavy metals and hydrocarbons, in marine environments (Idoko, et al., 2024). These innovations
are particularly important for early detection of pollution, allowing for timely intervention and mitigation (Kréger,
Piletsky, & Turner, 2002; Idoko, et al., 2024).).

Another emerging trend is the integration of biosensors with artificial intelligence (AI) and machine learning. Al
algorithms can process large datasets generated by biosensors, identify patterns in pollution levels, and predict future
pollution events with greater accuracy. This predictive capability is especially valuable for managing pollution in
dynamic marine environments, where real-time data alone may not be sufficient to anticipate sudden changes in
pollution concentrations (Idoko, et al, 2024). Al-enhanced biosensor networks, combined with machine learning
models, can continuously learn from historical data, improving their predictive power over time (Hardy, 1971; Idoko,
etal,, 2024).

Furthermore, the Internet of Things (IoT) is playing a critical role in transforming biosensor applications in marine
pollution monitoring. IoT-enabled biosensors can communicate with one another and with central monitoring stations
in real time, creating a connected network of sensors that provide comprehensive coverage of marine ecosystems. This
networked approach allows for more efficient data collection and integration, reducing the need for manual sampling
and enabling more responsive pollution control measures (Idoko, et al., 2024). For instance, loT-based biosensor
networks have been successfully deployed in coastal areas of the USA, where they monitor nutrient levels and detect
harmful algal blooms, helping to protect marine biodiversity and coastal economies (Idoko, Danso, et al., 2024).
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In addition to these advancements, biohybrid sensors—biosensors that incorporate living organisms or biological
components with synthetic elements—are emerging as a cutting-edge solution for pollution monitoring. Biohybrid
sensors can detect subtle changes in environmental conditions by harnessing the natural responsiveness of biological
organisms to pollutants (Idoko, et al.,, 2024; Ijiga, et al., 2024; Timagenis, 1980). These sensors provide a more holistic
understanding of the biological impacts of pollution on marine ecosystems, offering a new frontier in biosensor
technology.

The integration of biosensors with drones and satellite systems further enhances their utility in large-scale marine
pollution monitoring. Drones equipped with biosensors can quickly cover vast areas of ocean or coastal waters,
collecting data from regions that are difficult or expensive to access by traditional means. Satellite-linked biosensors
offer continuous, real-time monitoring of remote marine environments, providing critical data for both research and
policy-making (Kroger et al., 2002; Kirk, 2015; Idoko, et al., 2024).

The future of biosensor technology lies in the seamless integration of innovative materials, Al, 10T, biohybrid systems,
and advanced data collection methods. These emerging technologies will significantly enhance the ability to monitor
marine pollution in real time, improving the precision and efficiency of pollution control strategies and safeguarding
marine ecosystems for future generations.

5.1. Recommendations for Policy and Practice

To maximize the potential of biosensor technology in marine pollution monitoring, several policy and practical
recommendations need to be considered. Firstly, there is a need for a comprehensive regulatory framework that
specifically addresses the use and deployment of biosensors for environmental monitoring. Although biosensors have
proven to be highly effective in detecting pollutants like heavy metals, hydrocarbons, and microplastics, their
widespread adoption is limited by regulatory gaps, particularly in calibration standards and validation protocols (Idoko,
Danso, Olala, et al.,, 2024). Establishing national guidelines that provide clear specifications for biosensor use will ensure
greater consistency and reliability in pollution data collection, enabling more robust enforcement of environmental laws
such as the Clean Water Act (Idoko, et al., 2024).

Moreover, fostering public-private partnerships is crucial to overcoming the financial and logistical barriers to
widespread biosensor deployment. Government agencies such as the National Oceanic and Atmospheric Administration
(NOAA) and the Environmental Protection Agency (EPA) should collaborate more closely with private sector companies
and academic institutions to share costs, knowledge, and technological expertise (Idoko, Igbede, et al., 2024; Benjamin
et. al,, 2024). These partnerships could facilitate the development and scaling of biosensor networks, particularly in
high-risk areas like the Gulf of Mexico and other coastal regions vulnerable to pollution from industrial activities (Idoko,
Danso, et al., 2024).

Another key recommendation is to invest in the continuous research and development (R&D) of biosensor technologies.
While significant progress has been made in biosensor sensitivity and specificity, there are still technical challenges
related to their durability and accuracy in fluctuating marine environments (Idoko, ljiga, et al., 2024). Policymakers
should prioritize funding for R&D initiatives aimed at improving biosensor robustness, especially in the development
of new materials such as nanocomposites and biohybrid sensors that can withstand the harsh conditions of marine
ecosystems (Kroger, Piletsky, & Turner, 2002). Furthermore, research should focus on enhancing the integration of
biosensors with artificial intelligence (Al) and machine learning models to improve data interpretation and predictive
capabilities (Idoko, ljiga, et al., 2024).

Additionally, training and capacity-building programs are essential for ensuring that personnel involved in
environmental monitoring are equipped to operate and maintain biosensor systems. Effective biosensor deployment
requires a skilled workforce capable of not only installing and calibrating these devices but also interpreting the
complex data they generate (Idoko, Danso, et al,, 2024). Educational institutions and government agencies should work
together to develop specialized training programs focused on biosensor technology, data analytics, and environmental
management. This will ensure that biosensors are used to their full potential in marine pollution control efforts (Idoko,
et al,, 2024; Siung-Chang, 1997; ljiga, et al.,, 2024).

Finally, there should be a focus on enhancing data-sharing platforms that allow for the integration of biosensor data
with other environmental monitoring systems. By establishing centralized databases where pollution data from
biosensors, satellites, and other monitoring technologies can be collected, analyzed, and shared in real-time,
policymakers and environmental managers can make more informed decisions (Idoko, et al., 2024; ljiga, et al., 2024).
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This collaborative approach will lead to more effective responses to pollution incidents, improved compliance with
environmental regulations, and stronger overall protection of marine ecosystems.

The successful integration of biosensor technology into marine pollution monitoring frameworks requires not only
technological advancements but also strong regulatory, financial, and educational support. By addressing these policy
and practical challenges, biosensors can become a cornerstone of environmental management, safeguarding marine
environments for future generations.

6. Conclusion

Biosensor technology has emerged as a powerful tool in the fight against marine pollution, offering real-time, accurate
detection of a wide range of pollutants, including heavy metals, hydrocarbons, and microplastics. These advancements
have enabled both governmental and private entities to respond more quickly and effectively to pollution incidents,
improving the overall protection of marine ecosystems. However, the full potential of biosensors has yet to be realized
due to several challenges, including technical limitations, regulatory gaps, and operational costs.

To overcome these barriers, it is essential to establish clearer regulatory frameworks that specifically address the
deployment and calibration of biosensors. Collaboration between government agencies, private companies, and
academic institutions will also be crucial in advancing biosensor technologies and reducing the financial and logistical
burdens associated with their widespread implementation. Additionally, continued research into materials, Al
integration, and data management will enhance the durability, accuracy, and scalability of biosensor systems.

By addressing these challenges, biosensors can become an integral part of marine pollution control strategies, providing
a robust and reliable method for monitoring and mitigating the harmful effects of pollution on marine ecosystems. As
innovation continues and practical hurdles are overcome, biosensors have the potential to transform the way marine
pollution is managed, ensuring a cleaner and more sustainable future for our oceans.
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