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Abstract

Intensive aquaculture systems depend on stable water quality, yet toxic contamination and trace
pollutants can remain undetected until stress responses or disease outbreaks become visible.
Conventional probes measure parameters such as dissolved oxygen, pH, temperature, and
salinity, but they may not provide early warning for contaminants that disrupt biological
activity without immediately altering routine water quality readings. Bioluminescent
biosensors offer a complementary monitoring approach by converting toxic stress into
measurable changes in light output. These systems use light-producing biological components
such as enzymes or engineered microbial cells, where luminescence intensity shifts in response
to harmful substances. Bioluminescence occurs widely in nature, from bacteria to marine
organisms such as jellyfish and cephalopods, showing that light emission is a functional
biological response rather than a visual phenomenon alone. In biosensing applications,
detection is commonly described as “light-off” or “light-on,” depending on whether
contaminants suppress or stimulate luminescence, improving sensitivity and response clarity.
Practical advances include bacterial biosensors for heavy metal monitoring, smartphone-based
cadmium detection assays, and portable paper-based platforms combined with artificial
intelligence for water toxicity assessment. Overall, bioluminescent biosensors provide a rapid
and field-adaptable early-warning layer for intensive aquaculture water safety, complementing
existing monitoring tools and supporting faster farm decisions.
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Introduction

Sensors can measure oxygen, pH and temperature, but what about toxicity that doesn’t
show up immediately. Disease is not a single-day event, it is the result of cumulative effects of
rising load in the system. Bioluminescent biosensors introduce a new approach for intensive
aquaculture system wherein living light reacts to the contamination, giving farmers early
warnings alongside existing monitoring tools. In aquaculture, water quality is the central factor
that maintains the system balance. Modern aquaculture systems demand rapid and sensitive
monitoring approaches that function as early warning systems (Kirillova et al., 2025;

Kannappan & Ramisetty, 2022). As scientists began understanding how bioluminescence
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functions at the cellular and molecular level, they realized an important principle: the intensity
and behavior of light can change when the system experiences stress or toxic exposure.
This insight laid the foundation for the development of bioluminescent biosensors, where
living cells or luminescent enzymes are used to detect harmful substances through changes in
light output (Kirillova et al., 2025). Bioluminescent biosensors offer a promising approach by
using light-producing biological systems, such as enzymes or engineered microbial cells, to
respond to toxic stress. When contaminants interfere with normal biological activity, the
intensity of emitted light changes, transforming hidden water quality threats into measurable
signals (Kirillova et al., 2025). Since microbial bioluminescence is increasingly recognized for
pollution monitoring applications, this concept is relevant not only for aquaculture biosecurity
but also for broader aquatic environmental protection (Bhomkar & Naik, 2025).
Bioluminescence in Nature: The Science Behind Living Light

Bioluminescence is the ability of living organisms to produce light through natural
biochemical reactions. This “living light” is not limited to one group—it occurs across a wide
range of organisms in both marine and terrestrial ecosystems. Some of the smallest light
producers are bioluminescent bacteria, which can glow continuously under suitable
conditions and are widely used as the foundation for biosensor development because their light
output is measurable and sensitive to toxic stress (Kirillova et al., 2025; Yang et al., 2025). In
the oceans, bioluminescence is also seen in dinoflagellates and in organisms such as jellyfish
which use light for defense and communication. Natural bioluminescence is also present in
various marine animals, including cephalopods like squids and seaurchins, where light-related
traits show strong biodiversity and ecological patterns (Otjacques et al., 2023). On land,
fireflies remain one of the best-known examples of bioluminescence and have inspired the
development of luminescent enzyme systems used in research and sensing. Even fungal
systems, Neonothopanus gardneri have been explored for bioluminescent mechanisms,
showing how diverse nature’s light-emitting strategies can be (England et al., 2016). Across all
these organisms, a key point remains the same: light is not just for beauty—it is a biological
response. That is why bioluminescence is now being adapted into biosensing technologies,
where changes in glow can signal stress, toxicity, or contamination in water environments.
Bioluminescent Biosensors: Light Becomes a Measurable Signal A biosensor is simply a
system that uses a biological component to detect changes in the environment and convert them
into a measurable output. In bioluminescent biosensors, when a light-producing biological
system is healthy and stable, it emits a steady glow; when that system is disturbed by

contaminants, the glow changes. This allows invisible toxicity to become visible and
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measurable in real time (Kirillova et al., 2025). Bioluminescent biosensing can be built using
enzyme-based systems (where specific enzymes generate light) or whole-cell systems, where
living microorganisms are engineered to respond to certain stressors (Kirillova et al., 2025;
Kannappan & Ramisetty, 2022). This approach is particularly useful in aquaculture monitoring,
because many contaminants may not produce immediate changes in basic water parameters
such as pH or temperature. Yet, they can still disrupt biological activity at very low
concentrations. Since bioluminescent signals are directly linked to metabolic performance, they
often respond quickly when toxic exposure occurs supporting faster decisions and preventive

action (Kirillova et al., 2025).
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Figure 1 : Working of Bacterial Bioluminescence ( Bhomkar et al., 2025)

Whole-Cell Biosensors: Microbes as Real-Time Environmental Responders

Among different biosensing formats, engineered whole-cell biosensors are especially
attractive for real water monitoring because they use living microbial cells that respond
naturally to environmental stress. In this method, bacteria are designed so that their
luminescence changes when they detect a target substance such as a heavy metal or toxic
compound. This makes the cell itself act like a small biological testing unit (Kannappan &
Ramisetty, 2022). One major advantage of whole-cell biosensors is that they do not just detect
the presence of a chemical—they provide information related to its biological impact. In other
words, they respond based on how harmful the substance is to cellular function, which can be
more meaningful for aquaculture than chemical concentration alone. Whole-cell biosensors are
therefore considered valuable for environmental monitoring because they can operate under
real-world conditions where water contains mixed contaminants and variable quality
(Kannappan & Ramisetty, 2022). In intensive aquaculture systems, whole-cell bioluminescent

biosensors could act as rapid screening tools for intake water, tank water, or discharge
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monitoring. Their ability to respond quickly to stress makes them suitable for early detection
applications, especially when used alongside standard sensors and farm management routines
(Kirillova et al., 2025).
Light-Off and Light-On Biosensors: Two Detection Modes, One Goal

Bioluminescent biosensors generally operate in two main response modes: light-off and
light-on. In a light-off biosensor, the organism produces light under normal conditions, but
when a toxicant is present, the light intensity decreases. This reduction happens because
contaminants disturb metabolism, damage cellular processes, or interfere with the biochemical
pathways responsible for light production. Light-off systems are therefore useful for identifying
general toxicity and water quality stress (Kirillova et al., 2025). In contrast, light-on biosensors
are designed so that exposure to a specific substance triggers an increase in light. This can
happen when a contaminant activates a particular genetic or biochemical pathway, leading to
enhanced luminescence output. Light-on responses are especially useful when a highly targeted
detection signal is needed. Recent research highlights the value of using collaborative light-
off and light-on bacterial luciferase biosensors, which strengthens detection efficiency and
supports rapid contaminant identification (Yang et al., 2025). This combination approach can
reduce uncertainty because it improves signal interpretation, making biosensors more practical
for real-world applications.
Bioluminescent Biosensors in Action : Real world examples

One well-established approach is the use of bioluminescent bacterial biosensors to
monitor heavy metal stress in water. For instance, bacterial luminescence-based monitoring has
been applied to detect toxic effects of chromium, where changes in light output provide a
measurable indication of pollution impact (Thacharodi et al., 2019). This is useful because
heavy metal exposure can harm aquatic organisms even at low levels, and early warning is
critical in intensive culture systems. Recent research has also moved biosensing toward
portable, farmer-friendly formats. CadmiLume is an example of a smartphone-based
bioluminescence assay designed for detecting cadmium and related heavy metal stress in water,
supporting faster screening outside traditional laboratories (Viviani et al., 2025). Along similar
lines, paper-based smartphone biosensors combined with artificial intelligence have been
developed for broader water toxicity monitoring, aiming to make field testing more sustainable
and accessible (Nazir et al., 2025). Together, these examples show that bioluminescent
biosensors are evolving from laboratory concepts into real-world tools that can support rapid
decision-making for water safety, especially in systems where time-sensitive action prevents

losses.
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Figure 2 : Development of Bacterial Bioluminescent Biosensor ( Thacharodi et al., 2019 )
Bioluminescence Detection Beyond the Laboratory with smartphone integration

Once smartphones become part of the biosensing workflow, bioluminescence
monitoring shifts from a lab-based process to a field-ready strategy. Mobile platforms support
rapid checking of water samples, making them useful for intensive aquaculture facilities where
early warning is essential. Instead of sending samples for delayed analysis, farm technicians
can potentially use portable detection to screen for contamination trends and respond quickly.
Smartphone-based bioluminescence applications are especially relevant for toxic contaminants
such as heavy metals, because these compounds may not create an immediate change in routine
water parameters but still cause biological stress. Importantly, smartphone integration does not
change the scientific principle—it improves accessibility. The biosensor still provides the light-
based response, but the phone makes the system easier to use in practice. This combination
strengthens the possibility of routine monitoring in aquaculture environments where quick
detection can prevent stock stress, reduce losses, and support safer water management (Roda

etal., 2014).
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Figure 3 : Smartphone based Bioluminescent Biosensor ( Nazir et al., 2025)

Publication Date: March 20, 2026

i

THI

317

a l S Il “T l{ ]Jl) \?&ff:ifc\i;f{t\}}i::lgistliworldmagazine.com
A MONTHLY MAGAZINE thefishworldmagazineindia@gmail.com


http://www.thefishworldmagazine.com/
mailto:thefishworldmagazineindia@gmail.com

CThe ~fish ¥ orid Magwaine Vol.3(03) March 2026, 313-320 Jeyaashriee et al

Suitability in Intensive Aquaculture Systems

Bioluminescent biosensors are best suited for aquaculture settings where water control
and sampling are already part of routine management. This makes intensive systems—such as
hatcheries, indoor tank-based farms, and recirculating aquaculture systems (RAS)—ideal
starting points for implementation. In such environments, operators frequently monitor water
parameters and can easily add rapid biosensor screening as an additional safety layer (Kirillova
et al., 2025). In intensive aquaculture, the production environment is highly sensitive because
animals are raised at high density under controlled conditions. When stress occurs, it often
spreads quickly through the system, affecting growth, immunity, and survival. The main
advantage of bioluminescent biosensors is that they can provide early warning signals,
helping detect toxicity stress before it becomes an emergency (Kirillova et al., 2025). This
matters because many harmful contaminants do not immediately affect common parameters
like temperature or salinity. Heavy metals and toxic pollutants may remain hidden while still
causing cellular damage. Bioluminescent systems respond directly at the biological level,
meaning their signal changes reflect actual stress impact, not just chemical presence
(Kannappan & Ramisetty, 2022). This biological sensitivity is valuable for decision-making,
especially in hatcheries and RAS where even minor contamination can affect delicate life
stages.
Limitations and Real-World Challenges
Although bioluminescent biosensors offer strong potential, real-world implementation must
consider practical limitations. First, biosensor signals can be influenced by environmental
factors such as temperature, salinity, turbidity, and background water chemistry. These
conditions may affect microbial activity or light emission, making calibration and validation
essential before field-scale adoption (Kirillova et al., 2025). In aquaculture, where water
characteristics can vary between farms and seasons, biosensors must be tested under local
operating conditions. Second, stability is a key challenge. Whole-cell biosensors rely on living
organisms, meaning their storage, shelf-life, and operational reliability require careful design.
Signal interpretation can also become complex if multiple contaminants are present, because
combined toxicity may produce mixed responses. This is why collaborative light-off and light-
on systems are being explored—to improve response clarity and detection reliability for
practical contaminant monitoring (Yang et al., 2025). Finally, biosensors should be viewed as
part of a monitoring toolkit, not a standalone solution. They provide rapid screening and early
warning, but confirmatory laboratory analysis may still be required for regulatory reporting

and detailed contaminant identification. Addressing these limitations through improved
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biosensor engineering, portable detection platforms, and stronger validation studies will
determine how widely bioluminescent biosensors can be adopted in intensive aquaculture

management (Kirillova et al., 2025; Yang et al., 2025).

Conclusion

Bioluminescent biosensors represent an innovative way to make water quality risks
visible through measurable changes in living light. By converting toxicity stress into light-
based signals, these tools support rapid screening, early warning, and faster decision-making—
especially in intensive aquaculture systems where delays can quickly lead to stock stress and
economic loss (Kirillova et al., 2025; Yang et al., 2025). Real-world developments such as
bacterial biosensors for heavy metal monitoring, smartphone-based detection tools, and Al-
supported platforms show that this technology is steadily moving toward practical use
(Thacharodi et al., 2019; Nazir et al., 2025; Viviani et al., 2025). Most importantly,
bioluminescent biosensors should not be viewed as replacements for conventional monitoring
instruments. Instead, they can serve as a powerful complementary early-warning layer,
strengthening existing aquaculture water quality management and helping farms move safely
from glow to growth.
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