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Polyvinyl chloride (PVC) is one of the most widely used plastics, accounting for 10% of global plastic production.
As PVC degrades, microplastics-small plastic particles less than 5 millimeters in length-are produced. These mi-
croplastics are increasingly recognized as an environmental and public health concern due to their widespread
presence and potential biological harm. Studies suggest that ingesting PVC microplastics may damage gut struc-
ture, promote carcinogenesis in humans, and induce in vitro toxicity in human pulmonary cells. Despite these
risks, the lack of medically relevant methods of detecting microplastic exposure limits our ability to fully un-
derstand the extent of microplastic exposure in humans. Current detection methods largely rely on physical or
chemical characterization techniques that are costly, time-consuming, and poorly suited for assessing biological
impact. In this project, we refine a proposal by students at Brookline High School to genetically engineer an E.
coli-based biosensor that produces a measurable visual signal in response to PVC microplastic exposure. The
design stems from the hypothesis that exposure to PVC induces oxidative stress in E. coli, leading to upregula-
tion of the OxyR regulatory pathway. By coupling this pathway with a luminescent reporter system, we aim to
establish a connection between the input of PVC and the output of luminescence, allowing us to determine the
feasibility and limitations of this biosensor as a practical PVC detection tool.
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HE global production and degradation of plastics
have led to the widespread accumulation of mi-
croplastics across ecosystems. Microplastics, defined
as plastic particles less than 5 millimeters long, orig-
inate from the breakdown of large plastic debris and
the direct release of small plastic particles from plastic
products (National Oceanic and Atmospheric Adminis-
tration, 2024). As a result, plastic pollution has widely
permeated ecological systems and is consistently de-
tected in freshwater and marine water systems, soil,
air, and food chains. Microplastics derived from PVC,
in particular, represent a significant concern due to
the high production volume and resistance to degra-
dation of PVC, which accounts for approximately 10%
of global plastic production (Kudzin et al., 2023).
In addition to their environmental persistence, re-
cent studies have demonstrated that microplastics are

biologically active particles. Microplastics have been
detected in human tissues, including within organs and
skeletal systems, suggesting that microplastic expo-
sure is widespread and may potentially lead to sys-
temic bioaccumulation (Roslan et al,, 2024; Yang et al.,
2025). Minimal microplastic exposure has been asso-
ciated with negative effects at the cellular level, such as
oxidative stress, inflammation, and toxicity across mul-
tiple organ systems (Banerjee & Shelver, 2021; Lee et
al,, 2023). This indicates that microplastics pose long-
term health risks, such as disease progression or tissue
dysfunction (Goswami et al., 2024).

However, current microplastic detection methods
are less accessible for routine use to assess biologically
relevant exposure. Techniques such as Raman imaging
and chemical analysis primarily focus on identifying
and confirming the presence of microplastics but do
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not assess the biological impacts and interactions with
living systems (Luo et al., 2023). Although these meth-
ods effectively confirm the presence of microplastics,
they are inaccessible due to the cost, time-intensive na-
ture, and requirement of specialized equipment. Fur-
thermore, they fail to highlight or provide insight into
the biological impact of microplastic exposure on hu-
mans at the cellular level.

To address the gap, researchers have begun explor-
ing alternative microbial-based biodetection methods.
Microbial biosensors, particularly sensors utilizing ge-
netically engineered bacteria, provide a promising ap-
proach for measuring biological outputs. These sys-
tems utilize natural cellular pathways that respond
to environmental stressors, enabling the detection of
contaminants through functional biological responses
rather than solely physical presence (Choi et al,, 2025;
American Chemical Society, 2025). By integrating en-
vironmental pressures with cellular response mecha-
nisms, biosensors have the potential to greatly impact
how microplastic exposure is monitored. Instead of re-
lying solely on detecting plastic particles, this biosen-
sor can provide insight into the biological effects of ex-
posure.

As microplastic pollution continues to increase,
there is a growing need for cost-effective and bi-
ologically meaningful detection tools. A biosensor
could be used in a clinical or diagnostic setting to de-
tect biomarkers of microplastic-induced cellular stress
once proper certification and validation are achieved.
This would enable real-time environmental monitor-
ing and improve the assessment of human exposure.
Additionally, these systems may contribute to regula-
tory efforts by providing more accurate data on expo-
sure risks, ultimately informing policy decisions and
mitigation strategies. Integrating biosensor technol-
ogy into clinical research could improve the under-
standing of how environmental pollutants impact hu-
man health outcomes and help guide the development
of targeted prevention and treatment strategies.

Systems level

To create our sensor, we would first insert our plas-
mid, containing the katG promoter, NanoLuc reporter,
pUC19 backbone, and ampicillin resistance marker,
into our E. coli using heat-shock methods.

PVC is hypothesized to induce oxidative stress in
E. coli by adhering to and disrupting the cell mem-
brane, since similar results are viewed upon exposure
to polystyrene microplastics. This oxidative stress up-
regulates the OxyR regulatory pathway. The activation
of OxyR will then activate the katG promoter which will
initiate NanoLuc expression.
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NanoLuc catalyzes
reaction of Furimazine
to Furimamide to
produce light

Transformed E. Coli
produces NanoLuc
protein

Figure 1. Overview of device: PVC interacts with E. coli
that has been transformed with our plasmid and is ex-
pected to activate oxidative stress signaling, therefore
producing the NanoLuc protein. NanoLuc then catalyzes
the reaction of Furimazine to Furimamide to produce
measurable light.

To test the sensor, we will then put the E. coli into a
cuvette containing furimazine, the substrate, and PVC.
In theory, the presence of PVC in the cuvette should in-
duce a pathway that leads to the transcription of the lu-
ciferase protein NanoLuc. This protein will then react
with the furimazine to create furimamide and lumines-
cence.

To determine whether or not the experiment yielded
promising results, we will analyze the sample using a
luminometer. If the experiment is successful, we will
have established that PVC induces oxidative stress in
E. coli. Verifying this hypothesis could allow us to aug-
ment a new sensor for measuring PVC in water, soil,
humans, and even air.

Since the output of the experiment is luminescence,
at this stage, the sensor will not be sufficient to in-
tegrate into clinical research to test PVC exposure in
humans. However, the current sensor has potential
for many applicable areas. The possibilities for the
technology could have several future applications. By
adapting the sensor to have a different output suitable
for the sample tested, the sensor could be very useful.

Device level

This biosensor device consists of an E. coli K12 chas-
sis containing a plasmid engineered with an oxida-
tive stress-sensing system coupled to aluminescent re-
porter module. We chose E. coli K12 as our chassis be-
cause our chosen promoter, katG, can be activated by
the increase in reactive oxygen species in E. coli caused
by PVC mentioned above (Jin etal., 2024). Additionally,
E. coli’'s genetic code is well-documented, and the K12
strain poses minimal danger, thus making it the most
feasible and safe chassis for our experiment.

We designed a plasmid with a pathway that re-
sponds to an upregulation of hydrogen peroxide
caused naturally by PVC in E. coli. The upregulated
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hydrogen peroxide oxidizes the OxyR protein already
present in the bacteria. Once oxidized, the OxyR ini-
tiates transcription of the engineered plasmid, leading
to the transcription of the Luciferase protein, NanoLuc.
NanoLuc reacts with furimazine to create furimamide
and luminescence, which we can measure and use to
determine the presence of PVC in a sample.

Overall, this device connects the input of PVC to a
luminescent output, allowing for the detection of mi-
croplastics by utilizing this system.

Parts level

To create the biosensor, it was necessary to identify a
promoter sequence that would be activated in the pres-
ence of PVC, and a reporter system that could validate
the activation of the promoter.

For the promoter, katG was identified as a promising
candidate due to its association with oxidative stress
responses (Zhang et al,, 2022). A study from Zhang et
al. (2022) revealed that when the bacteria Klebsiella sp.
EMBL-1 was fed PVC, there was increased production
of a protein associated with the katG gene. This sup-
ports our hypothesis because it reveals that the katG
gene is upregulated in the presence of PVC.

The katG promoter can be activated through nat-
ural oxidative stress pathways in E. coli. Italiani et
al. (2011) found that the transcription factor OxyR
responds to hydrogen peroxide, a reactive oxygen
species (ROS), and activates the transcription of the
katG gene. Furthermore, Jin et al. (2024) found that
PVC caused the production of ROS, including hydrogen
peroxide, in human lung cells. Therefore, we hypothe-
size that PVC exposure may increase oxidative stress in
E. coli cells, similarly to how it does in human lung cells.
The hydrogen peroxide levels would increase and bind
to the OxyR already present in E. coli, leading to the ac-
tivation of the katG promoter.

We chose to incorporate a NanoLuc luciferase re-
porter downstream of the katG promoter, which would
be transcribed in the presence of PVC to allow for visu-
alization of the plastic. Mechanistically, the NanoLuc
reporter produces the NanoLuc protein, which cat-
alyzes the breakdown of the substrate, furimazine, into
furimamide, carbon dioxide, and light. According to
England et al. (2016), the NanoLuc luciferase reporter
produces a luminescent output greater than 150 times
brighter than other traditional luciferase reporters like
Firefly and Renilla luciferases. This increased lumines-
cence would therefore be easier to visualize and quan-
tify. The mentioned natural biological pathway in re-
sponse to PVC would lead to the activation of the katG
promoter, which would, in turn, activate the transcrip-
tion of the NanoLuc gene and produce luminescence.

While it has been established that E. coli contains
the oxidative stress pathway utilizing OxyR and katG,
PVC-specific activation must be validated experimen-
tally. We propose a plasmid with the katG promoter
and NanoLucreporter inserted into a pUC19 backbone,
as shown in Figure 2.

We utilized a pUC19 backbone to encode for ampi-
cillin resistance, which would act as a selective marker.
We inserted the katG promoter and luciferase reporter
within the lac operon to allow blue-white screening
during the transformation and cultivation procedures.
Blue colonies would indicate our promoter and re-
porter were not successfully incorporated and that the
lac operon was activated instead, while white colonies
would suggest successful incorporation of our plasmid.
We included a ribosomal binding site downstream of
the katG promoter to support transcription as well, and
a terminator downstream of the NanoLuc reporter to
end transcription. Overall, this plasmid would allow
for the isolation of transformed bacteria and the visu-
alization of luminescence resulting from the activation
of the engineered reporter system.

Safety

If we were to conduct an experiment, we would first
create our biosensor. To do this, our first step is to use
heat shock transformation methods to insert our plas-
mid into our E. coli. We will then grow this E. coli in
lysogeny broth (LB) with Ampicillin to select for trans-
formation.

To test if our device works, we will have one con-
trol group and one experimental group. The first group
will contain 250 mL of distilled water, and the other
will contain the PVC plastic concentration in 500 mL
of distilled water. The first group is our negative con-
trol, with an expected output of no luminescence. The
second group is expected to have an output of lumines-
cence and is our experimental group. We will use a lu-
minometer to measure the luminescence of the groups.
Analyzing the results of our experiment could lead us
to the confirmation, or partial confirmation, of the hy-
pothesis that PVC does induce oxidative stress in E. coli.

When testing our proposed E. coli system, itis imper-
ative to take proper precautions to ensure the safety of
ourselves, others, and the local environment. To guar-
antee this safety, every step will be outlined by a de-
tailed procedure and will be under the supervision of
experienced individuals. We would also work in a ster-
ile and well-managed Biosafety Level 1 (BSL-1) lab to
ensure that any incident that may occur would not im-
pact the local environment.

While studying E. coli, proper biosafety attire (lab
coat, safety goggles, nitrile gloves, etc.) would be worn,
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Figure 2. pUC19-based Biosensor Plasmid: The AmpR gene acts as a selective marker to ensure only transformed
bacteria are accounted for during quantification. The katG promoter activates the transcription of the NanoLuc
reporter gene in the presence of PVC. When the NanoLuc reporter is activated, it produces the NanoLuc protein,

which produces luminescence.

and precision would be used while following the care-
fully crafted procedure to ensure safety. In order to
apply our engineered E. coli in a human or in the en-
vironment, we would need to go through additional
biosafety evaluations, testing, and regulatory approval
before enactment. To keep the surrounding environ-
ment safe, proper disposal of the E. coli would require a
bleach treatment and storage in proper biohazard bags
for autoclaving.

Discussions

If laboratory testing reveals that PVC induces the katG
promoter, then this design could provide a novel, bi-
ological method for plastic detection. This method
of plastic detection can be applied both environmen-
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tally and medically. As evidenced by Huang et al., this
sensor could allow environmental detection of PVC in
waterways, determining the extent of plastic contam-
ination present and the safety of water from specific
sources (Huang et al., 2022). This design could also
be implemented for the detection of microplastics in
the body, elucidating the prevalence and extent of the
harm of microplastics on human health. By design-
ing and implementing this biosensor in a low-cost and
widely accessible way, we would be able to more ef-
fectively raise concerns about microplastic exposure in
society overall by making tests available to the public
and revealing the extent to which people have been ex-
posed.

The primary limitation of the current design of the
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biosensor is the lack of medically relevant detection
methods for the output. The biosensor luminescence
can be observed visually but requires a luminometer
for quantitative measurement. It would be challeng-
ing and unfeasible to observe and quantify lumines-
cence in humans, revealing the importance of a more
medically relevant reporter that produces an easily de-
tectable output. One possibility for this reporter would
be violacein, which produces a purple dye when trans-
lated. It is possible to detect violacein in fecal matter,
allowing for the detection and quantification of the dye
in relation to microplastic levels in the body (Pauer et
al,, 2018). The human subject would potentially need
to ingest the engineered E. coli in order for the pathway
to detect the presence of PVC and produce a violacein
output. While this method would likely be costly and
inaccessible, future studies may be able to optimize
this design for accessibility in clinical settings. Such
clinical tests could reveal the prevalence of microplas-
tics in humans and highlight the importance of reduc-
ing plastic use and production.

One challenge presented in this design is the pos-
sible lack of specificity of the biosensor. Because
the katG promoter responds to oxidative stress, other
environmental stressors could potentially cause the
biosensor to respond and trigger a false positive re-
sult. To test this, the transformed E. coli can be ex-
posed to other substances known to cause oxidative
stress, and their luminescence can be measured. We
aim to refine the genetic circuit to distinguish between
PVC-induced oxidative stress and general environmen-
tal stress. Integrating a second biological system that
reduces the impact of other stressors besides PVC on
oxidative stress is a possible method to control for
non-PVC-induced stress, improving the accuracy of our
biosensor.

Next steps

After designing the plasmid using SnapGene, the next
step is to validate whether PVC exposure induces ox-
idative stress in E. coli by testing the Brookline hy-
pothesis that PVC increases OxyR activation. Measur-
ing luminescence across varying PVC concentrations
will allow us to establish a dose-response relation-
ship, confirming whether OxyR activation drives katG-
dependent reporter expression.

Following validation, the engineered gene pathway
should be optimized to improve sensitivity and re-
duce background noise, potentially through promoter
strength adjustment or incorporating a secondary re-
porter to control for overall stress responses in E. coli.
The environmental robustness should also be evalu-
ated by testing the biosensor under a range of environ-

mental conditions: varying temperatures, pH, salinity,
exposure period, etc. This will determine the biosen-
sor’s durability outside controlled laboratory settings.

To increase the applicability of the biosensor, other
plastics should be tested in comparison to PVC to eval-
uate the biosensor’s specificity and durability and to
determine its ability to detect general microplastic-
induced stress. Future engineering may be needed to
improve overall reactivity across many different plas-
tic types, depending on the result of these comparison
tests.

Finally, to enable real-world application, the lumi-
nescent output should be replaced or supplemented
with an easily detectable signal that can be utilized
in field or clinical contexts. Long-term goals would
include integrating the biosensor into human detec-
tion platforms to enable real-time monitoring of mi-
croplastic exposure in environmental or biological
samples and specimens. Additionally, future research
should explore alternative output systems beyond lu-
minescence. One promising approach is the use of
a violacein-based reporter, which produces a visible
purple pigment that can be more easily detected with-
out specialized equipment. This type of output could
enable simpler, cost-effective detection methods in en-
vironmental or clinical settings, supporting the devel-
opment of accessible biosensors.
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