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Design Brief

An Escherichia coli-based formaldehyde
detector: An economical and effective solution
for safe air monitoring
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Prolonged exposure to formaldehyde may cause severe eye and respiratory irritation and increase various
cancer risks. Therefore, determining formaldehyde concentration in the air and regulating it to a safe level
has become a priority for places with potential formaldehyde exposure risks. Current detection methods
include using a mechanical detector, conducting lab samples, and sniff testing. However, these methods
are often unreliable, expensive, and dangerous. We propose an economical and effective detector based
on the AfrmR strain of Escherichia coli. The detector will be yellow by default and turns red when
formaldehyde is present. We will construct the formaldehyde-detecting plasmid based on the R0010
(pLacl) _AB plasmid backbone and transform it into cells. Using a Pfrm promoter, the detector reacts to
formaldehyde at levels around 100 uM. We then utilize the Plac-lacl repressor system as a genetic switch:
with the presence of formaldehyde, lacl, a Plac repressor, is expressed to deactivate the yellow pigment
and turn the cell red. The bacteria will be cultured in lactose-rich media to ensure the constitutive expression
of the yellow pigment under Plac. Moreover, the frmA and frmB genes in the construct remediate
formaldehyde in the solution. As the concentration of formaldehyde decreases through frmAB in the
detector solution, the detector reverts to yellow, making the detector system reusable when provided with
sufficient nutrients.

Keywords: Formaldehyde, formaldehyde detector, AfrmR strain, Escherichia coli, Pfrm, Plac-
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poisonous flammable gas used

extensively in preserving cadavers,
insulating building materials, inactivating
viruses in the production of vaccines, and
many other industrial settings. Despite its
wide applications, exposure to formaldehyde
can cause severe eye, skin, and respiratory
irritation. To combat this problem, our study
aims to design an E. coli-based detection

Formaldehyde (CH20) 1s a colorless

system to alert users of potentially harmful
concentrations of formaldehyde.

Often used as a sterilant, formaldehyde
kills microorganisms and is widely used to
preserve organic materials such as biological
specimens (National Institutes of Health,
2023). The antimicrobial and conservatory
properties of formaldehyde come from its
ability to generate protein linkages by
binding to amino acids like lysine and
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tyrosine (Centers for Disease Control, 2016).
This property also makes formaldehyde an
ideal insulation and adhesive agent in
building materials, such as particleboard and
plywood (Environmental Protection Agency,
2022). In addition, numerous vaccines use
small amounts of formaldehyde to inactivate
the virus (e.g., polio vaccines) and detoxify
bacterial toxins through the alkylation of
proteins and purine bases (Common
Ingredients, 2019; Herrara-Rodriguez et al.,
2019).

In addition to its extensive industrial
usage, formaldehyde may also come from a
wide variety of anthropogenic sources,
including combustion by cars, gas stoves, and
heating appliances (National Research
Council (U.S.) Committee on Toxicology,
1980). In cars, methane, ethane, and other
hydrocarbons are converted into
formaldehyde through the catalytic vapor
phase oxidation over a metal oxide catalyst
and produced by the incomplete combustion
of hydrocarbons (National Library of
Medicine, 1980). When methanol undergoes
a chemical reaction at a high temperature, it
produces formaldehyde as a byproduct
(Jarvis, 2017).

Despite its many uses, exposure to
formaldehyde can cause irritation to the nose,
eyes, skin, and throat. Formaldehyde causes
irritation in the respiratory tract with a
concentration as low as 0.1 ppm when
inhaled. It can cause eye irritation at
concentrations of  0.05-0.10 ppm.
Formaldehyde is a mucous-membrane and
skin irritant and can cause conjunctivitis and
lacrimation in the eyes and severe burns to
the skin (Medical Management, 2014;
National Research Council, 1980). Studies
have shown that allergic contact dermatitis
has become increasingly common since
formaldehyde resins are widely used in the
textile industry as an anti-wrinkle and crease-
resistant component (Valdes et al., 2020).

Furthermore, prolonged exposure to
formaldehyde may result in increased cancer
risks and neurological dementia (Kou et al.,
2022). Formaldehyde demonstrates
genotoxicity, the ability to damage genetic
information in cells, as it can cause increased
micronucleus formation, sister chromatid
exchanges, and chromosome aberrations
(Kang et al, 2021). Employees in

occupations that have high exposure to
formaldehyde have significantly higher
cancer risks: up to several thousand times
higher than the limit recommended by the
Environmental Protection Agency
(Adamovi¢ et al., 2021). Additionally, the
risk of squamous-cell carcinomas of the nasal
cavities in animals and nasopharyngeal
cancers in  humans increases with
formaldehyde exposure (Adamovi¢ et al.,
2021) Formaldehyde is also a neurotoxin that
affects motor functions, memory, and
learning. Although formaldehyde occurs
naturally, it is also formed in the process of
normal metabolism in the human brain.
However, exposure to high levels of
formaldehyde can still severely affect
metabolism, causing neurodegeneration and
cognitive impairment (Tulpule & Dringen,
2013).

With its high usage and high toxicity,
accurate monitoring of formaldehyde levels
becomes a priority for places that work with
this compound. Current methods of
formaldehyde detection include mechanical
detection, lab sampling, and simply smelling
the chemical. However, these detection
methods can be inaccurate, expensive, and
hazardous, rendering them less than ideal.
Most mechanical formaldehyde detectors
generate false positive results when placed
next to oranges (Talhelm, 2018). Laboratory
testing is time-consuming and costly and
smelling is direct yet unreliable. Some people
only start to sense the gas at 0.117 ppm,
which is above the recommended
concentration. Others, such as those who
smoke, are more prone to experience
formaldehyde’s health effects as they have
significantly higher thresholds (Berglund,
1992). After sensing increased levels of
formaldehyde in an enclosed area, effective
ways of remediating formaldehyde include
decreasing the room temperature and
humidity, which decreases rates of
formaldehyde emission (Parthasarathy et al.,
2011). Improving room ventilation and
allowing products to off-gas before moving
in are also effective ways of avoiding
formaldehyde  build up. (Minnesota
Department of Health, 2022).

To address potential shortcomings of
current detectors, we aim to construct an
accurate, efficient, and cost-effective



formaldehyde detector. Our study aims to
utilize the detective feature of Pfrm
promoters. Using a Pfrm promoter, an “ideal
candidate for engineering” (Rohlhill et al.,
2017), we will build a sensor that shows
yellow when no formaldehyde is detected
and turns red as formaldehyde builds up. The
users can detect formaldehyde’s presence on
furniture or other surfaces by collecting a
quick swab and inserting it in the detection
solution.

We used Pfrm because it can detect
formaldehyde in the cell, and it is found in the
naturally appearing formaldehyde-
remediating frmRAB operon in E. coli. FrmR
binds to the Pfrm promoter and inhibits its
activity (Figure 1). The presence of
formaldehyde  negatively  allosterically
modulates frmR, leading to the expression
enzymes FrmA and FrmB, which detoxify
formaldehyde (Denby et al., 2016). The E.
coli strain used in the construct is the AfrmR
strain, which is engineered to possess a
higher expression level for the genes
downstream of Pfrm (Rohlhill et al., 2017).
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Figure 1 The pfmRAB operon in the AfrmR
strainThe original strain is composed of FrmA,
FrmB, and FrmR gene. In the AfrmR strain, FrmR
is deleted from the strain in order to maximize the
expression of the detection system.

The absence of formaldehyde will trigger
the yellow pigment amilGFP. Conversely,
when formaldehyde is present, the promoter
will activate RFP, Lacl, frmA, and frmB
(Figure 2). To signal the change of activation
in E. coli, our group will employ a repressor
system. The repressor system utilized in the
construct is the Plac-lacl repressor system.
PLac is a repressible constitutive promoter if
cultured in lactose-rich media. Therefore, our
design will grow the E. coli strain under a
large supply of lactose, to ensure the
activation of PLac promoter. When
formaldehyde is present in the surroundings,

Formaldehyde detector

lacl will be expressed and block the lactose
promoter, stopping the expression of the
amilGFP. The E. coli will further
demonstrate red color instead of yellow
color.
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Figure 2 The modified R0010 (pLacl) _AB plasmid
backbone, the Pfrm-FrmR-Plac-lacl plasmid. The
plasmid uses Pfrm to detect formaldehyde. FrmR
inhibition is deactivated by formaldehyde, leading
to FrmA and FrmB expression to detoxify it.
Absence of formaldehyde activates amilGFP
(vellow), presence activates RFP (red), Lacl,
frmA, and frmB

Systems level

As a solution, our detector will react to
formaldehyde contents inside a swabbing
device. After the user collects a sample by
swabbing a target surface that they wish to
test and inserting it into the detector solution,
where the Pfrm promoter will be used to
identify the presence of formaldehyde. If
formaldehyde is absent or at levels below 100
uM, the plasmid will express a yellow
pigment amilGFP (Rohlhill et al., 2017). If
formaldehyde 1is present, the Plac-lacl
repressor system will repress the originally
presented yellow pigment and activate the
red pigment RFP to signify the presence of
formaldehyde. It will also activate frmA and
frmB, which function to detoxify
formaldehyde. The strain used will be the
AfrmR. By removing FrmR, a repressor of

Pfrm, from the frmRAB operon, the genes
downstream of Pfrm are able to express at
their maximum level (Rohlhill et al., 2017).
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Figure 3 The process of electroporation. Electroporation is an efficient method of transfection. Electrical
pulse is created in electroporation to produce temporary pores in cell membranes, allowing the plasmid to

enter.

We will insert our construct onto the
R0010 (pLacl) AB plasmid backbone. The
key components of the plasmid include a lac
promoter, a lac operator, a biobrick prefix, a
biobrick suffix, and an ampicillin resistance
gene. Using restriction enzymes Spel and
Pstl, we will insert the amilGFP gene
(BBa K592010) to the biobrick suffix. Using
restriction enzymes EcoRI and Xbal, we will
insert Pfrm, Lacl, FrmA, FrmB, and RFP
(BBa E1010) to the biobrick prefix. The
plasmid will be transformed into E. coli
through electroporation (Figure 3).

Device level

The plasmid design contains the frmA gene,
frmB gene, Lacl gene, the ampicillin
resistance gene, the red fluorescent protein
(RFP), the naturally yellow appearing green
fluorescent protein (amilGFP) from the coral
Acropora millepora, the Lacl repressible
constitutive promoter PLac, and the
formaldehyde sensing promoter Pfrm. Pfrm
promotes the genes frmA, frmB, Lacl, and
RFP, while PLac promotes the amilGFP
gene. The expression of amilGFP signifies
the livelihood of E. coli prior to the exposure
of formaldehyde. The RFP acts as a marker
protein for the gene frmA, frmB, and Lacl,
which enables visual recognition when the
three genes are expressed in the presence of

formaldehyde.

Parts level

Our group utilizes a strain of E. coli, AfrmR
strain edited by the lab that cuts out the frmR
gene, in order to maximize the expression of
the design system (Rohlhill et al., 2017).
Pfrm is central to our detector. Found in the
frmRAB operon in E. coli, Pfrm is a promoter
that responds to formaldehyde presence.
FrmR binds to the Pfrm promoter and inhibits
its activity. The presence of formaldehyde
negatively allosterically modulates frmR,
leading to the expression of FrmA and FrmB
(Denby et al., 2016). FrmA and FrmB are the
enzyme factors responsible for the
detoxification of formaldehyde. The enzymes
encode a formaldehyde dehydrogenase,
catalyzing the oxidation of formaldehyde to a
less toxic compound, methanoate, which is
the conjugate base of formic acid (Rohlhill et
al., 2017).

Our model utilizes the Plac-Lacl
Repressor system to achieve the change of
color in response to the presence of
formaldehyde. It consists of two parts: the
lactose promoter (PLac) and the lactose
repressor (Lacl). The lactose promoter, also
known as the lac promoter, is found in E. coli
and 1s responsible for controlling the
expression of genes involved in lactose



Without Formaldehyde Presence

ColEl

3' Primer site | ]

' 4

Restriction site AmpR

RFP

. Plasmid map

frmA ‘ .5' Primer site

»

Restriction site

\ * amilGFP
lacl ‘ \ ’plac

pfrm Restriction site

frmB

Formaldehyde detector

With Formaldehyde Presence

3' Primer site -

" 4

Restriction site AmpR

RFP

Plasmid map

.5‘ Primer site

) Restriction site

amilGFpP
plac

pfrm Restriction site

frmA

frmB

Figure 4 The activation of the system Without the presence of formaldehyde, the plasmid will express the
yellow pigment amilGFP. With the presence of formaldehyde, the Plac-lacl repressor system will repress

the yellow pigment. The red pigment RFP will present

metabolism. When a large quantity of lactose
is present, PLac will activate and induce the
synthesis of lactase, further expressing a
color change through the AmilGFP pigment.
The other vital part of this system is the lac
repressor (Lacl) which blocks transcription
of the downstream genes without lactose.
When lactose is present, it binds to Lacl and
causes a conformational change that allows
transcription to proceed, producing enzymes
needed for lactose metabolism. In our model,
the lactose repressor expressed through Pfrm
will act as a selection marker for the
electroporation transformation.

The pigment we will use in our model is
AmilGFP, a yellow fluorescent protein.
Derived from a coral species known as
Anemonia millepora, AmilGFP naturally
fluoresces bright green under blue light,
allowing the track and visualization of
cellular structures and processes. We will use
this pigment for its ability to indicate clear
and observable color changes to track the
status of the detector. When the detector is
armed and ready to use, AmilGFP will be
expressed, indicating that there are sufficient
cell activities should formaldehyde be

detected and change color (Figure 4). The
detector displays a red pigment to indicate the
exposure to formaldehyde. We will use the
red fluorescent protein (RFP) pigment, which
emits red light. This pigment will be used in
the system to demonstrate the presence of
formaldehyde.

To initiate the gene expression
downstream of Pfrm and PLac, we will
employ BBa J61100 from the Anderson
RBS collection as the ribosome binding site.
In addition, we will use the bidirectional
double terminator BBa B0014 to ensure the
expression of only the desired genes.

We will be inserting those parts into
pBR322, a plasmid commonly used in
molecular biology research. We choose to
use this specific plasmid since it has two
biobricks that can provide an efficient
approach for us to edit. In addition, the
plasmid is safe, relatively simple, and has a
high copy number. The plasmid contains an
ampicillin resistance gene, AmpR, a protein
encoded by the ampicillin resistance gene,
inactivates the B-lactam ring of antibiotics
and thus creates resistance against them.
AmpR will act as a selection marker for the
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electroporation transformation.

Safety

Formaldehyde is a mnoxious gas with
significant health effects from prolonged
exposure at high concentrations. There are
legal exposure limits to formaldehyde
depending on the duration of exposure. The
short-term exposure limit is 2 ppm for at most
15 minutes. If exposed to formaldehyde for
any longer, you must not exceed an average
of 0.75 ppm with a maximum exposure time
of 8 hours (California Department of Health,
2011). We can measure the amount of
formaldehyde in the air using a rapid test to
detect the levels. When working with
formaldehyde, proper PPE is the
recommended safety measure to prevent
intake of formaldehyde (University of
California, Berkeley, 2012).

We use AFrmR E. coli at a Biosafety level
1 since it is non-pathogenic. For that reason,
this strain does not pose any safety concerns
to the human body. Our detector is generally
designed to be safe around potential
consumers. Because of the harmless nature of
our E. coli strain, only limited precautions are
necessary. In the event of detector fluid
spillage, the consumer should take
disinfection procedures, using isopropyl
alcohol or high concentration ethanol to
remove potential contamination.

Discussion

The detector can be applied to a variety of
settings, such as home screening, school
safety, and in manufacturing facilities. The
ability to quickly collect samples through
swabbing and test in detector solution makes
the process of formaldehyde related disease
prevention simple and effective. The reusable
nature of our detector makes the process
significantly less expensive compared to
conventional methods of collecting sample
by sample. The method of direct swabbing
also allows the detector to be more accurate,
where the user can pinpoint the source of
formaldehyde of large concentrations.

To ensure the Plac-lacl system functions
effectively and has the constitutive

characteristics for the lactose promoter, we
will cultivate the E. coli in a lactose-rich
environment. However, a potential issue
arises at low to medium concentrations of
formaldehyde where lacl can be bound to the
lactose present in the solution. When
insufficient amounts of lacl reaches the
lactose promoter, the detector will still show
yellow colors despite the detection of
formaldehyde. Therefore, a test will be
conducted to determine the amount of lactose
to be added to the solution.

Next steps

Further research should focus on finding the
most effective method of formaldehyde
detection. Specifically, studies should aim to
clarify the levels of formaldehyde that can be
quantified through the detector and the
sensitivity of the detecting system. For
example, using a swab to collect
formaldehyde on furniture surfaces may yield
inaccurate results due to the small surface
area of samples taken, thus failing to detect
the actual and real-time formaldehyde level
in a room. Furthermore, our group will
experiment on the electroporation process of
the cell. However, if our construct proves
capable of detecting, signaling, and
remediating formaldehyde, it may have the
potential to be standardized to detect other
poisonous gasses such as carbon monoxide,
nitrogen oxide, and sulfur dioxide. The key is
to identify the corresponding promoter. For
example, a simple switch from Pfrm to
CooA, a CO-sensing transcriptional activator
(Techtmann et al., 2011), may turn the
construct into a carbon monoxide detector.
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