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Abstract

Food safety hazards induce diverse cellular damages including DNA damage, oxidative
stress, proteotoxic stress, and membrane disruption, ultimately contributing to various
human diseases. Conventional toxicity assays, while effective, are often resource-intensive
and lack the capacity to distinguish among these different damage types, thereby limiting
insight into toxic responses and the development of effective strategies for targeted risk
mitigation. Here, we constructed a panel of Escherichia coli whole-cell biosensors capable
of distinguishing distinct categories of cellular damage. Specifically, an optimized RecA-
LexA-based DNA damage biosensor that precisely controls the exogenous expression of the
transcriptional repressor LexA achieved a 35.5% reduction in baseline signal and a 36.6-fold
induction of fluorescence. In parallel, systematic promoter screening identified Pfpr, PkatG,
PgrpE, and PfabA as effective modules for constructing oxidative, proteotoxic, and membrane
stress biosensors. These biosensors exhibited high specificity and sensitivity, generating
dose-dependent responses to model toxicants and enabling discrimination of cellular
damage induced by typical hazards such as norfloxacin and ciprofloxacin. Notably, the
DNA damage biosensor detected norfloxacin with a limit of detection (LOD) of 1.3 ng/mL
in standard solution and 3.0 ng/mL in milk, comparable to that of high-performance liquid
chromatography (HPLC). Together, our work not only provides a versatile, cost-effective,
and sensitive tool for assessing diverse cellular damages induced by food safety hazards,
but also demonstrates potential utility for practical food safety monitoring.

Keywords: whole-cell biosensor; cellular damage detection; food safety hazards; stress-
responsive biosensors

1. Introduction
Food safety hazards—particularly chemical and biological agents such as heavy met-

als, antibiotic and pesticide residues, heat-generated toxicants, and microbial toxins—
are pervasive across the food production chain and represent a major threat to human
health [1,2]. These agents can disrupt cellular homeostasis by inducing DNA strand breaks,
oxidative stress, proteotoxic stress, and membrane damage, ultimately leading to cytotoxic-
ity and systemic disease [3–6]. Sensitive and efficient tools for screening such cellular toxic
effects are therefore critical for ensuring food safety and protecting public health.
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A variety of methodologies have been developed to assess the toxicity of food safety
hazards. Conventional in vitro assays, such as the Ames, Comet, and chromosomal aberra-
tion tests, have been instrumental in characterizing mutagenicity and genotoxicity [7–9].
Cytotoxicity is commonly measured through lactate dehydrogenase (LDH) release or cell
viability assays [10,11], while in vivo animal models are employed to evaluate a broad
spectrum of toxicities, including acute and chronic toxicity, developmental impairment, and
carcinogenic potential [12,13]. More recently, organoid-based models have gained attention
for their capacity to assess target-organ toxicity of foodborne toxicants [14]. Together,
these approaches form the foundation of current food safety risk assessment frameworks.
However, they are often time-consuming, resource-intensive, and ethically constrained.
More critically, their readouts are typically limited to aggregate toxicity outcomes and do
not readily distinguish between distinct categories of cellular damage.

Food safety hazards, however, act through diverse pathways to induce distinct
types of cellular damage. For example, quinolone antibiotics such as norfloxacin and
ciprofloxacin inhibit DNA gyrase and topoisomerase IV, thereby triggering DNA double-
strand breaks [15]. Transition metals such as cadmium and oxidants such as paraquat and
hydrogen peroxide promote reactive oxygen species (ROS) accumulation, leading to pro-
tein misfolding and aggregation, lipid peroxidation, and membrane destabilization [16,17].
These hazards can readily accumulate in common foods such as milk and meat through the
food chain, and the damage modalities they induce are implicated in a broad spectrum of
human diseases, from cancer and neurodegeneration to immune dysfunction and metabolic
disorders [18–20]. However, the inability of current methods to resolve specific categories of
cellular damage limits our understanding of toxic responses and hinders the development
of targeted strategies for risk mitigation [21]. This gap underscores the need for innovative
tools capable of rapidly identifying the predominant stress type, providing both a foun-
dation for gaining molecular insights into toxic mechanisms and practical advantages for
early food safety monitoring.

To address this need, bacteria provide an ideal chassis for developing stress-specific
biosensors, owing to their conserved and well-characterized stress-responsive regulation
networks. The RecA-LexA SOS system is activated by DNA damage [22]; SoxR and
OxyR are key transcription factors that mediate oxidative stress responses [23]; RpoH
(σ32) coordinates the heat-shock response to protein misfolding [24]; RpoE (σE) and
FadR maintain membrane integrity by regulating membrane repair and lipid metabolism
genes, respectively [25,26]. Leveraging these pathways, recent studies have demon-
strated the feasibility of stress-responsive biosensors in environmental and toxicological
contexts [27–33]. Nonetheless, many existing designs suffer from high basal activity and lim-
ited dynamic range, reducing their utility for accurate toxicity assessments of complex food-
borne
hazards [34].

Here, we report the development of a panel of E. coli biosensors capable of detecting
distinct categories of cellular damage induced by food safety hazards. By integrating an
optimized plasmid backbone, the low-background fluorescent reporter mScarlet-I [35], and
precise regulation of exogenous LexA expression, we achieved marked improvements in
reducing basal activity and expanding signal range. For example, an optimized RecA-LexA-
based DNA damage biosensor showed a 35.5% reduction in basal activity and an enhanced
fluorescence fold induction of 36.6. Systematic screening of stress-responsive promoters
further identified Pfpr, PkatG, PgrpE, and PfabA as optimal modules for detecting oxidative
stress, proteotoxic stress, and membrane damage. These biosensors enabled sensitive and
stress-specific discrimination of damage modalities in living cells. Finally, application of
the platform enabled quantitative detection of quinolone-induced toxicity, and specifically
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identified norfloxacin-mediated DNA damage in milk samples, with sensitivity comparable
to HPLC. Together, this biosensor suite provides a versatile and sensitive tool for food
safety screening, offering both phenotypic resolution of damage types and advantages for
practical monitoring applications.

2. Materials and Methods
2.1. Plasmid Constructions

Strains and plasmids used in this work are listed in Table S1. Plasmid construction in
this work follows the overlap extension PCR cloning procedure as described previously [36].
The E. coli strain Turbo (Tsingke Biotech Co., Ltd., Beijing, China) was used for competent
cell preparation. The PVrecA promoter was synthesized by Tsingke Biotech Co., Ltd., while
the Pfpr, PkatG, Ppgi, PdnaK, PgrpE, PibpA, and PfabA promoters and lexA gene sequences were
amplified from the genome of the E. coli strain SQ765. The mScarlet-I gene sequence was
amplified from the pEB2-mScarlet-I-mVenusNB-MrkH vector (Addgene No. 182291).

Plasmid pET28b-PVrecA-mScarlet-I was constructed by replacing the T7 promoter of
the high-copy plasmid pET28b (+) with the PVrecA promoter, following by an additional
ribosome binding site (B0032) and mScarlet-I-encoding gene. Each of the Pfpr, PkatG, Ppgi,
PdnaK, PgrpE, PibpA, and PfabA promoters were also inserted into the same site of the pET28b
(+) plasmid backbone. The lexA gene was inserted into the low-copy plasmid pBAD33,
generating the plasmid ParaBAD-lexA. The plasmid PJ23100-mScarlet-I, which constitutively
express mScarlet-I via the non-responsive PJ23100 promoter, was constructed by replacing
the PVrecA promoter of the plasmid pET28b-PVrecA-mScarlet-I with the PJ23100 promoter. The
E. coli strain XZX118 was used for co-transformation with pET28b-PVrecA-mScarlet-I plasmid
and ParaBAD-lexA plasmid to construct the DNA damage biosensor, whereas the E. coli
strain SQ765 was used to construct the oxidative stress, proteotoxic stress, and membrane
damage biosensors, as well as the control strain with constitutive mScarlet-I expressing.

2.2. Fluorescence Measurement with a Microplate Reader

Overnight cultures of biosensor-expressing strains were diluted 1:100 into 2 mL fresh
LB medium supplemented with 100 µg/mL kanamycin (and 34 µg/mL chloramphenicol
for strains carrying the ParaBAD-lexA plasmid) in 48 deep-well plates sealed with breathable
film. Cultures were incubated at 37 ◦C with shaking at 220 rpm for 2 h, after which test
compounds were added to the wells (for the DNA damage biosensor, 0.00001% L-arabinose
was also included). At different induction time points, 200 µL aliquots were transferred to
a 96-well microplate (Shanghai Wohong Bio Tech Co., Ltd., Shanghai, China; WHB-96CB-
B1) for fluorescence (excitation/ emission: 540 nm/ 600 nm) and optical density (OD600)
measurements, using an automated microplate reader (Synergy H1 Multi-Mode Microplate
Reader, BioTek, Winooski, VT, USA).

2.3. Mathematical Model and Data Fitting

A modified Hill equation was employed to describe the biosensor output as a function
of inducer concentration at steady state, thereby providing a quantitative link between the
cellular regulatory response and the measurable reporter signal [37]. The reporter gene
expression can be modeled by:

d[G]

dt
= α·k1 +

k1·[I]
[I] + KM

− d·[G] (1)

where [I] and [G] represent the inducer concentration and the reporter protein concentration,
respectively. The parameter α (0 ≤ α < 1) is the basal activity constant, which reflects
leaky promoter expression, k1 is the maximum reporter production rate, and KM is the half-
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saturation concentration (assuming α ≪ 1). The parameter d represents the degradation rate
constant of the reporter protein. Specifically, α·k1 corresponds to the basal production rate
due to promoter leakiness, (k1·[I])/([I] + KM) represents the regulated reporter production
rate in response to the inducer based on a modified Hill equation, and d·[G] describes
the degradation rate of the reporter protein. The steady state solution of Equation (1) is
given by:

f ([I]) = [G]ss =
k1

d
(α + [I]/(KM + [I])) (2)

Based on Equation (2), we further introduce the parameters β and b to normalize
reporter protein concentration into measurable fluorescence fold induction. Specifically,
we define:

Fmax =
β·k1

b·d (3)

in which Fmax is the maximum fluorescence fold induction, β represents the fluorescence
signal generated per unit concentration of mScarlet-I protein, and b is the baseline fluores-
cence signal of the blank control. By substituting this definition (3) into Equation (2), the
functional relationship between fluorescence fold induction and inducer concentration can
be expressed as:

g([I]) = Fmax(α + [I]/(KM + [I])) (4)

The fluorescence fold inductions of the DNA damage biosensors across a range of
MMC concentrations were fitted using Equation (4) with the nonlinear least squares fitting
function (cftool) in MATLAB R2023b.

2.4. Calculation of LOD

The LOD for the biosensors was calculated according to the International Union of
Pure and Applied Chemistry (IUPAC) guideline using the equation:

LOD =
3.3 × SD

b
(5)

where SD is the standard deviation of the blank signal obtained from at least six independent
measurements, and b is the slope of the linear regression fitted to the dose-response
curve in its linear range. The constant 3.3 is a statistical factor corresponding to a 99%
confidence level. The blank signal was obtained from biosensor-expressing strains without
the treatment of test compounds, and the fluorescence signal was normalized to OD600

prior to calculation.

2.5. Milk Sample Pretreatment and Hazard Detection

Milk samples were centrifuged at 20,000× g for 40 min at 25 ◦C, and the super-
natant was sterile-filtered through a 0.22 µm membrane to remove microbial contaminants.
Overnight cultures of cells expressing the DNA damage biosensor were diluted 1:100
into 100 mL fresh LB medium supplemented with 100 µg/mL kanamycin and 34 µg/mL
chloramphenicol, and incubated at 37 ◦C with shaking at 220 rpm for 2 h. Cells were then
harvested by centrifugation at 4000× g for 20 min, and the pellets were resuspended in
1 mL of fresh LB medium to reach a final concentration of 30 OD600/mL. For detection,
10 µL of resuspended cells was added to each well of a 48-deep-well plate containing
1790 µL of pretreated milk sample and 200 µL of 10 × LB medium (final concentration
1 × LB). The plate was then sealed with a breathable film and incubated at 37 ◦C with
shaking at 220 rpm. At designated induction time points, 200 µL aliquots were transferred
to a 96-well microplate (Shanghai Wohong Bio Tech Co., Ltd., Shanghai, China; WHB-
96CB-B1) for fluorescence (excitation/emission: 540 nm/600 nm) and OD600 measurements
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using an automated microplate reader (Synergy H1 Multi-Mode Microplate Reader, BioTek,
Winooski, VT, USA).

2.6. HPLC Analysis of Norfloxacin in Samples

Norfloxacin was quantified using an Agilent 1260 Infinity II high-performance liquid
chromatography system equipped with a quaternary pump, autosampler, column oven,
and UV detector. Chromatographic separation was performed on an InfinityLab Poroshell
120 EC-C18 column (4.6 mm × 150 mm, 4 µm; Agilent Technologies Inc., Santa Clara,
CA, USA) maintained at 30 ◦C. The mobile phase consisted of solvent A (0.3% phosphoric
acid-5% acetonitrile in water, adjusted to pH 4.00 with triethylamine) and solvent B (≥99.9%
methanol). Both solvents were filtered through a 0.22 µm membrane and degassed in an
ultrasonic bath for 20 min prior to use. The UV detection wavelength was set at 278 nm.
Sample preparation involved mixing 50 µL of each test sample with 50 µL of acetonitrile,
followed by centrifugation at 12,000 rpm for 20 min. Subsequently, 50 µL of the supernatant
was transferred to HPLC vials for analysis, with an injection volume of 20 µL and a flow
rate of 0.8 mL/min. The gradient elution program was as follows: 0–5 min, 15% solvent B;
5–15 min, linear increase to 40% solvent B; 15–20 min, 15% solvent B. Sample peak areas
were used for quantitative analysis of norfloxacin concentrations.

3. Results and Discussion
3.1. Construction and Optimization of a RecA-LexA-Based DNA Damage Biosensor

Among the various forms of cellular damage induced by food safety hazards, DNA
damage is one of the most common and biologically significant. Many environmental
contaminants—such as antibiotics, mycotoxins, heavy metals, and pesticide residues—are
known to trigger genotoxic stress, which can lead to mutagenesis, carcinogenesis, and
long-term health risks [38,39]. Moreover, the molecular mechanisms of bacterial DNA
damage responses are well characterized and highly conserved [40,41], providing a robust
framework for biosensor construction.

As a proof of concept, we developed a DNA damage-responsive E. coli whole-cell
biosensor based on the canonical RecA-LexA SOS regulatory system, which orchestrates
bacterial DNA repair in response to genotoxic stress [42]. This system is regulated by
two key proteins: RecA, a sensor that binds single-stranded DNA (ssDNA) at sites of
damage, and LexA, a transcriptional repressor that inhibits DNA repair gene expression
under normal conditions. Upon DNA damage, ssDNA is formed, which binds to RecA and
converts it into its active, filamentous form (RecA*). RecA* promotes the autocleavage of
LexA, thereby alleviating repression on SOS-inducible promoters [43].

In our biosensor design, we incorporated three core components: (1) chromosoma-
lly encoded recA and lexA from E. coli, (2) the Vibrio natriegens-derived recA promoter
(PVrecA) [44], and (3) a downstream fluorescent reporter gene, mScarlet-I. The PVrecA-mScarlet-
I module was integrated into a pET28b-based plasmid, selected based on its favorable signal-
to-background characteristics (Figure S1). Under non-damaging conditions, LexA binds
to PVrecA and represses reporter expression. When DNA damage occurs, RecA-mediated
LexA cleavage activates mScarlet-I transcription, producing a detectable fluorescent signal
(Figure 1a).

Initial characterization of the prototype biosensor revealed that treatment with
50 nM–250 nM mitomycin C (MMC), a potent DNA-damaging agent, induced a 12.0-
to 23.9-fold increase in normalized fluorescence intensity compared to the untreated cells
(Figure 1b). However, we observed considerable background fluorescence in the absence of
MMC, likely due to leaky expression of mScarlet-I from the PVrecA promoter under standard
growth conditions. To reduce baseline signal and enhance the biosensor’s performance,
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we introduced an additional copy of lexA on a low-copy plasmid under the control of
the L-arabinose-inducible ParaBAD promoter. Increasing L-arabinose concentrations led
to dose-dependent suppression of basal fluorescence, but excessive lexA expression also
dampened the fluorescence response to MMC, reflecting a trade-off between background
suppression and signal output (Figure 1b).

Figure 1. Design and performance of the RecA-LexA-based DNA damage biosensor. (a) Schematic
illustration of the biosensor mechanism. (b) Fluorescence response of the prototype biosensor and
the optimized biosensor carrying the ParaBAD-lexA plasmid, induced with varying concentrations
of L-arabinose, in the absence or presence of 50 nM–250 nM MMC. Cells were treated with MMC
for 8 h before measurements. Since cell growth was not affected across all tested concentrations,
biosensor performance was evaluated based on normalized fluorescence intensities (fluorescence
intensities/OD600). Fluorescence fold induction was calculated as the ratio of fluorescence (nor-
malized to OD600) of MMC-treated cells to that of untreated cells and is annotated above the bar
chart. Individual data points (circles) and mean ± SD (n = 3) are shown. Statistical analysis was
performed with GraphPad Prism 8 using two-tailed unpaired Student’s t tests. Statistical significance
was indicated as p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). (c) Fluorescence fold induction of
the prototype and optimized biosensor (induced by 0.00001% L-arabinose) across a range of MMC
concentrations. The solid line represents the nonlinear least-squares fit of each dose-response curve.
The dashed line represents the KM of each biosensor. Three key parameters (KM, Fmax, and α) and the
coefficient of determination (R2) obtained from the dose–response curves are presented in the table
below. Data are the mean ± SD of three independent experiments.

Among the tested conditions, induction with 0.00001% L-arabinose reduced the back-
ground fluorescence (in the absence of MMC) to 35.5% of that observed in the proto-
type biosensor, while maintaining 55.3–62.9% of the MMC-induced signal at 50–250 nM
MMC. This resulted in an improved fluorescence fold induction from 12.0–23.9 fold to
20.3–36.6 fold (Figure 1b). Therefore, this L-arabinose concentration was selected for all
subsequent experiments.

To further evaluate biosensor performance, we quantified fluorescence fold induction
across a range of MMC concentrations. The output signal showed a dose-dependent
increase and plateaued at approximately 750 nM MMC (Figure 1c). We fitted the dose-
response curves with a modified Hill equation to obtain three key parameters [37]—the
half-saturation concentration (KM), the maximum fluorescence fold induction (Fmax), and
the basal activity constant (α)—which reflects leaky promoter expression. In the optimized
biosensor, both KM and α were reduced compared to the prototype biosensor, indicating
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improved sensitivity to DNA damage and lower background activity. Notably, Fmax was
also increased, reflecting a higher signal ceiling under strong genotoxic stress (Figure 1c).
Together, these improvements highlight the enhanced responsiveness and dynamic range
of the optimized biosensor.

3.2. Construction of Biosensors Targeting Oxidative, Proteotoxic, and Membrane Stress

We next aim to construct a panel of whole-cell biosensors to detect oxidative stress,
proteotoxic stress, and cell membrane damage, using stress-responsive transcriptional
regulators and their cognate promoters in a setup similar to the DNA damage biosensor. For
oxidative stress, we utilized the transcription factors SoxR and OxyR, which are activated
by intracellular superoxide and peroxide, respectively. Upon activation, SoxR induces the
expression of genes such as fpr, while OxyR regulates genes including katG and pgi [23].
For protein misfolding, we employed the σ32 heat shock sigma factor, which is activated
under proteotoxic stress and directs RNA polymerase to transcribe heat shock chaperones
including dnaK, grpE, and ibpA [24]. For membrane damage, we used FadR, a transcription
factor that facilitates membrane repair by upregulating fatty acid synthesis genes such as
fabA [25].

Accordingly, we constructed a set of biosensors in which the fluorescent reporter
mScarlet-I was placed under the control of stress-responsive promoters: Pfpr, PkatG, Ppgi,
PdnaK, PgrpE, PibpA, and PfabA, respectively. The corresponding transcriptional regulators
were expressed from the E. coli chromosome. In response to specific types of cellular
damage, these transcription factors become activated and induce mScarlet-I expression,
thereby generating a fluorescent signal linked to the type of stress. As a control, we also
constructed a strain constitutively expressing mScarlet-I from a non-responsive promoter
to account for potential fluorescence changes arising from toxicant-induced effects on cell
growth or global expression machinery.

To assess the specificity and responsiveness of the stress-targeted biosensors, we
treated the strains with compounds known to induce distinct types of cellular damage:
paraquat (superoxide stress), hydrogen peroxide (peroxide stress), ethanol (protein dam-
age), and phenol (membrane damage). Among the tested constructs, biosensors incorporat-
ing Pfpr, PkatG, PgrpE, and PfabA exhibited clear fluorescence responses to the corresponding
stressors (Figure S2).

We further characterized these biosensors by measuring mScarlet-I fluorescence across
a range of compound concentrations. As shown in Figure 2, all four biosensors showed
gradual, concentration-dependent increase in fluorescence signal. Notably, although cell
growth was suppressed across all tested concentrations, fluorescence still accumulated in a
dose-dependent manner. This suggests that the biosensors remain functional and respon-
sive even under growth-inhibitory conditions. In contrast, the control stain constitutively
expressing mScarlet-I showed either a dose-dependent decrease or no observable change in
fluorescence under the same conditions. This allowed us to rule out the possibility that the
observed fluorescence increases were due to global transcriptional upregulation, impaired
degradation of the reporter protein under stress conditions, or direct effects of the com-
pounds on mScarlet-I fluorophore maturation. These results support that the fluorescence
induction in biosensor strains was driven by specific activation of stress-responsive pro-
moters. Overall, these findings demonstrate that the constructed biosensors enable specific
and sensitive detection of multiple types of cellular damage as well as stress severity.
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Figure 2. Expanding the biosensor panel for diverse types of cellular damage. (a–d) Fluorescence
intensity and OD600 measurements of biosensors targeting superoxide stress (a), peroxide stress (b),
proteotoxic stress (c), and membrane damage (d), along with the constitutive control strain expressing
mScarlet-I under the PJ23100 promoter. Mid-log phase cells were treated with increasing concentrations
of paraquat (2 h), hydrogen peroxide (2 h), ethanol (2 h), and phenol (4 h), respectively. Since these
compounds strongly inhibited cell growth, fluorescence values represent total fluorescence per culture
volume and were not normalized to cell density. In panels (a–d), dark pink bars indicate fluorescence
signals from the stress-responsive biosensors, and light pink bars represent signals from the control
strain. Solid circles and hollow circles connected by dashed lines represent OD600 values of biosensor
and control strains, respectively. Higher compound concentrations that caused visible cell lysis were
excluded from analysis. Individual data points (circles) and mean ± SD (n = 3) are shown. Statistical
analysis was performed with GraphPad Prism 8 using one-way ANOVA with a Dunnett’s multiple
comparisons tests. Statistical significance was indicated as p < 0.05 (*), p < 0.001 (***), p < 0.0001 (****),
ns = not significant.

3.3. Screening and Quantitative Detection of Food Safety Hazard-Induced Cellular Damage Using
Constructed Biosensors

We next evaluated the applicability of our biosensors for detecting cellular damage
induced by food safety hazards. Specifically, we selected quinolone antibiotics (norfloxacin
and ciprofloxacin) and cadmium, which induce DNA strand breaks and oxidative damage,
respectively, ultimately disrupting protein folding homeostasis and lipid peroxidation [45].
These contaminants can enter the food chain through sources such as animal farming,
aquaculture, and environmental pollution [46].

To assess compound-induced toxicity, we quantified mScarlet-I fluorescence in biosen-
sor strains exposed to increasing concentrations of norfloxacin, ciprofloxacin, or cadmium
chloride, using the same mScarlet-I-constitutively expressing strain as the negative con-
trol. Norfloxacin elicited a clear dose-dependent activation of multiple biosensors: the
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DNA damage biosensor responded to concentrations as low as 10 ng/mL, while oxidative
stress (both superoxide and peroxide) and membrane stress biosensors were activated from
25 ng/mL. A response in the proteotoxic stress biosensor was observed at 100 ng/mL
(Figure 3a). In contrast, ciprofloxacin selectively induced a concentration-dependent re-
sponse only in the DNA damage biosensor, with no detectable activation of other biosensors
(Figure 3b). Fluoroquinolones penetrate Gram-negative bacteria primarily through outer
membrane porins [47]. Structural variation between norfloxacin and ciprofloxacin may
underlie the distinct toxicity profiles observed. While both share the same quinolone core,
norfloxacin carries a linear ethyl group whereas ciprofloxacin contains a rigid cyclopropyl
group (Figure 3a,b). This substitution appears to influence porin permeation, as electrophys-
iological studies have shown that norfloxacin traverses E. coli porins more efficiently than
ciprofloxacin (1.4–2.3-fold, [48]). Such differences in uptake likely contribute to the more
pronounced toxicity phenotypes elicited by norfloxacin in our biosensor assays. Under all
tested conditions, fluorescence of the control strain remained unchanged upon addition of
the quinolone antibiotics, and the biosensor and control strains maintained stable growth,
supporting that the observed fluorescence changes reflect specific stress responses rather
than general cytotoxic effects.

In contrast to the quinolone antibiotics, cadmium chloride did not induce significant
activation in any of the biosensors (Figure 3c). Cell growth was reduced across all tested
cadmium concentrations in both the biosensor strains and the control strain, consistent
with previous findings that cadmium severely inhibits E. coli growth at sub-millimolar
concentrations [49]. This growth inhibition may account for the absence of biosensor
responses to cadmium and suggests that these bacteria-based whole-cell biosensors have
limitations in detecting specific cellular damage when the target molecules severely impair
cell growth [50].

Among all tested compounds, norfloxacin uniquely triggered a significant, dose-
dependent fluorescence response in four out of five biosensors, prompting its selection as a
model compound to evaluate the quantitative detection performance of the system. We
performed linear fitting of the dose-response curves and used the standard deviation of
the blank samples to calculate the LOD for norfloxacin-induced toxicity (Figure S3). The
proteotoxic stress biosensor was excluded from this analysis due to its relatively weak
response, which only emerged at higher concentrations (≥100 ng/mL, Figure 3a). Among
the four responsive biosensors, the DNA damage biosensor exhibited the lowest LOD,
at 1.3 ng/mL. Although this value reflects a toxicity-based detection limit, rather than
direct compound quantification, it is comparable to the previously reported 2.5 ng/mL
LOD for norfloxacin measured by HPLC [51]. In contrast, the LODs for the superoxide,
peroxide, and membrane damage biosensors were 22.0, 12.0, and 16.9 ng/mL, respectively.
These results highlight the high sensitivity of the DNA damage biosensor and support its
potential utility for early detection of trace-level genotoxic contaminants.

3.4. Application of the DNA Damage Biosensor for Detecting Norfloxacin-Induced Genotoxicity in
Milk Samples

To evaluate whether the DNA damage biosensor could detect norfloxacin-induced
genotoxicity in real food matrices, we selected milk as a test case, given its susceptibility to
antibiotic contamination due to the widespread use of veterinary antibiotics in dairy [52].
We spiked the milk samples with a range of norfloxacin concentrations to simulate residual
contamination. After removing impurity protein and endogenous bacteria via centrifu-
gation and filtration, we mixed the samples with 10 × LB medium (final concentration
1 × LB supplemented with 0.00001% L-arabinose), and inoculated them with concentrated,
log-phase bacterial cultures (Figure 4a).
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Figure 3. Cellular damage assessment of food safety hazards using biosensors. (a–c) Fluorescence
intensity and OD600 measurements of biosensor strains exposed to increasing concentrations of
norfloxacin (a), ciprofloxacin (b), and cadmium chloride (c), along with the constitutive control
strain expressing mScarlet-I under the PJ23100 promoter. The chemical structures of norfloxacin and
ciprofloxacin are shown to highlight the distinct N-1 substituents (linear ethyl vs. cyclopropyl). Each
panel, from top to bottom, displays data from the DNA damage, superoxide stress, peroxide stress,
proteotoxic stress, and membrane damage biosensors. Mid-log phase cells were treated with the
indicated compounds for 6 h. Fluorescence and OD600 symbols and color schemes are consistent
with those used in Figure 2. Individual data points (circles) and mean ± SD (n = 3) are shown.
Statistical analysis was performed with GraphPad Prism 8 using two-tailed unpaired Student’s t
tests. Statistical significance was indicated as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****),
ns = not significant.
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Figure 4. Quantitative detection of norfloxacin-induced genotoxic effects in milk samples.
(a) Schematic workflow for detecting norfloxacin-induced genotoxicity of milk samples using the
DNA damage biosensor. Norfloxacin was spiked into milk samples prior to pretreatment. After
centrifugation and filtration, the milk supernatant was mixed with 10 × concentrated LB medium
(final concentration 1 × LB) and inoculated with mid-log phase biosensor-expressing cells. Cells were
cultivated for 6 h before fluorescence detection. (b) Relative fluorescence signal of the DNA damage
biosensor in spiked milk simples. The solid line represents linear fit of the dose-response curve. Data
are the mean ± SD of three independent experiments. Fluorescence signals of blank samples (n = 9)
are shown in the inset and were used to calculate the standard deviation for LOD determination.

To estimate norfloxacin loss during sample pretreatment, we quantified its concentra-
tion by HPLC and observed a 37.0% reduction after centrifugation and filtration (Figure S4).
Despite this loss, the DNA damage biosensor exhibited a clear dose-dependent fluorescence
increase in response to the spiked samples (Figure 4b). To further investigate whether
the matrix effects of milk and norfloxacin loss affected biosensor sensitivity, we fitted the
dose–response curve and calculated the LOD. Remarkably, the biosensor retained an LOD
of 3.0 ng/mL in milk, comparable to the 1.3 ng/mL LOD in standard solution. These re-
sults demonstrate that the DNA damage biosensor can reliably detect norfloxacin-induced
genotoxicity in real food samples.

4. Conclusions
In this study, we successfully constructed a panel of E. coli-based whole-cell biosensors

capable of detecting distinct types of cellular damage triggered by food safety hazards.
Firstly, we constructed a DNA damage biosensor based on the RecA-LexA SOS regula-
tory system. By precisely controlling the exogenous expression of LexA, the optimized
biosensor achieved a 35.5% reduction in basal signal and an increase in fluorescence fold
induction from 23.9-fold to 36.6-fold. Alterations in the three key parameters (KM, Fmax,
and α) obtained from the dose-response curves further confirmed its enhanced sensitivity
and dynamic range. We then systematically screened seven stress-responsive promoters
and identified Pfpr, PkatG, PgrpE, and PfabA as optimal modules for constructing biosen-
sors targeting oxidative, proteotoxic, and membrane damage. These biosensors enabled
sensitive detection of multiple types and severities of cellular damage, with improved
performance compared to traditional cell damage assays such as the Comet assay, Ames
test, and LDH release assay (Table S2). Using these biosensors, we revealed diverse cellular
damages induced by norfloxacin and ciprofloxacin, and achieved quantitative detection of
norfloxacin-induced genotoxicity from milk samples with an LOD comparable to HPLC,
demonstrating their practical applicability. Compared with the other stress biosensors, the
proteotoxic stress biosensor exhibited a relatively modest response to norfloxacin, which
may reflect the buffering capacity of bacterial protein quality control systems or reduced
reporter folding efficiency under stress. It is also possible that norfloxacin itself may not
strongly induce proteotoxic stress, so the limited signal could reflect the compound’s mode
of action rather than biosensor sensitivity. Future studies using other proteotoxic agents will
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help distinguish between these possibilities and guide further optimization. In summary,
owing to their sensitivity, low-cost, and operational simplicity, this panel of biosensors
provides a novel approach for detecting multiple types of cellular damage induced by food
safety hazards.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios15100695/s1, Table S1: Strains and plasmids used in this
work; Table S2: Comparison of detection limits of different toxicity assays; Figure S1: Plas-
mid backbone optimization for enhancing biosensor performance; Figure S2: Screening of stress-
responsive promoters for oxidative damage, proteotoxic stress, and membrane damage biosensors;
Figure S3: Quantitative detection of norfloxacin-induced cellular damage; Figure S4: Norfloxacin
detection in milk samples by HPLC [51,53–55].
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