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Abstract
Background  ArsR-based whole-cell biosensors offer sensitive colorimetric detection of arsenite [As(III)], yet their 
broad reactivity toward Group 15 metalloids—especially antimonite [Sb(III)]—limits field specificity. The recently 
identified ant operon from Comamonas testosteroni JL40 confers Sb(III)-selective resistance via the efflux ATPase AntA, 
the metallochaperone AntC, and the regulator AntR, providing genetic parts to suppress Sb(III) cross-talk.

Results  We systematically introduced antA, antC, and three antR homologs into an ArsR regulator coupled with 
a deoxyviolacein reporter chassis (pJ23119-K12). Co-expression of AntA and AntC under a moderate constitutive 
promoter (PceuR) shifted the Sb(III) limit of detection (LOD) from 0.073 µM to 0.586 µM, with a modest increase in the 
As(III) LOD to 0.018 µM. Subsequent integration of AntR1 not only maintained the As(III) LOD at 0.018 µM but also 
unexpectedly amplified the As(III) signal, extending the linear range to 36 nM–37.5 µM (R² = 0.991). It suggests that 
AntR1 may modulate the transcriptional circuitry via cross-regulation, warranting further mechanistic inquiry. The 
modified biosensor TOP10/pJ23119-antACR1 exhibited high selectivity for As(III) over divalent metals (Cd, Pb, Cu, Hg, 
Mn, Mg) and tolerated Sb(III) up to 1 µM. Performance was retained in 90% freshwater and 50% seawater matrices, 
enabling accurate quantification of 0–2.5 µM As(III) in deionized, tap, surface, and marine samples.

Conclusion  By coupling Sb(III)-specific ant efflux/sequestration components with an ArsR-based sensing module, 
we developed a portable, low-cost biosensor that overcomes longstanding As(III)/Sb(III) cross-reactivity and performs 
robustly in complex environmental waters.
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Introduction
Arsenic (As) is the 20th most abundant metalloid in the 
Earth’s crust. It is released into the hydrosphere through 
geogenic processes—such as volcanic emissions and 
hydrothermal activity—and anthropogenic activities, 
including mining, coal combustion, and groundwater 
over-extraction [1]. In aquatic environments, inorganic 
arsenic predominates as arsenite [As(III)] and arsenate 
[As(V)], with As(III) being more mobile, bioavailable, 
and toxic [2]. Chronic exposure to As(III), even at low 
µg/L levels, is associated with skin lesions, cardiovascu-
lar disease, and multiple cancers [3]. Consequently, the 
World Health Organization (WHO) has set a drinking-
water guideline of 10 µg/L, and many countries apply the 
same limit to surface and groundwater monitoring pro-
grammes [4].

The gold-standard determination of arsenic relies on 
instrumental techniques that achieve sub-ppb sensitivity 
and speciation capability but demand expensive equip-
ment, skilled operators, and centralized laboratories [5]. 
A spectrum of alternative methods has emerged to over-
come these limitations, among which whole-cell bio-
sensors are attracting intense interest. These biosensors 
genetically couple a sensory module (usually the ArsR 
repressor and its cognate operator) to a reporter module 
(fluorescent proteins, luciferases, or pigment enzymes) 
in living bacteria [6]. During the past decade, dozens of 

ArsR-based sensors have been constructed in Escherichia 
coli, Bacillus subtilis, and Pseudomonas spp., offering 
rapid, reagent-free, and field-deployable detection [7–9].

Our recent review systematically surveyed the syn-
thetic-biology toolbox that transforms natural ars oper-
ons into tailored bacterial biosensors [6]. We highlighted 
how promoter/operator engineering, repressor titration, 
and positive-feedback loops suppress background noise, 
and we emphasized the unique advantages of pigment-
synthetic pathways—such as violacein [10], indigoidine 
[11], and indigo [12] biosynthesis—that combine enzy-
matic amplification with naked-eye readout. Building on 
these design rules, our subsequent study screened six ars 
templates and identified the chromosomal ars operon 
of E. coli K12 as the optimal scaffold. We achieved a 
deoxyviolacein (DV)-based sensor exhibiting 1 nM sen-
sitivity and a linear range (36 nM–1.17 µM) that straddles 
the WHO guideline [13]. However, like all ArsR-based 
devices [11, 14, 15], the sensor cross-reacts with Sb(III) 
and, to a lesser extent, Bi(III), compromising its selectiv-
ity for Group 15 metalloids.

To mitigate cross-reactivity of transcriptional reg-
ulators-based biosensors, previous efforts have pur-
sued three complementary strategies: (i) promoter 
and repressor evolution to reshape the metal-binding 
pocket of metalloregulators [16–19]; (ii) incorporation 
of competing metalloregulators or anti-repressors that 
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preferentially bind the interfering ion [20, 21]; and (iii) 
metabolic rewiring to enhance intracellular sequestration 
or efflux of the interferent [22]. However, Previous stud-
ies have reported LOD ratios for As(III) and Sb(III) that 
are insufficient for selective detection in complex envi-
ronmental samples [13, 15, 16]. A novel strategy offering 
enhanced Sb(III) discrimination is therefore warranted. 
Our study aims to improve these limitations by intro-
ducing the ant operon, which significantly enhances the 
selectivity for As(III) over Sb(III).

Here, we introduce the ant operon of Comamonas 
testosteroni—an Sb(III)-specific resistance system—as a 
genetic firewall within an ArsR-DV biosensor chassis. By 
co-expressing the Sb(III)-efflux ATPase AntA, the metal-
lochaperone AntC, and the regulator AntR, we selec-
tively deplete intracellular Sb(III) without compromising 
As(III) sensitivity. This ant-ars cross-operon engineering 
yields a sensor that retains a nanomolar level sensitivity 
for As(III) while suppressing Sb(III)-mediated false posi-
tives by > 4-fold, enabling accurate and portable arsenic 
monitoring in freshwater, tap water, and seawater. Our 
study demonstrates that leveraging natural resistance 
operons in tandem, such as the ant–ars cross-talk dem-
onstrated here, provides a promising approach for devel-
oping next-generation whole-cell sensors. This method 
enhances Sb(III) discrimination and offers tunable speci-
ficity, expanded dynamic range, and robust performance 
in complex environmental matrices, without the need for 
resource-intensive evolution or instrumentation. Future 
work could investigate the applicability of this strategy to 
additional metal pairs to validate its potential further.

Materials and methods
Strains, plasmids, cultivation conditions, and chemicals
The bacterial strains and plasmid constructs employed 
in this study are listed in Table  1. Escherichia coli (E. 
coli) TOP10 was the host for all recombinant plasmids. 
Cultures were grown aerobically in Luria–Bertani (LB) 
medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L 
NaCl) at 37  °C with orbital shaking at 250  rpm. Where 
indicated, ampicillin was added to a final concentration 
of 50 µg mL⁻¹ to maintain plasmid selection.

Metal ion stock solutions of Mg(II), Cd(II), Hg(II), 
Mn(II), Pb(II), Cu(II), As(III), and Sb(III) were prepared 
fresh in ultrapure water from analytical-grade salts 
(Aladdin Reagent Co., Shanghai, China). Oligonucle-
otide primers and synthetic gene fragments were synthe-
sized and sequence-verified by Sangon Biotech Co., Ltd. 
(Shanghai, China).

  

Construction of the sensing plasmid
Plasmid pJ23119-K12 was previously constructed [13] 
as the parent construct for all arsenic-responsive bio-
sensors described in this study. The plasmid map of 
pJ23119-K12 is shown in Fig. S1, and the key compo-
nents of plasmid pJ23119-K12 are summarized in Table 
S1. This vector contains a decoupled arsenic sensory 
module derived from the chromosomal ars operon of E. 
coli K-12, where the native resistance genes have been 
replaced with a truncated violacein biosynthesis operon, 
specifically vioABCE (see Fig. 1). In the absence of arse-
nite [As(III)] or antimonite [Sb(III)], dimeric ArsR binds 
to the ArsR-binding site (ABS) located within the Pars 

Table 1  Bacterial strains and plasmids used in this study
Strains and plasmids Genotypes or description Refer-

ence
E. coli strains
 TOP10 F− Φ80lacZΔM15 ΔlacX74 recA1 Invitrogen
Plasmids
 pJ23119-K12 The vioABCE gene cluster fused 

downstream of a redesigned 
arsenic sensory element from 
Escherichia coli K12 chromosomal 
ars operon, the expression of arsR 
is under the control of constitutive 
PJ23119 promoter.

 [13]

 pJ23119-antA pJ23119-K12 derivative with antA 
fused downstream of the vioABCE 
gene cluster, and the expression of 
AntA is control by the constitutive 
PceuR promoter.

This 
study

 pJ23119-antC pJ23119-K12 derivative with antC 
fused downstream of the vioABCE 
gene cluster, the expression of AntC 
is controlled by the constitutive 
PceuR promoter.

This 
study

 pJ23119-antAC pJ23119-K12 derivative with antA 
and antC fused downstream of the 
vioABCE gene cluster, the expres-
sion of AntA and AntC is controlled 
by the constitutive PceuR promoter.

This 
study

 pJ23119-HAntAC pJ23119-K12 derivative with antA 
and antC fused downstream of the 
vioABCE gene cluster, the expres-
sion of AntA and AntC is controlled 
by the PJ23119 promoter.

This 
study

 pJ23119-antACR1 pJ23119-antAC derivative with 
antR1 fused downstream of the 
antAC gene cluster, the expres-
sion of AntR1 is controlled by the 
constitutive PceuR promoter.

This 
study

 pJ23119-antACR2 pJ23119-antAC derivative with 
antR2 fused downstream of the 
antAC gene cluster, the expres-
sion of AntR2 is controlled by the 
constitutive PceuR promoter.

This 
study

 pJ23119-antACR3 pJ23119-antAC derivative with 
antR3 fused downstream of the 
antAC gene cluster, the expres-
sion of AntR3 is controlled by the 
constitutive PceuR promoter.

This 
study
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promoter, thereby repressing transcription of vioABCE. 
Upon intracellular accumulation of either metalloid, 
ArsR undergoes a conformational change that reduces its 
DNA-binding affinity, leading to dissociation from ABS 
and subsequent expression of vioABCE. The resulting 
deoxyviolacein (DV) pigment is quantitatively correlated 
with the concentration of As(III) or Sb(III), enabling col-
orimetric detection.

Despite its low background signal, pJ23119-K12 exhib-
its non-selective activation by both As(III) and Sb(III) 
(Fig. 1). This cross-reactivity is attributed to the inability 
of ArsR to discriminate between Group 15 metalloids, 
such as As(III), Sb(III), and Bi(III), representing a long-
standing limitation of ArsR-based whole-cell biosensors 
[6, 14].

All derivative plasmids were engineered from pJ23119-
K12 to attenuate the non-specific response to Sb(III). 
Two complementary strategies were adopted: (i) selective 
extrusion of intracellular Sb(III) via the Sb(III)-specific 
AntA P-type ATPase, and (ii) intracellular sequestration 
of Sb(III) by the metallochaperone AntC and its cognate 
regulator AntR.

To this end, we de novo synthesized the antA and antC 
expression cassettes under the control of the moderate 
constitutive promoter PceuR. Each cassette was inserted 
into the SacI–HindIII sites of pJ23119-K12, yielding 
pJ23119-antA and pJ23119-antC, respectively. The bicis-
tronic antA-antC cassette was assembled downstream 

of PceuR and cloned into the same sites, generating 
pJ23119-antAC.

Subsequent constructs were derived from pJ23119-
antAC as follows: The PceuR promoter driving antA/antC 
was swapped for the strong constitutive promoter 
PJ23119 to enhance Sb(III) efflux capacity to generate 
pJ23119-HAntAC. The PJ23119 promoter is a commonly 
used strong synthetic biology promoter known for its 
high-level expression capabilities [23]. The antR1, antR2, 
or antR3 genes (encoding AntR homologs) were inserted 
downstream of antA–antC via the XhoI site under PceuR 
control to bolster intracellular Sb(III) sequestration to 
generate pJ23119-antACR1/2/3.

All plasmids were introduced into E. coli TOP10 by 
chemical transformation using the CaCl₂ method. Trans-
formants, the corresponding whole-cell biosensors, were 
selected on LB agar plates containing 50 µg/mL ampicil-
lin after incubation at 37  °C overnight to obtain single 
colonies. The DNA sequences of all functional modules 
are provided in Table S1, and the origins of key proteins 
are summarized in Table S2.

Comparative As(III) and Sb(III) response profiles of 
engineered biosensors
To systematically evaluate the As(III) and Sb(III) 
response characteristics of the engineered whole-cell 
biosensors, eight freshly transformed E. coli TOP10 
strains—TOP10/pJ23119-K12, TOP10/pJ23119-antA, 
TOP10/pJ23119-antC, TOP10/pJ23119-antAC, TOP10/

Fig. 1  Limitation of ArsR-based whole-cell biosensors. Schematic of pJ23119-K12. The strong constitutive PJ23119 promoter drives high-level expres-
sion of ArsR, ensuring tight repression of vioABCE via ABS binding. As(III) and Sb(III) induce ArsR dissociation from ABS, triggering DV synthesis. The lack of 
selectivity for Group 15 metalloids remains an unresolved challenge in arsenic biosensing
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pJ23119-HAntAC, TOP10/pJ23119-antACR1, TOP10/
pJ23119-antACR2, and TOP10/pJ23119-antACR3—
were individually pre-cultured overnight in LB medium 
supplemented with 50 µg mL⁻¹ ampicillin. Each over-
night culture was then diluted 1:100 (v/v) into fresh LB 
containing the same antibiotic and exposed to a twice 
diluted of As(III) or Sb(III) concentrations: 0, 0.001, 
0.002, 0.0045, 0.009, 0.018, 0.036, 0.073, 0.146, 0.293, 
0.586, 1.171, 2.344, 4.688, 9.375, 18.75, 37.5, 75, and 150 
µM. Cultures were incubated at 37 °C with orbital shak-
ing (250 rpm) for 4 h. Following exposure, bacterial den-
sity (OD₆₀₀) and DV pigment accumulation (absorbance 
at 570 nm in n-butanol extracts) were quantified as previ-
ously described [24, 25].

Metal-selectivity assay of the optimized biosensor
To assess the metal selectivity of the optimized biosen-
sor, overnight cultures of TOP10/pJ23119-antACR1 
were diluted 1:100 (v/v) into fresh LB medium contain-
ing 50 µg mL⁻¹ ampicillin. A two-fold dilution series was 
used to supplement the medium with Mg(II), Cd(II), 
Hg(II), Mn(II), Pb(II), Cu(II), Sb(III), or As(III) at final 
concentrations of 0, 0.15, 1.2, and 2.4 µM. Cultures were 
incubated at 37 °C with orbital shaking (250 rpm) for 4 h, 
after which bacterial density (OD₆₀₀) and DV pigment 
signal (A₅₇₀) were measured.

Interference resistance assay
To evaluate the interference resistance of the optimized 
biosensor TOP10/pJ23119-antACR1, overnight cul-
tures were diluted 1:100 (v/v) into LB medium contain-
ing 50  µg mL⁻¹ ampicillin. Individual metal solutions of 
Mg(II), Cd(II), Hg(II), Mn(II), Pb(II), Cu(II), and Sb(III) 
were added to final concentrations of 0.5 or 1.0 µM, fol-
lowed by spiking with As(III) to 0.15 µM. Cultures were 
incubated at 37 °C with orbital shaking (250 rpm) for 4 h, 
after which bacterial density (OD₆₀₀) and DV pigment 
signal (A₅₇₀) were measured.

Evaluation of biosensor performance in environmental 
water matrices
Environmental water samples—including laboratory-
prepared deionized water, municipal tap water, surface 
water from Donghu Park (Luohu District, Shenzhen, 

Guangdong, China), and seawater from Daya Bay (Yan-
tian District, Shenzhen, Guangdong, China)—were col-
lected for matrix compatibility testing. Each sample was 
clarified by centrifugation at 10,000 × g for 10 min, and 
the supernatant was sterilized by passage through a 0.22 
μm membrane filter (Millipore, Billerica, MA, USA). 
Detection media were prepared as described previously 
[13, 26, 27] by mixing the clarified water samples with 
10× LB broth, 10× NaCl-free LB broth, and sterile deion-
ized water, following the volume ratios outlined in Table 
2.

Overnight cultures of TOP10/pJ23119-antACR1 were 
diluted 1:100 (v/v) into the detection media prepared 
as described above and containing 50  µg mL⁻¹ ampicil-
lin. As(III) was introduced via a two-fold dilution series 
to achieve final concentrations of 0, 0.156, 0.313, 0.625, 
1.25, 2.5, 5, and 10 µM. Cultures were incubated at 37 °C 
with orbital shaking (250 rpm) for 4 h, after which bac-
terial density (OD₆₀₀) and DV pigment signal (A₅₇₀) were 
quantified.

Under the guidance of the regression equation derived 
from the DV signals of As(III)-spiked samples, the con-
centrations of As(III) in three types of environmental 
water samples—tap water, surface water, and seawater—
were determined after spiking with As(III) to final con-
centrations of 0.2 and 0.6 µM. The sensing and detection 
were performed using the TOP10/pJ23119-antACR1 
biosensor, and the results were validated against total 
arsenic measurements obtained by atomic fluorescence 
spectrometry (AFS-9530 Haiguang Instrument, Beijing, 
China).

Statistical analysis
All statistical analyses were performed using IBM SPSS 
Statistics 26.0, and data visualization was generated 
with OriginPro 2024. Experiments were conducted in at 
least three independent biological replicates, and results 
are presented as mean ± standard deviation (SD). Two-
tailed Student’s t-test evaluated differences between 
two groups. In contrast, comparisons among multiple 
groups were carried out using one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post-hoc test. A sig-
nificance level of α = 0.05 was applied unless otherwise 
stated. The limit of detection (LOD) was calculated as 
described previously [28] using the following equations: 
Limit of blank (LOB) = mean_blank + 1.645 × SD_blank; 
LOD = LOB + 1.645 × SD_low-concentration sample.

Results and discussion
Engineering the Sb(III)-responsive ant Operon to enhance 
As(III) selectivity of ArsR-based biosensors
The ars operon is the most widespread arsenic-resis-
tance system found in bacterial plasmids, transposons, 
and chromosomes, and it has become the predominant 

Table 2  A detection culture system for analyzing environmental 
water samples
Component deionized 

water
Tap water Surface 

water
Sea-
wa-
ter

Water samples 90% 90% 90% 50%
10× LB 10% 10% 10% -
10× NaCl-free LB - - - 10%
Sterile water - - - 40%
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template for developing arsenic biosensors [6]. Neverthe-
less, ArsR-based whole-cell biosensors typically exhibit 
cross-reactivity toward Group 15 metalloids (As(III), 
Sb(III), and Bi(III)) [7, 11]. By comparatively evaluat-
ing six distinct ars templates, our previous work identi-
fied the E. coli K-12 ArsR variant as the most promising 
scaffold, delivering high sensitivity and a broad As(III) 
detection window [13]. Background leakage, a persistent 
obstacle in ArsR-based designs, was effectively elimi-
nated by driving high-level expression of ArsR from the 
strong constitutive promoter PJ23119, yielding the paren-
tal plasmid pJ23119-K12. Arsenic is a significant environ-
mental water pollutant, and detailed water quality arsenic 
limits have been established worldwide (Table S3). The 
sensor can detect As(III) at nanomolar levels, below the 
regulatory limits outlined in Table S3. Notably, however, 
this construct responds appreciably to Sb(III), especially 
at elevated concentrations closer to the environmental 

limits for antimony (Table S4). Mitigating this non-spe-
cific response has remained a critical, yet unresolved, 
challenge.

Recently, the ant operon of Comamonas testosteroni 
JL40 was identified as the first microbial resistance sys-
tem specifically up-regulated by Sb(III) [29]. The operon 
comprises three genes: antR, encoding an ArsR/SmtB-
family metalloregulator; antA, encoding a P-type ATPase 
that extrudes Sb(III); and antC, encoding a metallochap-
erone that sequesters intracellular Sb(III) and delivers it 
to AntA, thereby enhancing efflux efficiency [30].

To attenuate Sb(III)-mediated false positives in 
pJ23119-K12, we systematically incorporated ant operon 
components—individually and in combination—into the 
ArsR-based sensing chassis (Fig. 2). First, antA and antC 
were individually cloned downstream of the moderate 
constitutive promoter PceuR, yielding pJ23119-antA and 
pJ23119-antC, respectively. A bicistronic antA–antC 

Fig. 2  Strategy for reducing Sb(III) cross-reactivity in ArsR-based biosensors. Components of the Sb(III)-responsive ant operon from C. testosteroni JL40—
AntA (P-type ATPase), AntC (metallochaperone), and AntR (regulator)—were introduced individually or in combination to promote intracellular Sb(III) 
sequestration and efflux, thereby diminishing Sb(III)-induced activation of the DV reporter
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cassette was then inserted to create pJ23119-antAC to 
couple Sb(III) sequestration with active efflux. To test the 
impact of elevated efflux capacity, the PceuR promoter 
in pJ23119-antAC was replaced with the strong PJ23119 
promoter, generating pJ23119-HAntAC. Finally, recog-
nizing that dimeric AntR binds Sb(III) with high selectiv-
ity, we co-expressed AntR homologs (AntR1, AntR2, and 
AntR3) downstream of the antA–antC module, yield-
ing pJ23119-antACR1, pJ23119-antACR2, and pJ23119-
antACR3. Intracellular accumulation of these AntR 
variants is expected to scavenge free Sb(III), thereby 
reducing its availability to ArsR and minimizing off-tar-
get activation of the vioABCE reporter.

Impact of individual or combined AntA and AntC 
expression on biosensor performance
Next, we compared the As(III) and Sb(III) response pro-
files of the parental sensor TOP10/pJ23119-K12 with its 
derivatives carrying individual or combined ant com-
ponents. All engineered strains retained robust As(III) 
responsiveness, exhibiting sigmoidal dose–response 
curves comparable to the parental construct (Fig. 3A). 
Non-linear regression (Fig. 3B) revealed excellent fits 
within the following ranges: 73 nM–4.688 µM for TOP10/
pJ23119-antA and TOP10/pJ23119-antC (R² = 0.999 and 
0.996, respectively) and 73 nM–2.344 µM for TOP10/
pJ23119-antAC (R² = 0.990). However, introduction of 
antA or antC, alone or together, modestly increased the 
LOD for As(III) to 0.018 µM and narrowed the quantita-
tive range (Fig. 3C). This increase in LOD and narrowing 
of the quantitative range may be attributed to the inher-
ent properties of the ant operon and its components. 
While the ant operon is primarily found for antimonite 
resistance through AntC-mediated sequestration and 
AntA-mediated efflux [29, 30], the fact that antimony and 
arsenic are both Group 15 metalloids suggests that the 
ant operon components may not absolutely distinguish 
between these two elements. It is plausible that the intro-
duction of antAC could also reduce the bioavailability 
of As(III), thereby decreasing the sensitivity of arsenite 
detection. The extent of this reduction is likely related 
to the expression levels of AntAC, as higher expression 
levels could potentially lead to greater interference with 
As(III) detection, such as in TOP10/pJ23119-HAntAC 
(Fig. 3A). When we attempted to quantify the intracel-
lular concentrations of As(III) and Sb(III) using ICP-MS, 
we encountered difficulties due to the expression of the 
hydrophobic pigment DV. Its hydrophobic nature caused 
it to aggregate, compromising the integrity of the bacte-
rial cells, making it impossible to accurately measure the 
intracellular metal ion concentrations. However, previous 
studies have shown that introducing AntAC reduces the 
intracellular concentration of Sb(III) but not As(III) or 
other metals [29, 31]. The high expression of AntAC in 

TOP10/pJ23119-HAntAC may impose a significant met-
abolic burden on the cells. The overexpression of AntAC 
indeed has a minor efflux effect on As(III), an effect that 
might be masked when AntAC is expressed at lower 
levels. Future work could involve upregulating AntAC 
expression independently in bacterial cells to examine 
changes in intracellular As(III) concentrations.

AntA and AntC drastically altered the Sb(III) response 
as intended. Both single-gene constructs (TOP10/
pJ23119-antA and TOP10/pJ23119-antC) attenuated 
the DV signal elicited by Sb(III), slightly increasing the 
LOD (from 0.146 µM of the parental sensor to 0.293 µM 
). Strikingly, the AntAC co-expression strain shifted the 
Sb(III) LOD fourfold higher to 0.586 µM and markedly 
suppressed pigment accumulation. We hypothesized that 
increasing the expression levels of AntAC would further 
reduce Sb(III) interference. To this end, we replaced the 
constitutive PceuR promoter driving antAC with the 
strong PJ23119 promoter to enhance AntAC expres-
sion. As anticipated, overexpression of AntAC under the 
strong PJ23119 promoter (TOP10/pJ23119-HAntAC) 
significantly reduced the Sb(III) response (Fig. 3D), but 
this also led to a significant increase in the As(III) LOD 
from 0.018 µM to 0.293 µM (Fig. 3C). Collectively, these 
data demonstrate that combined AntA and AntC expres-
sion effectively mitigates Sb(III) cross-reactivity. Nev-
ertheless, this enhancement in Sb(III) resistance comes 
at the cost of slightly compromised As(III) sensitivity, 
as evidenced by the elevated LOD. Despite this trade-
off, the sensor maintains robust As(III) responsiveness 
within a slightly compressed dynamic range. The under-
lying reason for this compromise is likely because the 
ant operon and its components, while highly specific for 
Sb(III), cannot perfectly distinguish between As(III) and 
Sb(III) [29, 32].

Based on this balanced performance, TOP10/pJ23119-
antAC was selected as the optimal platform for further 
genetic refinement, including intracellular Sb(III) seques-
tration via AntR homologs. This choice was further 
validated by the subsequent integration of AntR, which 
preserved the enhanced Sb(III) resistance and unexpect-
edly increased the As(III) signal, thereby broadening the 
dynamic range and improving the overall sensitivity of 
the biosensor. These findings highlight the synergistic 
impact of AntA, AntC, and AntR on As(III)-specific sig-
naling, as detailed in the following section.

Synergistic impact of AntA, AntC, and AntR on As(III)-
specific signaling
All AntR-expressing derivatives retained the typical bell-
shaped As(III) dose–response curves (Fig.  4A). Com-
pared with the parent strain TOP10/pJ23119-antAC, 
the constructs TOP10/pJ23119-antACR1 and TOP10/
pJ23119-antACR2 produced markedly stronger DV 
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Fig. 3  Comparative performance of parental and engineered biosensors. A Dose–response curves for As(III) (log₂-transformed concentrations. B Regres-
sion analyses with indicated R² values. C Genetic schematics and representative n-butanol extracts showing DV accumulation. D Sb(III) dose–responses 
and E corresponding extracts. Multicolored stars indicate statistical significance compared to the unexposed control group. Red stars denote LODs, and 
red boxes highlight regression intervals. The raw data used to generate this figure are detailed in Tables S5 and S6
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Fig. 4  Comparative performance of AntR-containing biosensors. A As(III) dose–response curves. B Regression analyses; red stars indicate LODs; red boxes 
denote linear ranges. C Representative n-butanol extracts for As(III) exposure. D Sb(III) dose–response curves and E corresponding extracts. Multicolored 
stars indicate statistical significance. Red stars denote LODs, and red boxes highlight regression intervals. The raw data used to generate this figure are 
detailed in Tables S7 and S8
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signals, with antACR1 showing the most pronounced 
amplification.

Quantitative regression analyses (Fig. 4B) revealed that 
the parental sensor exhibited a maximum response at 
9.375 µM As(III) and a linear range of 73 nM–2.344 µM 
(R² = 0.990). Introducing the AntR1 sequestration mod-
ule shifted the peak response to 37.5 µM and extended 
the linear range to 36 nM–37.5 µM (R² = 0.991). AntR2 
preserved the peak at 9.375 µM but widened the range 
to 73 nM–4.688 µM (R² = 0.998), whereas AntR3 shifted 
the peak to 18.75 µM and provided a wide range of 36 
nM–18.75 µM (R² = 0.990). Despite these shifts, the LOD 
for As(III) remained unchanged.

Although AntR homologs were intended solely to 
sequester Sb(III), their intracellular accumulation unex-
pectedly amplified As(III) signaling, broadening the 
dynamic range. It suggests a direct or indirect interac-
tion between AntR and the ArsR–Pars regulatory circuit. 
Potential mechanisms for this interaction could include 
operator sequence overlap or co-binding of AntR with 
the promoter regions affecting vioABCE expression, 
which could modulate the transcriptional activity of the 
ArsR repressor. Surprisingly, antACR2 and antACR3 dis-
played Sb(III) response curves almost superimposable 
on that of antAC (Fig. 4D), whereas antACR1 exhibited 
a higher Sb(III)-induced signal (Fig.  4E). Importantly, 
the Sb(III) LOD for all three constructs remained 0.586 
µM—identical to antAC—indicating that AntR seques-
tration alone does not further suppress Sb(III) interfer-
ence within the tested concentration window.

These data demonstrate that AntR integration 
enhances As(III) sensitivity and widens the quantita-
tive range without compromising Sb(III) specificity. The 
unexpected amplification of the As(III) signal by AntR1 
suggests potential interactions that could impact the 
redox state, create transcriptional competition, or inter-
fere with ArsR dimerization. These mechanisms require 
further investigation to clarify the role of AntR in modu-
lating the ArsR regulatory circuit. Future studies could 
examine these interactions in detail, enhancing our 
understanding of the regulatory dynamics. Among the 
variants, TOP10/pJ23119-antACR1 was selected for sub-
sequent environmental validation owing to its superior 
signal amplification and extended linearity. The excellent 
selectivity of this construct, as detailed in the following 
section, underscores its potential for robust and specific 
arsenite detection in complex environmental samples.

Selectivity and interference resistance of TOP10/pJ23119-
antACR1
The optimized biosensor TOP10/pJ23119-antACR1 was 
challenged with three sub-cytotoxic concentrations of 
Mg(II), Cd(II), Hg(II), Mn(II), Pb(II), Cu(II), Sb(III), and 
As(III). Only As(III) elicited a pronounced DV signal. All 

divalent metal ions behaved indistinguishably from the 
blank (Fig. 5A). Sb(III) at 1.2 and 2.4 µM induced a minor 
but statistically significant pigment increase (Fig.  5A), 
yet the color remained visually subtle (Fig.  5B). No vis-
ible purple was observed for any metal other than As(III), 
confirming the high selectivity of the sensor.

To assess potential interference under realistic condi-
tions, the biosensor was co-exposed to 0.15 µM As(III) 
in the presence of 0.5 or 1 µM of each interfering metal. 
Neither bacterial growth (Fig. 5C) nor As(III)-dependent 
DV production was affected (P > 0.05; Fig. 5D). Even 1 µM 
Sb(III)—a concentration rarely encountered in environ-
mental samples—did not compromise As(III) detection, 
likely because dimeric ArsR exhibits a higher affinity for 
As(III) than for Sb(III). Extracts from all As(III)-free mix-
tures remained colorless and were statistically distinct 
from the As(III)-positive control (P < 0.0001; Fig. 5E).

The decision to exclude Bi(III) and As(V) from our 
testing was informed by the extensive literature on ArsR-
based biosensors, which uniformly identifies Sb(III) 
as the principal source of cross-reactivity [6, 16]. High 
Bi(III) and As(V) concentrations have been documented 
to cause interference primarily at levels in the tens of 
micromolar range [11, 33]. Meanwhile, phosphate and 
other anions are more likely to influence the bioavailabil-
ity of As(III) rather than directly interfere with the bio-
sensor [34, 35]. Collectively, TOP10/pJ23119-antACR1 
exhibits high selectivity for As(III), tolerates environ-
mentally relevant concentrations of co-occurring met-
als, and shows negligible interference from Sb(III) except 
at supra-environmental levels (refer to Table S4, which 
outlines regulatory limits for antimony in water qual-
ity standards and guidelines worldwide). These findings 
highlight its suitability for field deployment and have 
prompted further validation in authentic environmental 
water matrices.

Environmental validation of TOP10/pJ23119-antACR1
To evaluate the real-world applicability of TOP10/
pJ23119-antACR1, we tested its performance in four 
environmental water matrices: deionized water, munici-
pal tap water, surface water from Donghu Park, and 
seawater from Daya Bay. Contrary to most whole-cell 
biosensors that employ only 10–20% (v/v) matrix, we 
established 90% freshwater and 50% seawater formu-
lations (Table  2) to minimize dilution-related LOD 
increases while sustaining robust bacterial growth and 
pigment expression.

Cell density remained stable in all matrices (Fig. 6A). 
Seawater cultures exhibited marginally lower OD₆₀₀, 
consistent with osmotic stress [36]. Nevertheless, clear 
dose–response relationships were observed for As(III) in 
every matrix (Fig. 6B). High dissolved organic carbon in 
surface water [37] did not impair the signal, and seawater 
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salinity did not abolish As(III)-dependent DV synthesis. 
However, absolute absorbance was slightly reduced. All 
matrices displayed excellent technical reproducibility, 
with a slight inter-replicate colorimetric variability indis-
tinguishable to the naked eye (Fig. 6C), underscoring the 
sensor’s quantitative robustness and visual reliability.

Linear regression over 0–2.5 µM As(III) yielded strong 
correlations (R² >0.99) for deionized water, tap water, 
surface water, and seawater (Fig.  6D). The simplic-
ity of the readout—purple intensity visible to the naked 

eye—supports low-cost, high-throughput screening 
without specialized instrumentation. To further evaluate 
the accuracy and practical applicability of the biosensor, 
we spiked three types of environmental water samples 
(tap water, surface water, and seawater) with 0.2 and 0.6 
µM As(III). We compared the detection results obtained 
using the biosensor and atomic fluorescence spectrom-
etry (AFS). As shown in Fig.  6E, the biosensor detec-
tion results were in good agreement with those obtained 
by AFS, demonstrating the reliability of the biosensor 

Fig. 5  Selectivity and interference resistance of TOP10/pJ23119-antACR1. A DV signal intensities upon exposure to individual metals at three concentra-
tions. Horizontal line indicates blank control. (*P < 0.05). B Representative n-butanol extracts. C–E Co-exposure assays: bacterial growth (C), DV production 
(D), and visual extracts (E) in the presence of 0.15 µM As(III) plus 0.5 or 1 µM interfering metals. (****P < 0.0001). The raw data used to generate this figure 
are detailed in Tables S9, S10, and S11
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Fig. 6 (See legend on next page.)
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method. The intensity of the purple pigment signal, 
which is visible to the naked eye, further supports the 
feasibility of low-cost, high-throughput screening with-
out the need for specialized instrumentation (Fig.  6F). 
These findings indicate that the biosensor developed in 
this study serves as a valuable complement to instrumen-
tal analytical methods. Future work should further test 
the biosensor in more chemically diverse real-world sam-
ples, such as wastewater and mining effluent, to assess 
its robustness and applicability in varied environmental 
conditions.

Crosstalk between distinct metal-resistance systems 
has proven effective for enhancing sensor specificity, as 
demonstrated by CadC/CadR co-employment for Cd(II) 
[38] and pbr–cad–mer operon fusion for Pb(II)/Cd(II)/
Hg(II) discrimination [21, 39]. Here, we repurposed the 
Sb(III)-selective ant operon to suppress Sb(III) interfer-
ence in an ArsR-based As(III) sensor. While Sb(III) reac-
tivity was not eliminated, it became significant only at 
concentrations far exceeding environmental levels. Table 
S4 details regulatory limits for antimony in water quality 
standards and guidelines worldwide, ensuring a negligi-
ble impact on field applications.

Unexpectedly, AntR homolog co-expression intensi-
fied As(III) signaling and extended the quantitative range. 
This phenomenon suggests that AntR may modulate 
ArsR–Pars dynamics through several potential mecha-
nisms. One possibility is that AntR interacts allosteri-
cally with ArsR, altering its conformation and thereby 
reducing its affinity for the Pars promoter. Alternatively, 
AntR might bind competitively to the Pars promoter 
region, preventing ArsR from binding and derepressing 
the vioABCE operon. Another potential mechanism is 
that AntR influences DNA topology, which could affect 
the binding efficiency of ArsR to its operator sites. Unlike 
AntC, which primarily functions in the sequestration of 
Sb(III), AntR’s effect on As(III) signaling suggests a more 
complex regulatory role. Future mechanistic studies are 
warranted to decipher the precise interplay between the 
ant and ars operons. Elucidating these interactions will 
guide the development of next-generation Group 15 
metalloid sensors with superior As(III) selectivity and 
broader environmental relevance.

Conclusions
We report the rational engineering of a selective As(III) 
whole-cell biosensor by grafting the Sb(III)-specific ant 
resistance module onto an ArsR-based deoxyviolacein 

reporter chassis. Co-expression of the P-type ATPase 
AntA and the metallochaperone AntC lowered the Sb(III) 
detection limit fourfold (from 0.073 to 0.586 µM). These 
modifications almost abolished pigment accumulation at 
environmentally relevant antimony concentrations (typi-
cally below 50 nM, as detailed in Table S4), while preserv-
ing robust As(III) responsiveness (LOD = 18 nM). Further 
incorporation of the metalloregulator AntR1 unexpect-
edly amplified the As(III) signal and widened the linear 
range to 36 nM–37.5 µM (R² = 0.991), yielding the opti-
mized strain TOP10/pJ23119-antACR1. The final sensor 
discriminates As(III) from various divalent heavy metals 
and tolerates up to 1 µM Sb(III) without losing accuracy. 
Validation in 90% freshwater and 50% seawater matri-
ces demonstrated quantitative As(III) recovery within 
0–2.5 µM, confirming compatibility with municipal tap, 
surface, and marine samples. These results demonstrate 
that the ant–ars cross-operon assembly is a promising 
approach for enhancing selectivity towards As(III) over 
other Group 15 metalloids, such as Sb(III), and under-
score the potential of TOP10/pJ23119-antACR1 as a 
low-cost, high-throughput tool for environmental arsenic 
surveillance.
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