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Although many whole-cell biosensors (WCBs) for the detection of Cd?* have been
developed over the years, most lack sensitivity and specificity. In this paper, we
developed a Cd** WCB with a negative feedback amplifier in P. putida KT2440. Based
on the slope of the linear detection curve as a measure of sensitivity, WCB with
negative feedback amplifier greatly increased the output signal of the reporter
mCherry, resulting in 33% greater sensitivity than in an equivalent WCB without
the negative feedback circuit. Moreover, WCB with negative feedback amplifier
exhibited increased Cd®* tolerance and a lower detection limit of 0.1nM, a
remarkable 400-fold improvement compared to the WCB without the negative
feedback circuit, which is significantly below the World Health Organization
standard of 27 nM (0.003 mg/L) for cadmium in drinking water. Due to the superior
amplification of the output signal, WCB with negative feedback amplifier can provide a
detectable signal in a much shorter time, and a fast response is highly preferable for
real field applications. In addition, the WCB with negative feedback amplifier showed
an unusually high specificity for Cd?* compared to other metal ions, giving signals with
other metals that were between 17.6 and 41.4 times weaker than with Cd®*. In
summary, the negative feedback amplifier WCB designed in this work meets the
requirements of Cd®* detection with very high sensitivity and specificity, which also
demonstrates that genetic negative feedback amplifiers are excellent tools for
improving the performance of WCBs.

Keywords: cadmium detection, negative feedback amplifier, sensitivity, specificity, whole-cell biosensor

1 INTRODUCTION

Cadmium (Cd) is a heavy metal without a physiological function and considerable toxicity (Sinicropi
et al., 2010; Friberg et al., 2019). Over the past century, many different forms of cadmium exposure
have been identified, among which groundwater cadmium pollution is a severe global health problem
(Rahimzadeh et al., 2017). The continuing cadmium contamination is related to its application in
industry as a corrosive agent as well as its use in polyvinyl chloride (PVC) products, pigments, and
Ni-Cd batteries (Genchi et al., 2020). Long-term exposure to cadmium can cause a variety of diseases,
including cancer (Saha et al, 2016; Zhang and Reynolds, 2019). Cadmium pollution in the
environment is a serious international problem, affecting the health of hundreds of millions of
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people worldwide (Elonheimo et al., 2021). Due to its toxicity and
harm to human health, cadmium detection requires low-cost,
sensitive environmental monitoring equipment.

The World Health Organization (WHO) has set the safe
allowable level of cadmium in drinking water at 27 nM
(0.003 mg/L). The EPA recommends 1 x 107> mg/kg/day and
5 x 10 * mg/kg/day as reference doses for human exposure to
Cd** in food and water. However, the cadmium concentrations
released into water from industrial activities are much higher
than the prescribed limits, causing environmental contamination
and increasing hazards to human health (WHO, 2011; Ashizawa
et al., 2012). At present, atomic absorption spectrophotometry,
dithizone spectrophotometry, atomic fluorescence spectrometry,
and anodic dissolution voltammetry are the globally approved
techniques for measuring cadmium concentrations (Ure et al.,
1978; Iu et al., 1979; Albert et al., 1992; Hou et al., 2001; Feng and
Liu, 2010; Rosolina et al., 2015; Santos et al., 2015; Kumar et al,,
2017; Zhou et al, 2018). However, the pre-processing and
analysis of materials using these procedures frequently requires
complicated and expensive instruments and experienced
specialists, making them challenging to utilize in the field.
Accordingly, biosensors based on enzymes, antibodies, and
microbial cells have sparked interest for detecting cadmium in
drinking water (Van Der Meer and Belkin, 2010; Bereza-Malcolm
et al.,, 2015).

In recent years, whole-cell biosensors (WCBs) have received
increasing attention as a precise and sensitive way of detecting
hazardous heavy metal ions. Heavy metal resistance operon
regulatory elements (such as transcriptional regulators and
their cognate promoters) are frequently connected to reporter
genes that generate a measurable output (such as fluorescence,
luminescence, or enzyme analysis), so that the reporter’s signal
intensity is proportional to the concentration of the heavy metal
to be detected. A relatively well-studied cadmium-resistance
operon was found in P. putida 06909, which contains CadR (a
transcriptional regulator) and CadA (a P-type ATPase metal
efflux pump) (Lee et al, 2001). In the absence of Cd**, CadR
binds to the CadR binding site within the P_,; promoter, which
prevents RNA polymerase from recognizing the promoter P_,4
bidirectional and blocks the transcription of cadR and cadA. In
the presence of Cd**, CadR binds to Cd** and alters the local
structure of the promoter, stimulating cad gene transcription and
eliminating cadmium from the cell (Ma et al., 2009; Summers,
2009; Liu et al.,, 2019). CadR promoters and regulators have been
utilized to construct cadmium WCBs in a variety of microbial
hosts (Serensen et al., 2006; Van Der Meer and Belkin, 2010; Su
et al., 2011). However, when used for cadmium detection below
the WHO limit, poor sensitivity and specificity are serious
concerns (Sayut et al., 2006; Close et al, 2012; Kim et al,
2016; Bereza-Malcolm et al., 2017).

In this study, we used P. putida KT2440, which naturally
contains the cad operon, as a host to construct cadmium WCBs
with improved performance through genetic circuit engineering
techniques. The sensitivity of the biosensor is closely related to
the relative concentration of the receptor (CadR) and ligand
(Cd*"). Accordingly, the detection limit can be increased by
adjusting their respective concentrations in the cell. A high-gain
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transcription amplifier based on the tetracycline repressor
(TetR) negative feedback was designed as the amplification
module to adjust the intracellular concentration of CadR,
thereby increasing the expression of the reporter protein
MCherry in the output module to increase its dynamic.
Negative feedback loops are prevalent in nature, and negative
feedback mediation mechanisms are widely recognized
(Savageau, 1974). Such loops have been utilized to increase
the sensitivity of WCBs to a range of analytes, including
antibiotics, heavy metals, and other contaminants (Bertram
and Hillen, 2008; Wang et al., 2015a; Zhang et al., 2020).
This work introduces a negative feedback loop that
incorporates TetR self-regulating elements into cadmium
WCBs to improve the sensitivity and specificity of WCBs for
the first time. This paper presents a comparison of designs with
and without negative feedback amplifiers, which offers valuable
insights for efficient combined circuit forms of functional and
modulation modules in microbial sensors based on negative
feedback amplifiers and the future development of WCBs.

2 MATERIALS AND METHODS

2.1 Bacterial Strains, Reagents, and Culture

Conditions

The intended WCBs were constructed and characterized in P.
putida KT2440. LB broth (10 g/L peptone, 5 g/L NaCl, 5 g/L yeast
extract) was used to culture the cells, and 50 mg/L kanamycin
(Kan) was added where required. The same medium was used to
make solid plates, with 1.5 percent (wt/vol) agar added. Unless
stated otherwise, all experiments were carried out at 30°C.

The PCR reagents, restriction endonucleases, and the Basic
Seamless Cloning and Assembly Kit were purchased from
TransGen Biotech (China). CdCl,, Pb(NOs),, ZnCl,, CuCl,,
and NaAsO, were purchased from Shandong Western
Chemical Industry Co. Ltd., China. Anhydrotetracycline
hydrochloride (aTc, purity > 98%) was purchased from
Aladdin (China). PCR primer synthesis and sequencing were
performed by Genewiz (China).

2.2 Design and Construction of WCBs

The cadR coding sequence and the P_,; promoter that controls its
expression were amplified from the genome of P. putida KT2440
(GenBank: AE015451.2). The plasmid pAMI served as a template
for the amplification of the mcherry gene, codon optimized for P.
putida. The genome of Escherichia coli strain DH5a (NCBI
Reference Sequence: NZ CP026085.1) served as a template for
the amplification of tetR, which was then codon-optimized for P.
putida. The TetR repressible promoter Pj,,; was synthesized
following the BioBrick standard (http://biobricks.org). A
terminator (BBa_B0015) was synthesized based on the iGEM
Registry (http://parts.igem.org/Catalog) and was used to
terminate gene transcription in all cases. All genes were
synthesized and  optimized by  Genewiz  (China)
(Supplementary Table S1). Cadmium WCB gene circuits were
constructed in the broad-host-range shuttle plasmid pBBRIMCS-
2 (Supplementary Figures S1, S2), and PCR/gel electrophoresis
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and Sanger sequencing were used to confirm each of the genetic
circuits.

2.3 Growth Curves of the WCB Strains

The growth curves of the constructed WCBs were examined at
different Cd*" concentrations to understand the harmful effects
of Cd** on the engineered strains. A CdCl, solution was added to
the shake flasks to achieve a final concentration of 0, 0.1, 1, 10,
100, 200, 300, 400, 500, or 600 puM, and aTC solution was added to
the shake flask to achieve a final concentration of 400 ng/ml. They
were incubated at 30°C and 220 rpm. Before the addition of Cd**,
samples were taken every hour. When the ODg value reached
0.6-0.8, the addition of Cd** was started, after which the samples
were taken every 2 hours, and the ODgg, was measured using a
UV spectrophotometer.

2.4 Measurement of the Response Time of
WCBs

In terms of practical use, the response time of WCBs is critical.
When the bacterial solution’s ODg, reached 0.6-0.8, CdCl,
solution was added to the test tubes to achieve final
concentrations of 0, 0.01, 0.02, 0.04, 0.05, 0.1, 1, or 10 uM,
and aTC solution was added to a final concentration of
400 ng/ml. The test tubes were incubated at 30°C and 220 rpm.
Every 2 h, samples comprising 200 uL of the bacterial culture
were transferred to a 96-well plate, and the RFU and ODgq, of the
samples were determined using a microplate reader.

2.5 Dose-Dependent Response to Cadmium
The whole-cell sensor’s fluorescence response was studied at
various Cd®" concentrations. Final concentrations of 0,
0.00001, 0.0001, 0.001, 0.01, 0.02, 0.04, 0.05, 0.1, 1, or 10 uM
Cd** and 400 ng/ml aTC solution were added when the ODgg, of
the bacterial solution reached 0.6-0.8, followed by incubation at
30°C and 220 rpm. After 8 h, 200 uL of the bacterial solution was
transferred to a 96-well plate, and the RFU and ODy values were
determined using a microplate reader.

2.6 Specificity of the WCBs

The specificity for cadmium, in addition to the sensitivity and
output signal intensity of WCBs in reaction to cadmium, is an
essential element in the evaluation of WCBs. Cd**, Pd**, Zn**,
Cu®", and As”* solutions with final concentrations of 0.01, 0.1, 1,
or 10 uM and a final concentration of 400 ng/ml aTC were added
to a bacterial solution with an ODg, of 0.6-0.8 and incubated in
shake flasks at 30°C and 220 rpm. After 8 h, 200 pL of the bacterial
solution were pipetted to a 96-well plate, and the RFU and ODgq
values were measured using a microplate reader.

2.7 Fluorescence Measurement

Fluorescence intensity was measured using a microplate reader
(infinite 200Pro; TECAN, Switzerland), with 200 uL of the sample
per well of a 96-well microtiter plate. The optical density was
measured at 600 nm and the fluorescence intensity was measured
using  excitation/emission =~ wavelengths of 580/610 nm,
respectively. All tests were carried out in triplicates, with the
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unmodified P. putida KT2440 strain as a negative control (Jia
et al., 2019).

The formula FIR = AFU/BFU was used to calculate the
fluorescence induction rates (FIRs). The relative fluorescence
value (RFU) was divided by the sample absorbance to obtain
the fluorescence value (AFU). The fluorescence value of the
control (BFU) was defined as the relative fluorescence value
(RFU) of the unmodified P. putida KT2440 strain (negative
control) divided by its absorbance. The control assay
fluorescence value (BFU) was set to 1.0, and the other samples
were normalized to the control assay fluorescence value (BFU).

2.8 Important Indicators of WCBs

The response time of the biosensor for Cd** was determined as
the time at which the fluorescence response changed substantially
(p < 0.05) at low Cd** concentrations (<0.05 uM). The detection
limit of the biosensor was established as the Cd*" concentration
that induced a significant change in fluorescence response (p <
0.05) (Liao et al., 2006; Hou et al., 2015; Bereza-Malcolm et al.,
2017). The sensitivity of the biosensor was determined by the
slope of the linear detection curve of the fluorescence response to
Cd** concentration (Pola-Lépez et al., 2018; Guo et al.,, 2019). The
specificity of the biosensor was determined by the lowest ratio of
the biosensor’s fluorescence response to Cd** at 0.1 uM to the
fluorescence response to other heavy metal ions at 10 uM.

2.9 Analyses of Spiked Sample

To remove impurities and bacteria, the initial river water samples
(collected from Longfeng River, Wuqing District, Tianjin) were
filtered using a 0.22-um pore-size membrane. To assess whether
additional ions or complexes in the river water have an effect on
the biosensor, LB medium was prepared directly from river water
samples with 50 mg/L kanamycin for bacterial culture. Various
concentrations of cadmium (0.01, 0.027, 0.045, 0.050 uM, all
samples in triplicate) were added to 10 ml aliquots of bacterial
culture in the test tubes and incubated until the ODgq of the
bacterial culture reached 0.6-0.8. At the same time, the medium
for bacterial growth was produced using ultrapure water, and a
standard curve was created by adding a series of cadmium
concentrations (0.01, 0.02, 0.04, 0.05pM) (Supplementary
Figure S3). To replicate a field test setting, the trials were
carried out at room temperature. The standard curve equation
was then used to calculate the concentration of cadmium ions in
river water samples. Similarly, based on the 6 h time-dependent
fluorescence response, we tested the sensor’s detection
performance at medium and high concentrations of cadmium.
Various concentrations of cadmium (5, 10, 50, 100, and 200 pM,
all samples in triplicate) were added to 10 ml aliquots of bacterial
culture in the test tubes and incubated until the ODgqo of the
bacterial culture reached 0.6-0.8.

3 RESULTS

3.1 Design and Construction of Biosensor
The Cd** WCBs without (CM) and with (TCM) negative
feedback were constructed in P. putida KT2440, as illustrated
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FIGURE 1 | Schematic diagram of a Cd®* WCB without (A) and with negative feedback (B). (A) A typical Cd®* WCB CM consists of the promoter P01, the
regulator cadR, cadR-regulated promoter P..4, and the reporter gene mcherry. (B) The negative feedback WCB TCM additionally incorporates a negative feedback

amplifier that uses the tetracycline repressor protein TetR to regulate the specific promoter Pyetor-

in Figure 1. The biosensor CM is based on the cadRA operon
of Pseudomonas putida with its intrinsic Cd** regulation
mechanism. The Py,;,; promoter (constitutively ON and
repressed by TetR.), detection element and terminator
BBa_B0015  (Pye0;-cadR-T), and cadmium-inducible
promoter (P.,;) gene were coupled to the reporter element
red fluorescent protein gene mcherry to construct a gene
circuit (Pyero;-cadR-T-P ,4-mcherry-T) (Figure 1A). The
intensity of the output signal of the red fluorescent protein
mCherry is proportional to the concentration of the inducer
Cd**. As shown in Figure 1B, based on the biosensor CM, the
TetR (inhibited by the addition of tetracycline or its analog,
aTc), which regulates the intensity of the specific promoter
Pitero1» Was added to construct the biosensor TCM for
transcriptional control by regulating the concentration of
the intracellular receptor (cadR) (Wang et al., 2015b). When
aTc is not present, TetR binds to the specific promoter Pj;,;
and blocks the expression of the downstream genes. When
aTc is added, it reduces the intensity of TetR inhibition at the
specific promoter Pj.,;. The resulting TetR continues to
reduce the intensity of promoter P.,;, keeping the
intracellular CadR protein at a low level, forming a
negative feedback loop that acts as a negative feedback
amplifier for Cd>* WCBs, enhancing the expression of the
biosensor’s mCherry output signal. (Wang et al., 2015b).
When aTc is added, it reduces the intensity of TetR
inhibition at the specific promoter Pj.,;. The resulting
TetR continues to reduce the intensity of promoter Pj0;,
keeping the intracellular CadR protein at a low level, forming

a negative feedback loop that acts as a negative feedback
amplifier for Cd>* WCBs, enhancing the expression of the
biosensor’s mCherry output signal.

3.2 Growth Curves of Whole-Cell Sensor

Strains

The growth curves of the CM and TCM sensor strains were
evaluated at different doses of cadmium ions to better
understand the harmful effects of cadmium on the designed
strains. Samples were taken every hour, and Cd*" was added
when the ODyg, value reached 0.6-0.8, after which samples
were taken every 2 hours, and the ODgo was monitored for
24h. After around 4h of incubation, the CM and TCM
biosensor strains both entered the logarithmic phase, as
shown in Figure 2. The growth of cells was gradually
inhibited with the increase of Cd*" concentration. At Cd**
concentrations below 10 pM, the growth of both sensor strains
was largely unaffected. Cell growth was inhibited to a lesser
extent at Cd®" concentrations of 100-200uM, and
significantly inhibited above 300 uM. From the comparison
of the growth curves, it can be concluded that the time to enter
the stable phase of the biosensor TCM was delayed at low Cd**
concentrations, and the time in the stable phase was
prolonged at high Cd** concentrations. This indicates that
the addition of a negative feedback amplifier improved the
tolerance of the biosensor to Cd**. Considering the inhibition
of cell growth by Cd**, 0-10uM Cd** was selected for
subsequent experiments.
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FIGURE 2 | Growth curves of the two WCB sensor strains at various
Cd?* concentrations. (A) Without negative feedback, WCB CM; (B) With
negative feedback, WCB TCM.

3.3 Time-dependent Response

In practical applications, the response time of WCBs is a
crucial issue to consider. Furthermore, an important factor
when using genetic amplifiers in WCBs is base-level
expression, stemming either from the sensor or
amplification modules. The resulting expression loop can be
self-reinforcing, resulting in a significant number of false-
positive signals over time. After adding 0, 0.01, 0.02, 0.04,
0.05,0.1, 1 or10 uM Cd**, the time-dependent responses of the
two WCBs were evaluated for 10 h. As shown in Figure 3, both
WCBs showed a slight increase in background signal when
incubated without Cd** for longer than 6 h. After 10 h, the
fluorescence signal of the negative feedback biosensor TCM
increased by about 2.1-fold, while that of the non-positive
feedback biosensor CM increased by about 3.25-fold, and the
biosensor containing the negative feedback circuit exhibited a
reduction of background leakage to some extent. Thus, basal
level expression of biosensors with and without negative
feedback amplifiers was comparable, with no false-positive
signals arising from potential leaky expression.

Whole-Cell Biosensor for Cadmium

The fluorescence response of the biosensor gradually increased
with time at different Cd** concentrations (Supplementary
Figure S4). After adding Cd** at concentrations of 0-10 uM
and incubating for 8 h, the fluorescence response of the biosensor
CM to Cd** with a concentration of 0.04uM changed
significantly, and its response time was 8 h. TCM produced a
significant fluorescence response to 0.05 uM Cd** at 4 h. Thus,
the response time was reduced by 4 h. After 8 h of incubation,
TCM produced a significantly higher fluorescence response to
0.01 uM Cd** than CM, which only produced a significant change
at 0.04 uM Cd**. This indicates that the addition of the negative
feedback amplifier can significantly reduce the response time of
the biosensor. In addition, the negative feedback biosensor TCM
responded faster to Cd** with a much higher signal than the
biosensor CM without negative feedback. The fluorescence
intensity of TCM was about 3.91 times higher than that of
CM after adding Cd®" at a concentration of 0.1 uM for 8h,
and after 4 h of exposure to 10 uM Cd**, its output signal was
5.81 times higher than that of CM. In order to compare the
sensitivity, detection limit, and specificity between the sensors
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FIGURE 3 | Time-dependent response of Cd?* biosensors without (A)

and with (B) negative feedback. The CM and TCM biosensor cells were grown
in medium containing 0, 0.00001, 0.0001, 0.001, 0.01, 0.02, 0.04, 0.05, 0.1,
1, or 10 pM Cd?*. The error bars indicate the standard deviation of
triplicate experiments. “p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 4 | Dose-dependent fluorescence response of the biosensor
CM without negative feedback and biosensor TCM with negative feedback.
The error bars represent the standard deviations from triplicate experiments.
*p < 0.05; *p < 0.01; **p < 0.001.

TCM and CM under the same condition, we set the incubation
time of the sensor TCM the same to the sensor CM, that is 8 h, in
the Concentration-dependent fluorescence response and
Specificity tests. The minimum detection limit of the sensor
TCM is 0.05uM at 4h, which does not meet the cadmium
detection standard of 0.027 uM in drinking water specified by
the WHO; while the minimum detection limit of the sensor TCM
is 0.01 pM at 6 h, which does meet the requirement for cadmium
determination. Therefore, in Analyses of spiked sample, we
stipulated that the response time of the sensor TCM is 6 h.

3.4 Concentration-Dependent

Fluorescence Response

Next, the amplification impact of the negative feedback loop was
analyzed at different initial Cd** concentrations. After 8 h of
exposure to Cd** at concentrations ranging from 0 to 10 uM at
30°C, the two WCBs were compared. Both WCBs exhibited a
dose-dependent pattern with a positive relationship between
fluorescence intensity and Cd** concentration (Figure 4). At
the same time, linear fitting was performed on the fluorescence
response data measured at different Cd** concentrations
(Supplementary Figure S5), and the linear response range of
the biosensor CM was 0.04-0.1 uM, with a sensitivity of 509.09.
By contrast, the linear response range of the biosensor TCM was
0.0001-0.05 uM, and its sensitivity was 678.07. Hence, the latter
was 33% more sensitive. The output signal of the WCB with
negative feedback was significantly amplified at Cd**
concentrations of 0.00001-10 uM, and was 1.31-3.71 times
higher than the output signal of the WCB without negative
feedback at the same concentrations. There was detectable
MCherry expression when Cd** was added at a concentration
as low as 0.1 nM (p < 0.05) for the WCB with negative feedback
and 40 nM (p < 0.05) for the one without negative feedback. After
significance analysis, the detection limit of the biosensor CM at

Whole-Cell Biosensor for Cadmium

8 h was 40 nM, and the detection limit of the biosensor TCM was
0.1 nM, which is a 400-fold increase. Notably, the detection limit
of the biosensor TCM is significantly lower than the WHO
standard for Cd*" detection in drinking water (27 nM). These
findings demonstrate that a WCB with a negative feedback
amplifier exhibits significantly improved fluorescence intensity,
detection range, and sensitivity.

3.5 Specificity of the Constructed WCBs

The specificity for cadmium, in addition to the sensitivity and
intensity of the output signal, is an important factor in the
evaluation of WCBs. The mCherry fluorescence of the two
WCBs was evaluated after 8 h of incubation in the presence of
CdCl,, Pb(NOs),, ZnCl,, CuCl,, or NaAsO, at final
concentrations of 0.01, 0.1, 1, or 10 uM. As shown from
Figure 5, the response of the TCM biosensor to other metals
was negligible at 1 and 10 uM, with single intensities less than 0.51
or 1.19% compared to Cd** at the same concentration. At
0.01yM and 0.1 uM, the signal from other metals was
2.27-13.54% compared to Cd*". By contrast, the fluorescence
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FIGURE 5 | The Cd?* specificity of the biosensor CM without negative
feedback (A) and the negative feedback amplifier biosensor TCM (B). The
fluorescence intensity of the biosensor was measured by incubating the cells
for 8 h in the presence of 0.01, 0.1, 1, or 10 uM Cd?*, respectively. The
error bars represent standard deviations from triplicate experiments.
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TABLE 1 | Accuracy and reliability of the constructed TCM biosensor in the measurement of cadmium in real river water samples.

Samples ICP-MS (uM) Cd?* added
(uM)
River water 0.00054 0.01
0.00054 0.027°
0.00054 0.045°
0.00054 0.05

AMean FIR, value + standard deviation (n = 3).

FIRs? Estimated (uM) Recovery (%)
21.21 + 0.52 0.01066 101.11
26.01 + 0.55 0.02727 99.02
31.24 + 0.66 0.04467 98.08
33.28 + 0.95 0.05101 100.92

bMean 0.027 uM is the legal limit for cadmium ions in drinking water set by the WHO (WHO, 2011).
°Mean 0.045 LM is the legal limit for cadmium ions specified in the national sanitary standard of China for domestic drinking water (GB 5749-2006) (Jin et al., 2006).

response of the biosensor CM to other metals was approximately
31-65% at 0.01 and 0.1 pM, 10-20% at 1 puM and 16-25% at
10 pM. The cadmium output signal of the WCB was therefore
considerably improved by using a negative feedback amplifier.
The specificity for cadmium ions was also considerably improved,
which is noteworthy given that no other design has been
documented to improve WCB specificity using negative
feedback circuit engineering.

3.6 Analyses of Spiked Sample

Natural river water containing complex components may
influence the specificity and vitality of bacterial biosensors,
resulting in incorrect results in some circumstances.
Furthermore, complex components in natural water may
interfere with the target inducer by rendering it inaccessible to
bacteria. The performance of the TCM biosensor was therefore
evaluated using a series of artificially cadmium-contaminated
river water samples. Inductively coupled plasma-mass
spectrometry (ICP-MS) analysis determined that the cadmium
concentration was 0.00054 uM in the original river water samples.
The Cd** calibration curve of the TCM biosensor was established
after 6 h of induction at final Cd** concentrations 0.01, 0.02, 0.04,
and 0.05pM. Cadmium concentrations in spiked cadmium-
contaminated river water samples were estimated using
equation Y = 18.10713 + 294.92341 x X. As can be seen in
Table 1, the recovery rates of cadmium determined by the TCM
biosensor ranged from 98.08 to 101.11%, which corresponded
well to the actual concentrations of the samples. However, high
concentration of heavy metal ions may exceed the tolerance of the
sensor and then affect its detection ability. Therefore, we also
tested the performance of this WCB at higher Cd**
concentrations such as 5, 10, 50, 100, and 200 pM, with the
recovery rates of 97.18, 97.65, 102.74, 104.32, and 95.45%,
respectively (Supplementary Table S2). These findings suggest
that the biosensor TCM can achieve quantitative detection of
cadmium in a low concentration range and has a high level of
interference resistance and stability for detecting medium and
high concentration cadmium in river water samples.

4 DISCUSSION

The ability of WCBs to detect harmful heavy metals and
metalloids (such as cadmium, lead, mercury and arsenic) in
the environment has been extensively studied (Wang et al,

2013; Wan et al, 2019; He et al., 2021). Despite the fact that
many WCBs have been developed and used for metal ion
detection, most WCBs cannot be used for environmental
monitoring because they do not meet the high sensitivity and
specificity requirements (Hansen and Segrensen, 2001; Baronian,
2004; Guo et al,, 2019). Pola-Lopez et al. created a novel vector in
which phage T7 RNA polymerase serves as an amplifier and green
fluorescent protein (GFP) serves as a reporter protein (Pola-
Lopez et al,, 2018). The biosensor they designed has a detection
range of 5-140 pg/L, and concentrations of the metalloid As(III)
below the WHO limit were successfully detected. However, in
contrast to our design, the amplifier did not improve the
performance of the arsenic biosensor, and a biosensor without
the amplifier was not used as a control to evaluate the
amplification effect.

In order to improve the output signal and boost the sensitivity
of WCBs, many studies incorporated genetic amplifier circuits
(Nistala et al., 2010; Jia et al., 2018). However, negative feedback
loops have a different role in enhancing loop sensitivity
depending on the genetic context and regulatory factors
present. Savageau made the early assertion that “negative
feedback regulation is more stable than open-loop or positive
feedback regulation” (Savageau, 1974). TetR negative feedback
loops have been used to regulate a variety of protein-coding genes
to increase output signals or improve sensitivity. However, their
use for Cd** detection has not been reported (Bertram and Hillen,
2008; Wang et al., 2015c). Our study shows that the TetR negative
feedback circuit coupled with the cadR regulation circuit not only
improves the sensitivity of the biosensor but also improves the
selectivity of the biosensor for Cd*".

One problem with adding amplifiers to WCBs is the high noise
level and the false positive signal amplified due to basal expression
and promoter leakage. While this leakage can be negligible in
some application contexts, it can cause problems in other
situations. For example, 1) at high basal expression, sensitive
enzyme-based colorimetric outputs can rapidly saturate, limiting
titrimetric analysis (Wackwitz et al, 2008); 2) reducing the
dynamic range of the downstream output reporter expression
(Nielsen et al., 2016); and 3) causing non-severe side effects in
biosensor outputs with therapeutic killing capabilities. In
addition, negative feedback plays an essential role in achieving
bistable gene expression, traditionally referred to as high/low or
ON/OFF. In these scenarios, the initial concentration of the
inducer can determine the gene expression level of the
biosensor, and the initial input level of the inducer can induce
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a switch in the gene expression of the biosensor between two
steady states. Single-cell studies revealed that the activity of the
TetR protein determined whether the negative feedback amplifier
enhanced cell noise relative to the non-negative feedback control.
Both the negative feedback and non-negative feedback systems
have comparable noise levels. At greater inducer concentrations,
however, the increase in noise may be attributed to an increasing
system burden caused by slower cell growth rates. In our work, to
compare the basal background of the biosensors CM and TCM,
we measured the time-dependent response of the two biosensors
at different Cd** concentrations. We found that the basic
expression levels of the biosensors with and without negative
feedback amplifiers were comparable. False-positive signals
generated by potential amplification of leaky expression were
not observed, and the biosensor TCM with a negative feedback
circuit reduced background leakage to a certain extent.
Sensitivity and specificity are the primary indicators of
microbial biosensor performance, with sensitivity being related
to the detection limit as well as the resolution, and specificity
being the ratio of the signal intensity of the response to the target
detection to that of other ions. In 2015, Hou et al. constructed the
sensor pcadCluc and pzntRluc for Cd** and Pb** with detection
limits below 0.1 and 0.05uM, respectively, and the sensor
parsRluc for Cd*" with a detection limit of 5.0 uM and less
than 0.1 uM for As** (Hou et al.,, 2015). In 2015, Kumar et al.
developed a microarray-based synthetic system biosensor, which
reduced the reaction volume to 200 uL and the detection limit for
cadmium was 0.045 pM (Kumar et al, 2017). None of these
sensors meet the WHO standard of 0.027 uM for cadmium in
drinking water. Since the negative feedback loop can amplify the
output signal at a low concentration of Cd*" and improve the
sensitivity, the Cd** biosensor with the negative feedback
amplifier had a wider detection range and lower detection
limit. The constructed negative feedback biosensor TCM was
able to detect cadmium down to 0.0001 uM and was more
sensitive than other biosensors (Supplementary Table S3)
constructed to date (Sayut et al., 2006; Close et al., 2012). The
detection limit of the negative feedback biosensor TCM was 400-
fold higher than that of the negative feedback-free biosensor CM.
In 2017, Biosensors and Bioelectronics published a paper on
the functional study of a composite microbial cadmium biosensor
based on different genera of Gram-negative bacteria develop by
Franks’ team at La Trobe University, Australia. They expressed a
multiplex cadmium microbial sensor in different Gram-negative
bacteria. However, the detection limits of Cd** did not meet the
Chinese standard of cadmium concentration in drinking water
(45nM or 0.005mg/L), and the multiple cadmium microbial
biosensor responded to several other heavy metals (e.g., similar
concentrations of arsenic, mercury, and lead) (Bereza-Malcolm
etal,,2017).In 2018, the sensor developed by the Bereza-Malcolm
group expressed in different strains, exhibited better selectivity in
the detection of arsenic ions, but could not completely overcome
the interference problem of other heavy metal ions, e.g., the
response signal to arsenic ions at 100 ug/L was only three times
higher than that of other metal ions (Bereza-Malcolm et al,
2018). In addition to increasing the biosensor’s sensitivity, the
specificity of the negative feedback amplification system for Cd**

Whole-Cell Biosensor for Cadmium

was also improved, since it significantly amplified the response of
the fluorescence signal to Cd**, while the response to other metals
was only slightly increased. As a result, it exhibited an
outstanding fluorescence difference in response to CdCl, and
other metals in general. Many cadmium WCBs have specificity
issues (Sayut et al., 2006; Close et al., 2012; Segall-Shapiro et al.,
2014; Kim et al., 2016; Yoon et al., 2016; Bereza-Malcolm et al.,
2017). In general, protein engineering can enhance specificity by
changing the interplay between regulatory factors and induced
metal ions. Surprisingly, the negative feedback loop added to
cadmium WCBs selectively increased the fluorescence output
signal in response to cadmium and other metals. The fluorescence
response of the sensor at a Cd** concentration of 0.1 uM is 34.2
times, 17.6 times, 34.6 times, and 41.4 times that of 10 uM Pd**,
Zn**, Cu®*, As’", respectively (Figure 5B). At 0.01, 0.1, 1, 10 uM
concentration gradients, the signal produced by Cd** was
between 7 and 197 times stronger than the fluorescence
output signals of other metals, allowing the accurate detection
of cadmium in the presence of other metals. This may be because
the specific promoter P,,,; regulates the expression level of cadR
gene. At the same time, aTc molecules diffuse into the cytoplasm
and bind to TetR, somewhat alleviating its repression of the
specific promoter Py,;, which results in the expression of the
metal-binding protein CadR at an appropriately lower
concentration in the biosensor TCM compared with the
biosensor CM without the negative feedback amplifier. The
special ~ metal-binding  sites of  cadmium-responsive
transcription factor CadR protein determine their different
binding abilities to certain metals. Therefore, when cadmium
is present simultaneously with other metal ions, the biosensor
CM without negative feedback amplifier will bind metal ions with
a weaker binding capacity to CadR to a large extent, after
preferentially binding cadmium due to the higher intracellular
CadR concentration. On contrary, the biosensor TCM containing
negative feedback amplifier expresses the CadR at an
appropriately low concentration, which can highly bind to
cadmium and increase the specificity of the sensor.

The difference between the actual measurement results and
the initial concentration of the sample is a worrying problem in
practical applications, because when a water sample is added to
the medium, the analyte will be diluted. Even if the initial
concentration is within the detection limit of the sensor, a
high dilution ratio may cause the sample to be undetectable.
One method is to make Luria-Bertani (LB) broth with sample
water and use it to inoculate WCBs. Since bacteria, like many
other WCBs (Hansen and Serensen, 2001), do not require
special conditions for rapid growth and reproduction, we
chose bacteria as the host in this study. Bacteria can not only
survive well at room temperature, but they also have relatively
low requirements in terms of pH and humidity. Bacterial WCBs
are relatively more robust because the expression of reporter
proteins is dependent on cell growth. The Cd*" concentration
determined by the TCM biosensor closely matched the actual
concentration of the sample, showing strong resistance to
interference and good stability. Although the current
biosensor cells require 6 h of incubation to produce sufficient
fluorescence output for the actual assay, they can be further
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optimized to reduce the processing time if needed. For example,
the cell density can be optimized to increase the fluorescence
level so that the output can quickly reach the visual detection
threshold, and the output based on a fast enzymatic reaction (for
example, NanoLuc (Cevenini et al., 2018) or LacZa peptide (Ma
et al., 2018) can accelerate the detection response. Compared
with the incubation time of WCBs under other real sample
detection conditions (Supplementary Table S4), the sensor
TCM with negative feedback amplifier can achieve the
quantitative detection of cadmium in the low concentration
range of 0.01-0.05 uM (which can achieve WHO drinking water
cadmium detection standard of 0.027 uM) in 6 h. This research
demonstrates the modulation element’s sensitivity in Cd**
detection, as well as the role of negative feedback in
improving the sensitivity. In order to avoid problems caused
by using living cells as hosts, the same regulatory elements can
also be used in the design of cell-free Cd** biosensors.

5 CONCLUSION

Overall, in terms of reaction time, sensitivity, and specificity, our
findings reveal that the negative feedback biosensor TCM
outperforms the non-negative feedback biosensor CM. This
biosensor with a negative feedback amplifier is capable of
detecting cadmium ions below WHO and FAO standards. It
has the potential to be used as a field detection tool for regular
monitoring of cadmium levels in drinking water. Our research
emphasizes the significance of genetic circuit engineering in
enhancing the performance of WCBs and provides new ideas
for the development of additional biosensors. Negative feedback
loops are a workable strategy to construct and improve WCBs for
the detection of other heavy metals or pollutants, even though

REFERENCES

Albert, L., Atherton, J., Elias, R., El-Sebae, A., and Temmink, J. (1992). Cadmium:
Environ Aspects. Geneva, Switzerland: World Health Organization.

Ashizawa, A., Faroon, O., Ingerman, L., Jenkins, K., Tucker, P., and Wright, S.
(2012). Toxicological Profile for Cadmium. Atlanta, Georgia: Agency for Toxic
Substances and Disease Registry (US).

Baronian, K. H. R. (2004). The Use of Yeast and Moulds as Sensing Elements in
Biosensors. Biosens. Bioelectron. 19, 953-962. doi:10.1016/j.bi0s.2003.09.010

Bereza-Malcolm, L., Aracic, S., Kannan, R., Mann, G., and Franks, A. E. (2017).
Functional Characterization of Gram-Negative Bacteria from Different Genera
as Multiplex Cadmium Biosensors. Biosens. Bioelectron. 94, 380-387.
doi:10.1016/j.bios.2017.03.029

Bereza-Malcolm, L., Aracic, S., Mann, G., and Franks, A. E. (2018). The
Development and Analyses of Several Gram-Negative Arsenic Biosensors
Using a Synthetic Biology Approach. Sensors Actuators B: Chem. 256,
117-125. doi:10.1016/j.snb.2017.10.068

Bereza-Malcolm, L. T., Mann, G., and Franks, A. E. (2015). Environmental Sensing
of Heavy Metals through Whole Cell Microbial Biosensors: A Synthetic Biology
Approach. ACS Synth. Biol. 4, 535-546. doi:10.1021/sb500286r

Bertram, R., and Hillen, W. (2008). The Application of Tet Repressor in
Prokaryotic Gene Regulation and Expression. Microb. Biotechnol. 1, 2-16.
doi:10.1111/j.1751-7915.2007.00001.x

Cevenini, L., Lopreside, A., Calabretta, M. M., D’Elia, M., Simoni, P., Michelini, E.,
et al. (2018). A Novel Bioluminescent NanoLuc Yeast-Estrogen Screen

Whole-Cell Biosensor for Cadmium

their influence on negative feedback circuits may vary due to
genetic background.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication. GZ
performed all experiments with the help of SH, analyzed the data,
and wrote the manuscript. XJ and GZ conceived the idea,
designed the experiments, and modified the manuscript.

FUNDING

The authors wish to acknowledge the financial support provided
by the National Key Research and Development Program of
China (Project No. 2018YFA0902100) and the National Natural
Science Foundation of China (No. 22178262, No. 21576197).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2021.799781/
full#supplementary-material

Biosensor (nanoYES) with a Compact Wireless Camera for Effect-Based
Detection of Endocrine-Disrupting Chemicals. Anal. Bioanal. Chem. 410,
1237-1246. doi:10.1007/s00216-017-0661-7

Close, D., Xu, T., Smartt, A., Rogers, A., Crossley, R, Price, S., et al. (2012). The
Evolution of the Bacterial Luciferase Gene Cassette (Lux) as a Real-Time
Bioreporter. Sensors 12, 732-752. doi:10.3390/s120100732

Elonheimo, H., Lange, R., Tolonen, H., and Kolossa-Gehring, M. (2021).
Environmental Substances Associated with Osteoporosis-A Scoping Review.
Ijerph 18, 738. doi:10.3390/ijerph18020738

Feng, L., and Liu, J. (2010). Solid Sampling Graphite Fibre Felt Electrothermal
Atomic Fluorescence Spectrometry with Tungsten Coil Atomic Trap for the
Determination of Cadmium in Food Samples. J. Anal. Spectrom. 25,1072-1078.
doi:10.1039/B924270H

Friberg, L. T., Elinder, G. G., Kjellstrom, T., and Nordberg, G. F. (2019). Cadmium
and Health: A Toxicological and Epidemiological Appraisal: Volume 2: Effects
and Response. Boca Raton, FL: CRC Press.

Genchi, G., Carocci, A., Lauria, G., Sinicropi, M. S., Catalano, A., and health, p.
(2020). Nickel: Human Health and Environmental Toxicology. Ijerph 17, 679.
doi:10.3390/ijerph17030679

Guo, M., Du, R, Xie, Z, He, X,, Huang, K,, Luo, Y., et al. (2019). Using the
Promoters of MerR Family Proteins as "rheostats” to Engineer Whole-Cell
Heavy Metal Biosensors with Adjustable Sensitivity. J. Biol. Eng. 13, 1-9.
doi:10.1186/s13036-019-0202-3

Hansen, L. H,, and S rensen, S. J. (2001). The Use of Whole-Cell Biosensors to
Detect and Quantify Compounds or Conditions Affecting Biological Systems.
Microb. Ecol. 42, 483-494. doi:10.1007/s00248-001-0025-9

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

December 2021 | Volume 9 | Article 799781


https://www.frontiersin.org/articles/10.3389/fbioe.2021.799781/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2021.799781/full#supplementary-material
https://doi.org/10.1016/j.bios.2003.09.010
https://doi.org/10.1016/j.bios.2017.03.029
https://doi.org/10.1016/j.snb.2017.10.068
https://doi.org/10.1021/sb500286r
https://doi.org/10.1111/j.1751-7915.2007.00001.x
https://doi.org/10.1007/s00216-017-0661-7
https://doi.org/10.3390/s120100732
https://doi.org/10.3390/ijerph18020738
https://doi.org/10.1039/B924270H
https://doi.org/10.3390/ijerph17030679
https://doi.org/10.1186/s13036-019-0202-3
https://doi.org/10.1007/s00248-001-0025-9
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

He, M.-Y,, Lin, Y.-J., Kao, Y.-L., Kuo, P., Grauffel, C., Lim, C., et al. (2021). Sensitive
and Specific Cadmium Biosensor Developed by Reconfiguring Metal Transport
and Leveraging Natural Gene Repositories. ACS Sens. 6, 995-1002. doi:10.1021/
acssensors.0c02204

Hou, J., Chen, G., and Wang, Z. (2001). Simultaneous Determination of Trace
Cadmium and Arsenic in Grains Using Atomic Absorption
Spectrophotometry. Guang Pu Xue Yu Guang Pu Fen Xi 21, 387-390.
doi:10.1016/S0924-2031(02)00007-3

Hou, Q., Ma, A., Wang, T, Lin, J., Wang, H., Du, B, et al. (2015). Detection of
Bioavailable Cadmium, lead, and Arsenic in Polluted Soil by Tailored Multiple
Escherichia coli Whole-Cell Sensor Set. Anal. Bioanal. Chem. 407, 6865-6871.
doi:10.1007/s00216-015-8830-z

Iu, K. L, Pulford, I. D., and Duncan, H. J. (1979). Determination of Cadmium,
Cobalt, Copper, Nickel and lead in Soil Extracts by Dithizone Extraction and
Atomic Absorption Spectrometry with Electrothermal Atomization. Analytica
Chim. Acta 106, 319-324. doi:10.1016/S0003-2670(01)85015-7

Jia, X., Bu, R,, Zhao, T., and Wu, K. (2019). Sensitive and Specific Whole-Cell
Biosensor for Arsenic Detection. Appl. Environ. Microbiol. 85. doi:10.1128/
AEM.00694-19

Jia, X., Zhao, T., Liu, Y., Bu, R., and Wu, K. (2018). Gene Circuit Engineering to
Improve the Performance of a Whole-Cell lead Biosensor. FEMS Microbiol.
Lett. 365, fny157. doi:10.1093/femsle/fny157

Jin, Y., Chen, E., Chen, C., Zhang, X., and Chen, L. (2006). Standards for Drinking
Water Quality (GB-5749-2006). Beijing, China: Beijing Ministry of Health of the
People’s Republic of China.

Kim, H. J,, Lim, J. W,, Jeong, H., Lee, S.-]., Lee, D.-W., Kim, T, et al. (2016).
Development of a Highly Specific and Sensitive Cadmium and lead Microbial
Biosensor Using Synthetic CadC-T7 Genetic Circuitry. Biosens. Bioelectron. 79,
701-708. doi:10.1016/j.bios.2015.12.101

Kumar, S., Verma, N., and Singh, A. K. (2017). Development of Cadmium Specific
Recombinant Biosensor and its Application in Milk Samples. Sensors Actuators
B: Chem. 240, 248-254. doi:10.1016/j.snb.2016.08.160

Lee, S.-W., Glickmann, E., and Cooksey, D. A. (2001). Chromosomal Locus for
Cadmium Resistance in Pseudomonas Putida Consisting of a Cadmium-
Transporting ATPase and a MerR Family Response Regulator. Appl.
Environ. Microbiol. 67, 1437-1444. doi:10.1128/AEM.67.4.1437-1444.2001

Liao, V. H.-C., Chien, M.-T., Tseng, Y.-Y., and Ou, K.-L. (2006). Assessment of
Heavy Metal Bioavailability in Contaminated Sediments and Soils Using green
Fluorescent Protein-Based Bacterial Biosensors. Environ. Pollut. 142, 17-23.
doi:10.1016/j.envpol.2005.09.021

Liu, X, Hu, Q., Yang, J., Huang, S., Wei, T., Chen, W., et al. (2019). Selective
Cadmium Regulation Mediated by a Cooperative Binding Mechanism in CadR.
Proc. Natl. Acad. Sci. USA 116, 20398-20403. doi:10.1073/pnas.1908610116

Ma, D., Shen, L., Wu, K., Diehnelt, C. W., and Green, A. A. (2018). Low-cost
Detection of Norovirus Using Paper-Based Cell-free Systems and Synbody-
Based Viral Enrichment. Synth. Biol. 3, ysy018. doi:10.1093/synbio/ysy018

Ma, Z., Jacobsen, F. E., and Giedroc, D. P. (2009). Coordination Chemistry of
Bacterial Metal Transport and Sensing. Chem. Rev. 109, 4644-4681.
doi:10.1021/cr900077w

Nielsen, A. A. K., Der, B. S., Shin, J., Vaidyanathan, P., Paralanov, V., Strychalski, E.
A, et al. (2016). Genetic Circuit Design Automation. Science 352, aac7341.
doi:10.1126/science.aac7341

Nistala, G. J., Wu, K., Rao, C. V., and Bhalerao, K. D. (2010). A Modular Positive
Feedback-Based Gene Amplifier. J. Biol. Eng. 4, 1-8. d0i:10.1186/1754-1611-
4-4

Pola-Lopez, L. A., Camas-Anzueto, J. L., Martinez-Antonio, A., Lujan-Hidalgo,
M. C., Anzueto-Sanchez, G., Ruiz-Valdiviezo, V. M., et al. (2018). Novel
Arsenic Biosensor "POLA" Obtained by a Genetically Modified E. coli
Bioreporter Cell. Sensors Actuators B: Chem. 254, 1061-1068. doi:10.1016/
j.snb.2017.08.006

Rafati Rahimzadeh, M., Rafati Rahimzadeh, M., Kazemi, S., and Moghadamnia, A.
A. (2017). Cadmium Toxicity and Treatment: An Update. Caspian J. Intern.
Med. 8, 135-145. doi:10.22088/cjim.8.3.135

Rosolina, S. M., Chambers, J. Q., Lee, C. W., and Xue, Z.-L. (2015). Direct
Determination of Cadmium and lead in Pharmaceutical Ingredients Using
Anodic Stripping Voltammetry in Aqueous and DMSO/water Solutions.
Analytica Chim. Acta 893, 25-33. doi:10.1016/j.aca.2015.07.010

Whole-Cell Biosensor for Cadmium

Saha, N., Mollah, M. Z. I, Alam, M. F., and Safiur Rahman, M. (2016). Seasonal
Investigation of Heavy Metals in marine Fishes Captured from the Bay of
Bengal and the Implications for Human Health Risk Assessment. Food control
70, 110-118. doi:10.1016/j.foodcont.2016.05.040

Santos, I. C., Mesquita, R. B. R., and Rangel, A. O. S. S. (2015). Micro Solid Phase
Spectrophotometry in a Sequential Injection Lab-On-Valve Platform for
Cadmium, Zinc, and Copper Determination in Freshwaters. Analytica
Chim. Acta 891, 171-178. doi:10.1016/j.aca.2015.08.021

Savageau, M. A. (1974). Comparison of Classical and Autogenous Systems of
Regulation in Inducible Operons. Nature 252, 546-549. doi:10.1038/
252546a0

Sayut, D. J., Niu, Y., and Sun, L. (2006). Construction and Engineering of
Positive Feedback Loops. ACS Chem. Biol. 1, 692-696. d0i:10.1021/
cb6004245

Segall-Shapiro, T. H., Meyer, A. J., Ellington, A. D., Sontag, E. D., and Voigt, C.
A. (2014). A ’resource Allocator’ for Transcription Based on a Highly
Fragmented T7 RNA Polymerase. Mol. Syst. Biol. 10, 742. doi:10.15252/
msb.20145299

Sinicropi, M. S., Amantea, D., Caruso, A., and Saturnino, C. (2010). Chemical and
Biological Properties of Toxic Metals and Use of Chelating Agents for the
Pharmacological Treatment of Metal Poisoning. Arch. Toxicol. 84, 501-520.
doi:10.1007/s00204-010-0544-6

Serensen, S. J., Burmolle, M., and Hansen, L. H. (2006). Making Bio-Sense of
Toxicity: New Developments in Whole-Cell Biosensors. Curr. Opin. Biotechnol.
17, 11-16. doi:10.1016/j.copbio.2005.12.007

Su, L., Jia, W., Hou, C., and Lei, Y. (2011). Microbial Biosensors: a Review. Biosens.
Bioelectron. 26, 1788-1799. doi:10.1016/j.bi0s.2010.09.005

Summers, A. O. (2009). Damage Control: Regulating Defenses against Toxic
Metals and Metalloids. Curr. Opin. Microbiol. 12, 138-144. doi:10.1016/
j.mib.2009.02.003

Ure, A. M., Hernendez-Artiga, M. P., and Mitchell, M. C. (1978). A Carbon-Rod
Atomizer for the Determination of Cadmium and lead in Plant Materials and
Soil Extracts. Analytica Chim. Acta 96, 37-43. doi:10.1016/S0003-2670(01)
93393-8

Van Der Meer, J. R, and Belkin, S. (2010). Where Microbiology Meets
Microengineering: Design and Applications of Reporter Bacteria. Nat. Rev.
Microbiol. 8, 511-522. doi:10.1038/nrmicro2392

Wackwitz, A., Harms, H., Chatzinotas, A., Breuer, U., Vogne, C., and Van Der
Meer, J. R. (2008). Internal Arsenite Bioassay Calibration Using Multiple
Bioreporter Cell Lines. Microb. Biotechnol. 1, 149-157. doi:10.1111/j.1751-
7915.2007.00011.x

Wan, X., Volpetti, F., Petrova, E., French, C., Maerkl, S. J., and Wang, B.
(2019). Cascaded Amplifying Circuits Enable Ultrasensitive Cellular
Sensors for Toxic Metals. Nat. Chem. Biol. 15, 540-548. doi:10.1038/
$41589-019-0244-3

Wang, B., Barahona, M., and Buck, M. (2013). A Modular Cell-Based Biosensor
Using Engineered Genetic Logic Circuits to Detect and Integrate Multiple
Environmental Signals. Biosens. Bioelectron. 40, 368-376. doi:10.1016/
j.bi0s.2012.08.011

Wang, B., Barahona, M., and Buck, M. (2015a). Amplification of Small Molecule-
Inducible Gene Expression via Tuning of Intracellular Receptor Densities.
Nucleic Acids Res. 43, 1955-1964. doi:10.1093/nar/gkul388

Wang, B., Barahona, M., and Buck, M. (2015b). Amplification of Small Molecule-
Inducible Gene Expression via Tuning of Intracellular Receptor Densities.
Nucleic Acids Res. 43, 1955-1964. doi:10.1093/nar/gkul388

Wang, B., Barahona, M., and Buck, M. (2015c). Amplification of Small Molecule-
Inducible Gene Expression via Tuning of Intracellular Receptor Densities.
Nucleic Acids Res. 43, 1955-1964. doi:10.1093/nar/gkul388

Who, G. (2011). Guidelines for Drinking-Water Quality. World Health Organ.
AIDS Tech. Bull. 216, 303-304. doi:10.1016/0035-9203(84)90051-8

Yoon, Y., Kim, S., Chae, Y., Kim, S. W., Kang, Y., An, G,, et al. (2016). Simultaneous
Detection of Bioavailable Arsenic and Cadmium in Contaminated Soils Using
Dual-Sensing Bioreporters. Appl. Microbiol. Biotechnol. 100, 3713-3722.
doi:10.1007/s00253-016-7338-6

Zhang, H., and Reynolds, M. (2019). Cadmium Exposure in Living Organisms: A
Short Review. Sci. Total Environ. 678, 761-767. doi:10.1016/
j.scitotenv.2019.04.395

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

December 2021 | Volume 9 | Article 799781


https://doi.org/10.1021/acssensors.0c02204
https://doi.org/10.1021/acssensors.0c02204
https://doi.org/10.1016/S0924-2031(02)00007-3
https://doi.org/10.1007/s00216-015-8830-z
https://doi.org/10.1016/S0003-2670(01)85015-7
https://doi.org/10.1128/AEM.00694-19
https://doi.org/10.1128/AEM.00694-19
https://doi.org/10.1093/femsle/fny157
https://doi.org/10.1016/j.bios.2015.12.101
https://doi.org/10.1016/j.snb.2016.08.160
https://doi.org/10.1128/AEM.67.4.1437-1444.2001
https://doi.org/10.1016/j.envpol.2005.09.021
https://doi.org/10.1073/pnas.1908610116
https://doi.org/10.1093/synbio/ysy018
https://doi.org/10.1021/cr900077w
https://doi.org/10.1126/science.aac7341
https://doi.org/10.1186/1754-1611-4-4
https://doi.org/10.1186/1754-1611-4-4
https://doi.org/10.1016/j.snb.2017.08.006
https://doi.org/10.1016/j.snb.2017.08.006
https://doi.org/10.22088/cjim.8.3.135
https://doi.org/10.1016/j.aca.2015.07.010
https://doi.org/10.1016/j.foodcont.2016.05.040
https://doi.org/10.1016/j.aca.2015.08.021
https://doi.org/10.1038/252546a0
https://doi.org/10.1038/252546a0
https://doi.org/10.1021/cb6004245
https://doi.org/10.1021/cb6004245
https://doi.org/10.15252/msb.20145299
https://doi.org/10.15252/msb.20145299
https://doi.org/10.1007/s00204-010-0544-6
https://doi.org/10.1016/j.copbio.2005.12.007
https://doi.org/10.1016/j.bios.2010.09.005
https://doi.org/10.1016/j.mib.2009.02.003
https://doi.org/10.1016/j.mib.2009.02.003
https://doi.org/10.1016/S0003-2670(01)93393-8
https://doi.org/10.1016/S0003-2670(01)93393-8
https://doi.org/10.1038/nrmicro2392
https://doi.org/10.1111/j.1751-7915.2007.00011.x
https://doi.org/10.1111/j.1751-7915.2007.00011.x
https://doi.org/10.1038/s41589-019-0244-3
https://doi.org/10.1038/s41589-019-0244-3
https://doi.org/10.1016/j.bios.2012.08.011
https://doi.org/10.1016/j.bios.2012.08.011
https://doi.org/10.1093/nar/gku1388
https://doi.org/10.1093/nar/gku1388
https://doi.org/10.1093/nar/gku1388
https://doi.org/10.1016/0035-9203(84)90051-8
https://doi.org/10.1007/s00253-016-7338-6
https://doi.org/10.1016/j.scitotenv.2019.04.395
https://doi.org/10.1016/j.scitotenv.2019.04.395
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zhang et al.

Zhang, J., Liang, Q., Xu, Z,, Cui, M., Zhang, Q., Abreu, S., et al. (2020). The
Inhibition of Antibiotic Production in Streptomyces Coelicolor Over-expressing
the TetR Regulator SCO3201 Is Correlated with Changes in the Lipidome of the
Strain. Front. Microbiol. 11, 1399. doi:10.3389/fmicb.2020.01399

Zhou, M., Wu, Y., Zhang, J., Zhang, Y., Chen, X,, Ye, J,, et al. (2019). Development
and Collaborative Study of a Diluted Acid Mild Extraction Method for
Determination of Cadmium in Grain by Graphite Furnace Atomic
Absorption Spectrometry. Anal. Sci. 35, 283-287. doi:10.2116/analsci.18P321

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Whole-Cell Biosensor for Cadmium

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, Hu and Jia. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

December 2021 | Volume 9 | Article 799781


https://doi.org/10.3389/fmicb.2020.01399
https://doi.org/10.2116/analsci.18P321
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Highly Sensitive Whole-Cell Biosensor for Cadmium Detection Based on a Negative Feedback Circuit
	1 Introduction
	2 Materials and Methods
	2.1 Bacterial Strains, Reagents, and Culture Conditions
	2.2 Design and Construction of WCBs
	2.3 Growth Curves of the WCB Strains
	2.4 Measurement of the Response Time of WCBs
	2.5 Dose-Dependent Response to Cadmium
	2.6 Specificity of the WCBs
	2.7 Fluorescence Measurement
	2.8 Important Indicators of WCBs
	2.9 Analyses of Spiked Sample

	3 Results
	3.1 Design and Construction of Biosensor
	3.2 Growth Curves of Whole-Cell Sensor Strains
	3.3 Time-dependent Response
	3.4 Concentration-Dependent Fluorescence Response
	3.5 Specificity of the Constructed WCBs
	3.6 Analyses of Spiked Sample

	4 Discussion
	5 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


