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a b s t r a c t

Multiple copies of a cadC homolog encoding a heavy metal-responsive transcription factor were found in
the genome of a bacterium isolated from ocean sediment, and the heavy metal responses of the encoded
proteins were characterized using a fluorescence reporter assay. Each CadC regulator exhibited distinct
specificity in response to heavy metal ions, indicating their potential use as modular heavy metal bio-
sensors. Next, we constructed CadC-controlled T7 RNA transcription systems for intracellular signal
amplification, i.e., higher sensitivity. Flow cytometry revealed that cadmium and lead ions could be re-
cognized specifically by CadC-T7 biosensors, which could be combined with a microfluidic platform to
generate heavy metal biosensor devices with increased sensitivity. Our results demonstrate the suc-
cessful development of synthetic CadC-T7 genetic circuitry for use in improved heavy metal biosensor
microfluidic devices.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Accumulation of heavy metals, which are ubiquitous in our
environment, sometimes causes serious pollutions of water, soil,
and air (Azarbad et al., 2013). Harmful heavy metals such as ar-
senic, cadmium, chromium, mercury, and lead pose risks to human
health (Jaishankar et al., 2014). In particular, heavy metals can
cause many fatal diseases such as cancer, nerve disorders, and
kidney failure, mostly via oxidative stress resulting from metal-
induced reactive oxygen species (Cuypers et al., 2010; Ercal et al.,
2001).

Nanomolar concentrations of heavy metal ions can be detected
sensitively by analytical techniques such as inductively coupled
plasma/mass spectrometry (ICP/MS) and atomic absorption
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spectrometry (AAS) (Steven et al., 1996). However, these methods
have disadvantages, including high cost, technical difficulty, time-
consuming sample preparation, and the inability to perform
multiplex analyses; therefore, biosensors such as enzymes and
antibodies have been developed to address these weaknesses
(Bereza-Malcolm et al., 2015). Notably, a highly sensitive fluores-
cence immunoassay capable of detecting nanomolar concentra-
tions of cadmium ions has been developed (Blake et al., 2001).

Recently, whole-cell microbial biosensors were developed to
detect various toxic metal ions (Lei et al., 2006). The regulatory
elements of heavy metal resistance operons isolated from several
bacterial strains have been harnessed to construct bacterial bio-
sensors for heavy metals such as cadmium and lead (Raja and
Selvam, 2011; Shetty et al., 2003). Recently, whole cell-based
cadmium sensors have been optimized by altering CadR specificity
(Tao et al., 2013) or by coupling to a genetic circuit that functions
as a toggle (Wu et al., 2009).

Various types of genetic circuit, including genetic amplifiers,
have been designed to program cellular responses and to precisely
control genetic networks (Sayut et al., 2007). For example, the
LuxR-based positive-feedback amplifier increases sensitivity to the
input signal and intensifies the output signal (Nistala et al., 2010).
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A recent study showed that a genetic AND gate can function as a
genetic filter as well as a genetic amplifier (Wang et al., 2013). In
addition to genetic circuits, various tools have been designed to
develop heavy metal biosensors. For example, an E. coli sensor set
was used in conjunction with binary regression models (Hou et al.,
2015) and flow-cytometric analysis (Hurdebise et al., 2015) to
specifically detect bioavailable heavy metals.

Over the past decade, micro/nanotechnologies have been in-
tegrated with microbial biosensors to enable minimization of
sample and reagent volumes, rapid high resolution and high-
throughput analyses, high reproducibility, and high portability
(Hegab et al., 2013; Lim et al., 2015). Recently, microfluidic devices
have been combined with microbial biosensors to enable sensitive
detection of heavy metal ions and toxic compounds (Gammoudi
et al., 2010; Garcia-Alonso et al., 2009); for the same purpose, we
also developed a chemostat-like microfluidic platform (Kim et al.,
2014). In this study, we determined heavy metal specificities of
CadC transcriptional regulators that were repeatedly found in the
genome of Bacillus oceanisediminis 2691 (Lee et al., 2012). Further,
we selected and recombined synthetic modules including pro-
moters, operators, and regulators derived from CadC and T7
transcription systems to create highly specific CadC-controlled T7
RNA polymerase circuits that are capable of detecting trace
amounts of cadmium and lead ions in a microfluidic platform.
2. Experimental

2.1. Plasmid and strains

The bacterial plasmids and strains constructed for this study
are listed in the Table 1, and described in detail in supplementary
Figs. S1 and S2. Six cadC homologs, including their original pro-
moters, were transcriptionally fused upstream of the egfp reporter
gene to generate prototype pCadC plasmids (pCadC538, pCadC551,
pCadC595, pCadC640, pCadC1945, and pCadC4657). Modular fu-
sions of cadO–egfp under the control of the T7 promoter (PT7–
Table 1
Plasmids and E. coli strains constructed in this study.

Plasmid or E. coli strain Relevant characteristics

Plasmid
pCadC538 cadC538–egfp in T-Blunt™

pCadC551 cadC551–egfp in T-Blunt™

pCadC595 cadC595–egfp in T-Blunt™

pCadC640 cadC640–egfp in pJET1.2
pCadC1945 cadC1945–egfp in T-Blunt™

pCadC4657 cadC4657–egfp in T-Blunt™

pT7cadO538 PT7–cadO538–egfp in pET21a(þ) ΔlacI
pT7cadO551 PT7–cadO551–egfp in pET21a(þ) ΔlacI
pT7cadO595 PT7–cadO595–egfp in pET21a(þ) ΔlacI
pT7cadO640 PT7–cadO640–egfp in pET21a(þ) ΔlacI
pT7cadO1945 PT7–cadO1945–egfp in pET21a(þ) ΔlacI
pT7cadO4657 PT7–cadO4657–egfp in pET21a(þ) ΔlacI
pT7cadO538-H pT7cadO538 plus Phce –cadC538
pT7cadO551-H pT7cadO551 plus Phce –cadC551
pT7cadO595-H pT7cadO595 plus Phce –cadC595
pT7cadO640-H pT7cadO640 plus Phce –cadC640
pT7cadO1945-H pT7cadO1945 plus Phce –cadC1945
pT7cadO4657-H pT7cadO4657 plus Phce –cadC4657

E. coli strain
HK730 BL21(DE3) ΔlacI::FRT-KmR-FRT
HK731 BL21(DE3) ΔlacI::FRT
HK757 cadC538–T7 RNAP (KmR) in the genome of HK731
HK758 cadC551–T7 RNAP (KmR) in the genome of HK731
HK759 cadC595–T7 RNAP (KmR) in the genome of HK731
HK760 cadC640–T7 RNAP (KmR) in the genome of HK731
HK744 cadC1945–T7 RNAP (KmR) in the genome of HK731
HK739 cadC4657–T7 RNAP (KmR) in the genome of HK731
cadO–egfp) were constructed on the backbone of a pET21a(þ)
ΔlacI plasmid to generate six pT7cadO plasmids: pT7cadO538,
pT7cadO551, pT7cadO595, pT7cadO640, pT7cadO1945, and
pT7cadO4657. In addition, six cadC overexpression modules (Phce–
cadC) were inserted into the pT7cadO plasmids to generate
pT7cadO-H plasmids (Fig. S1). For chromosomal construction, six
cadC genes were placed upstream of the T7 RNA polymerase gene
in the BL21(DE3) ΔlacI strain, ultimately yielding strains HK757,
HK758, HK759, HK760, HK744, and HK739 (Fig. S2).

2.2. Fluorescence measurement

Single colonies of E. coli DH5α (Solgent, Daejeon, Korea) har-
boring cadC–egfp plasmids (pCadC538, pCadC551, pCadC595,
pCadC640, pCadC1945, or pCadC4657) were grown overnight at
37 °C in LB media supplemented with 50 μg/mL ampicillin. The
overnight cultures were diluted 100-fold in 100 mL of fresh LB
medium supplemented with 50 μg/mL ampicillin and incubated at
37 °C in a 500 mL flask with shaking at 180 rpm until the OD600

reached 0.4. Various heavy metal chemicals (final concentrations:
0, 5, 10, 25, 50, and 100 μM) were added to 4 mL aliquots of bac-
terial culture in 15 mL test tubes. After incubation at 37 °C for 2 h,
optical densities (OD595) and fluorescence intensities (FI) were
measured using a TECAN Infinite 2000 plate reader (excitation
485/20 nm; emission 535/25 nm; gain¼40, top reading) and TE-
CAN i-Control software (TECAN, Salzburg, Austria). Due to the
variable basal level expressions of microbial constructs with cadC–
egfp and PT7–cadO–egfp, specific changes in fluorescence intensity
[ΔF/ΔOD¼(FI2h�FI0h)/(OD2h�OD0h)] were calculated.

Various concentrations of cadmium and lead were added to
cultures of E. coli HK760 cells carrying the pT7cadO640-H plasmid
and to HK744 cells carrying the pT7cadO1945 plasmid and specific
changes in fluorescence intensity (ΔF/ΔOD) were measured and
calculated as described above.

2.3. Flow cytometry

E. coli cells of strains HK757, HK758, HK759, HK760, HK744, and
HK739 (cadC–T7 RNA polymerase in genome) carrying pT7cadO (PT7–
cadO–egfp) or pT7cadO-H (PT7–cadO–egfp plus Phce-cadC) were grown
in the same manner as described above, and arsenite, cadmium, lead,
and zinc heavy metal ions (final concentration, 30 μM)were added. To
observe cell populations on the cellular level, a flow cytometer Cube
6 system (Partec, Münster, Germany) was used. The flow cytometer
was equipped with a 488 nm blue solid-state laser. Fluorescence in-
tensity was detected on fluorescence channel FL1 at 527715 nm.
Culture samples were diluted 100-fold to obtain 105 counts below
5,000 particles/s, and the flow was 1 μL/s during measurement mode.

2.4. Microfluidic platform

We used the chemostat-like microfluidic platform described in
our previous work (Kim et al., 2014) to quantitatively compare the
sensitivity and performance of the prototype and CadC-T7 micro-
bial sensors. Therefore, the microfluidic channel network was the
same as before, and fabricated in exactly the same manner using
standard photolithography technology, including soft lithography.
Overnight-cultured cells suspended in tryptone broth (TB) media
(1% tryptone and 0.5% NaCl) containing the corresponding heavy
metal ions were initially loaded such that ten cells occupied each
microfluidic chamber, and the chemical culture environment was
maintained to facilitate the expression of reporter genes during
cellular growth. The microfluidic platform was then placed in an
incubator (60% humidity, 37 °C) on top of a microscope stage.

Optical and fluorescence micrographs were acquired every 2 h
using an inverted epi-fluorescence microscope (Ti-U, Nikon, Tokyo,
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Japan) equipped with a CCD camera (ORCA R2, Hamamatsu Pho-
tonics, Hamamatsu, Japan). The fluorescence intensities from the
micrographs were analyzed using ImageJ (NIH, Bethesda, MD,
USA).
3. Results and discussion

3.1. Mining of cadC and cadO bio-parts

The initially identified cadCA operon of Staphylococcus aureus
plasmid pI258 confers microbial resistance to divalent cadmium,
lead, and zinc ions (Endo and Silver, 1995; Sun et al., 2001). The
cadCA operon consists of the cadC gene, encoding metal-sensing
transcriptional regulators, and the cadA gene, encoding heavy
metal efflux pumps (Fig. 1A). The cadO operator is located up-
stream of the cadC gene to allow auto-regulation of PcadC promoter
activity by CadC regulators. In the genome sequence of B. oceani-
sediminis 2691 (Lee et al., 2012), we found six cadC homologs
encoding DNA binding transcription factors, five of which
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Fig. 1. cadC homologs in the genome of B. oceanisediminis 2691. (A) Structure of the cadCA
cadO nucleotide sequences. (C) Multiple sequence alignment of CadC proteins. Com
respectively.
(cadC538, cadC595, cadC640, cadC1945, and cadC4657) are ad-
jacent to genes encoding putative heavy metal-transporting AT-
Pases (CadA); the exception was cadC551.

By comparing these genes to the cadO operator from pI258, six
cadO DNA sequences (ANTCAAN8TTGANT) were identified
(Fig. 1B). The deduced amino acid sequences of six cadC homo-
logous genes were similar to one another. In addition, the heavy
metal binding motifs (Ye et al., 2005) in CadC proteins were highly
conserved (Fig. 1C). For example, cysteine residues at positions 7,
11, 58, and 60 in the deduced sequences of CadC proteins were
perfectly conserved relative to CadC derived from pI258, and
Asp101, His103, His114, and Lys117 were also completely con-
served except in CadC551.

We anticipated that these cadO operators and CadC regulators
can be combined to regulate the expression of cadCA operons in
response to the presence of intracellular heavy metal ions. The
expression of cadC genes in B. oceanisediminis 2691 was monitored
using RT-PCR after the addition of various concentrations (final 0,
10, 30, and 100 μM) of heavy metals to the culture medium when
the OD600 reached 0.6. The relative transcript levels in induced
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versus non-induced cultures are shown in Fig. S3. Transcription of
the cadC538, cadC595, cadC640, cadC1945, and cadC4657 genes
was induced by cadmium ions in a concentration-dependent
manner, and cadC1945 and cadC4657 genes was induced by high
concentrations of lead ions; however, the expression of cadC551
genes was less responsive to cadmium and lead ions than that of
other cadC genes. Arsenite and zinc ions induced only marginal
expression of cadC genes (Fig. S3).

These results indicated that CadC is more highly responsive to
cadmium and lead ions than to arsenite and zinc ions. However,
due to possible cross-reactivity between several cadO operators
and CadC transcription factors in the original microbial cells, we
chose to further characterize the specificity and inducibility of
each CadC regulator in recombinant E. coli cells.

3.2. Heavy metal specificity of CadC transcription factors

To identify the ligand specificity of CadC proteins, recombinant
transcriptional fusions of cadC and egfp genes were constructed in
E. coli. The cadA gene, located downstream of the cadC gene in the
cadCA operon, was replaced by the egfp gene so that a GFP reporter
could be controlled by the authentic cadC promoter and cadO
operator (Fig. 2A). Six different cadC–egfp transcriptional reporter
plasmids were constructed: pCadC538, pCadC551, pCadC595,
pCadC640, pCadC1945, and pCadC4657 (Table 1). Recombinant E.
coli DH5α carrying six different plasmids were grown, and metal
specificities were monitored. Excess levels of 14 different kinds of
heavy metals (final, 100 μM) were added to the culture of re-
combinant E. coli cells.

E. coli harboring pCadC538 exhibited a significant response to
cadmium (Fig. S4). Similarly, recombinant cells harboring
pCadC640 or pCadC4657 also responded highly to cadmium. E. coli
carrying pCadC551 did not react with any of the heavy metals
tested, consistent with the results of transcriptional analysis of
cadC551 gene in B. oceanisediminis 2691 (Fig. S3). Cells carrying
pCadC595 are highly responsive to cadmium and lead, and slightly
to arsenite. Lead ions highly activated the transcription of the
cadC1945–egfp construct, and arsenite, and cadmium ions acti-
vated the transcription of egfp under the control of the cadC1945
gene.

3.3. Prototype biosensors with heavy metal-responsive CadC
regulators

Based on the heavy metal specificities of CadC proteins, cad-
mium, lead, arsenite, and zinc were selected for further char-
acterization of the specificities of CadC transcription factors
(Fig. 2B). To this end, different concentrations of four heavy metals
were added to the cultures of recombinant E. coli harboring pCadC
plasmids in order to measure specific fluorescence changes after
2 h of further incubation. Cells carrying plasmids pCadC538,
pCadC595, and pCadC1945 were highly responsive to lead ions.
Half-maximal concentrations of lead ions as inducers of the
CadC538, CadC595, and CadC1945 transcription factors were
around 5 μM. E. coli carrying pCadC551 exhibited wide variations
in all concentration ranges examined. Two highly cadmium-re-
sponsive cells, those carrying pCadC640 or pCadC4657, were
identified. Cells harboring pCadC640 were more sensitive to cad-
mium ions at lower concentrations than cells carrying pCadC4657.

In the cases of arsenite and zinc ions, recombinant reporter
cells responded only slightly or poorly at lower concentrations.
Reportedly, Gly84 in CadC is responsible for the lack of regulation
by zinc ions (Kandegedara et al., 2009). We observed that the
Gly84 residue was completely conserved in CadC proteins (Fig. 1C),
potentially explaining why zinc ions cannot induce the transcrip-
tion of cadC genes in both B. oceanisediminis 2691 and E. coli cells.
In addition, CadC551 did not respond to any of the heavy metals at
high concentration (100 μM), probably due to its shorter C-ter-
minus and/or lack of His103, which is responsible for CadC di-
merization (Ye et al., 2005).

These data indicate that prototype biosensors using six re-
combinant CadC proteins had different heavy metal preferences
and sensitivities to cadmium and lead ions. These biosensors could
be used as modules in synthetic genetic circuits with relevant
specificities.

3.4. Synthetic CadC-controlled T7 signal amplification systems for
whole-cell biosensors

Next, we harnessed T7 transcription modules to address the
wide variations and low fluorescence signals in our cadC–egfp
prototype constructs in the E. coli system. In the presence of heavy
metal ions in cells, T7 RNA polymerase (T7 RNAP) was expressed,
and the T7 promoter was activated (Fig. 3A). For several decades,
T7 RNAP transcription systems have been widely used for the
specific overexpression of heterologous proteins in E. coli (Du-
bendorff and Studier, 1991; Studier, 2014), yeasts (Hobl et al.,
2013), and plants (Nguyen et al. 2004); these systems were de-
signed to eliminate modular interference in cells. Recently, en-
gineered orthogonal T7 RNA polymerases have been used for
modular control of multiple pathways (Segall-Shapiro et al., 2014;
Temme et al., 2012).

The T7 RNAP gene was placed downstream of cadC genes, un-
der the control of cadC promoters. The cadC–T7 RNAP synthetic
modules were constructed in the chromosome of E. coli BL21(DE3)
ΔlacI. Next, an egfp reporter gene was placed under the control of
the T7 promoter in a plasmid, in which the cadO operator and Phce–
cadC overexpression modules were inserted for tight control (Fig.
S1). Ultimately, we constructed 12 pT7CadO and pT7CadO-H
plasmids (Table 1) and completed six chromosomal constructs
(Fig. S2).

Twelve different strains were constructed and grown after
transformation of 12 plasmids (pT7cadO and pT7cadO-H) into the
corresponding six cadC–T7 RNAP strains, and their heavy metal-
responsive population changes were monitored using flow cyto-
metry (Fig. S5). Phce–cadC overexpression modules were not re-
quired for proper responses to heavy metals in two strains (HK758
carrying pT7cadO551 and HK744 carrying pT7cadO1945). In the
case of three strains (HK759 carrying pT7cadO595-H, HK760 car-
rying pT7cadO640-H, and HK739 carrying pT7cadO4657-H), Phce–
cadC overexpression modules were necessary for significant re-
sponses. This difference might be due to the different DNA binding
affinities of cadO operators and CadC proteins. Unfortunately,
HK757 cells carrying pT7cadO538 were not responsive to any of
the heavy metals tested, and their flow-cytometric profile was not
improved by the presence of the Phce–cadC overexpression
module.

Based on flow-cytometric experimental profiles, we selected
two strains, HK760 carrying pT7cadO640-H, and HK744 carrying
pT7cadO1945 (Fig. S5). Marker ranges were fixed in flow-cyto-
metric profiles such that 10% of non-treated cells fell within the
range. In the case of pT7cadO640-H/HK760, 78.4% of the cellular
population exhibited higher fluorescence intensity in response to
cadmium ions (final, 30 μM), whereas 32.3% of total cells were
shifted into the marker range when lead ions were administered.
In the case of pT7cadO1945/HK744, 82.9% of cells were shifted into
the marker range in response to lead ions (final, 30 μM), whereas
21.8% of total cells were found in the marker range when cadmium
ions were added (Fig. 3B). These data showed that pT7cadO640-H/
HK760 (cadC640–T7) and pT7cadO1945/HK744 (cadC1945–T7)
were specifically responsive to cadmium and lead ions,
respectively.
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At various concentrations (o30 μM) of lead and cadmium ions,
specific fluorescence changes in the cadC640–T7 and cadC1945–T7
systems were dramatically increased in a concentration-depen-
dent manner (Fig. 3C). The cadC640–T7 system exhibited a linear
correlation between cadmium concentrations and specific fluor-
escence changes. In the case of the CadC1945–T7 system, the
concentration of lead ions (around 5 μM) required for half-max-
imal induction was unchanged, when compared with that of the
pCadC1945 prototype system (Fig. 2B and Fig. 3C). At 30 μM cad-
mium and lead ions, the specific fluorescence change values of the
cadC640–T7 and cadC1945–T7 systems were 1.9- and 2.6-fold
higher than those of prototype biosensors carrying pCadC540 and
pCadC1945, respectively.

The cadC1945–T7 system could detect lead ions at a con-
centration of 10 nM; however, the cadC640–T7 system detected
cadmium ions with wide variations at lower concentrations
(o3 μM) (Fig. 3D). In addition, we compared CadC-T7 whole-cell
biosensors with conventional ICP methods by testing unknown
samples (Table S1). We calculated the concentration of heavy
metals in the samples from specific changes in fluorescence (ΔF/
ΔOD) based on regression curves generated from the CadC-T7
system (Fig. S6). These data showed that the cadC1945-T7 bio-
sensor is more reliable for detecting lower concentrations of lead
ions, and that the cadC640-T7 biosensor can detect a wider range
of cadmium ion concentrations.

3.5. Microbial sensors combined with a microfluidic platform

Using a chemostat-like microfluidic platform (Kim et al., 2014),
we investigated the sensitivity of four recombinant constructs:
pT7cadO640-H/HK760 and pCadC640/DH5α for cadmium detec-
tion, and pT7cadO1945/HK744 and pCadC1945/DH5α for lead
detection. Fluorescence intensities were measured every 2 h via
quantitative analysis of microscopic images from cells grown in
the presence of various concentrations of cadmium and lead ions
(negative control, 2 nM, 200 nM, and 20 mM). The relative fluor-
escence intensities over a time course are presented in Fig. 4. The
relative fluorescence intensities of the CadC-T7 module-mediated
constructs (i.e., pT7cadO640-H/HK760 and pT7cadO1945/HK744)
were much stronger than those of the prototype biosensors (i.e.,
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Fig. 4. Detection of heavy metal ions by the microfluidic biosensor device. Time-cours
crofluidic chambers. Fresh nutrients with (A) lead and (B) cadmium ions were continuo
CadC-T7 biosensors are indicated by open and closed symbols, respectively.
pCadC640/DH5α and pCadC1945/DH5α) with regard to the de-
tection of both cadmium and lead ions, which can be explained by
faster growth of BL21(DE3) derivatives and higher expression of
green fluorescent proteins.

In test tube cultures, the heavy metal sensitivity of CadC-T7
microbial sensors capable of detecting cadmium and lead ions
increased by 1.9- and 2.6-fold, respectively (Fig. 3C). The micro-
fluidic platform dramatically improved the sensitivities of CadC-T7
systems relative to prototype biosensors (e.g., 15.0- and 9.2-fold
increases for cadmium and lead ions, respectively, at 20 mM after
10 h). In addition, a wide range of concentrations (2 nM to 20 mM)
of cadmium and lead ions could be detected in parallel in the
microfluidic microbial biosensor device. This result can be attrib-
uted to the proper operation of synthetic T7 amplification genetic
circuits (i.e., pT7cadO640-H/HK760 and pT7cadO1945/HK744) in
the microfluidic device.

Although we observed wider variations in specific fluorescence
intensity changes in response to cadmium ions (o3 mM) in
pT7cadO640-H/HK760 sensors grown in test tubes (Fig. 3D), we
observed stabilized fluorescence intensities at lower concentra-
tions of cadmium ions (Fig. 4A). It is unclear why microbial sensors
were stabilized in the microfluidic relative to the test tube con-
ditions. One contributing factor might be the continuous supply of
fresh nutrients plus heavy metal ions to the cells, with the aid of
the chemostat-like function of the microfluidic platform; such an
explanation would be consistent with our previous work (Kim
et al., 2014). From a practical point-of-view, the removal of bio-
logical growth inhibitors should be considered when pretreating
samples. While the time taken for bacteria to grow is a weakness
of whole cell-based sensors, the portability and multiplex ad-
vantages of microfluidic microbial biosensors will facilitate the
development of high-throughput, and low-cost instrumentation
for multiple on-site analyses.
4. Conclusion

In the synthetic biology era, biological parts and modules with
relevant functions can be excavated from enormous genomic and
metagenomic sequence databases, and then reassembled to
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e quantification of fluorescence intensities generated by E. coli cells grown in mi-
usly supplied with various concentrations ranging from 0 to 20 μM. Prototypes and
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construct synthetic circuits for specific purposes (e.g., biosensors).
However, we still lack specific knowledge and/or screening tools
that meet the demand for mining useful biological modules from
among similar or redundant genes in the databases. Here, we
demonstrated how to screen sensory and regulatory bio-parts,
including CadC regulators and cadO operators, from the genome of
a novel bacterial isolate from ocean sediment, and how to obtain
proper bio-parts with distinct specificities from among reiterated
paralogous genes. Furthermore, we combined T7 signal amplifi-
cation modules with CadC to generate CadC-T7 synthetic circuits,
which were successfully implemented in a microfluidic platform
to detect heavy metals with enhanced specificity and sensitivity.
Thus, this study shows that combination of the chemostat-like
microfluidic platformwith newly created microbial genetic circuits
synergistically improved the performance of microbial biosensor
devices in the detection of heavy metal ions. Our findings illustrate
the importance of a convergent approach for the improvement of
nano/microbiotechnological biosensor devices.
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