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Abstract
Although a variety of whole-cell biosensors and biosorbents have been developed for detection and removal of heavy metal
contaminants, few whole cells can be applied to both monitoring and remediation of copper pollution in water. In this study, a
modified plasmid was constructed by incorporating a copper-sensing element and a copper-adsorbing element into a temperature-
inducible plasmid, pBV220. This plasmid was subsequently transformed into an engineered Escherichia coli strain lacking copA
and cueO. This dual-functional E. coli cell selectively responded to copper ions with a linear detection range of 0.01–25μMat 37
°C and could express surface-displayed CueR when treated at 42 °C without any costly chemical inducers. The display of CueR
on the cell surface specifically enhanced its copper adsorption capacity and rapidly removed copper ions from aqueous solutions.
In addition, the CueR surface-displayed cells could be regenerated by adsorption-desorption cycles via pH regulation. Moreover,
by simply using two different temperatures, the detection or adsorption of copper using this dual-functional whole cell was
achieved without any cross-interference. Most importantly, it provided highly sensitive, accurate quantification, and effective
removal of copper in real environmental water samples. Thus, this E. coli cell can be used for large-scale detection and
remediation of copper pollutants.
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Introduction

While Copper (Cu) is one of the most ubiquitous trace ele-
ments essential for all living organisms, chronic exposure to
excess copper is involved in the development of various hu-

man diseases (Cox andMoore 2002). Continuous discharge of
copper-containing industrial effluent into the environment is
greatly harmful to human health and ecosystems. Therefore,
extensive monitoring and efficient remediation of copper
should be of vital importance. Conventionally, copper detec-
tion and removal in wastewater have primarily relied on phys-
icochemical technologies (Blake et al. 2014; Sabermahani and
Taher 2014). Although they are accurate and effective, most of
these methods require expensive instruments that are difficult
to operate. Thus, the application of biotechnology has become
an attractive alternative because the methods are usually low
cost and eco-friendly. Various whole-cell biosensors have
been developed for the detection of different heavy metals.
The sensing of metals by whole-cell biosensors is typically
based on heavy metal resistance/homeostasis mechanisms.
For example, E. coli has evolved several copper efflux sys-
tems to survive when exposed to toxic levels of copper
(Rensing and Grass 2003). Among these, CueR acts as the
key transcription regulator of the copper tolerance genes,
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copA and cueO (Outten et al. 2000). As a P-type ATPase
located on the cytoplasmic membrane, CopA was proposed
to export Cu(I) from the cytoplasm to the periplasm (Rensing
et al. 2000). CueO is a multi-copper oxidase that converts
periplasmic Cu(I) to the less toxic form Cu(II) (Grass and
Rensing 2001). Recently, whole-cell biosensors harboring a
vector with simple fusion of the copA promoter (PcopA) and a
fluorescent protein-encoding gene were constructed to detect
bioavailable copper ions (Kang et al. 2018; Li et al. 2014) and
the E. coli was engineered to remove copper by adsorption
through surface display of a copper-binding peptide
(Ravikumar et al. 2011).

Biodetection and bioremediation of heavymetals were usu-
ally achieved by utilizing at least two different engineered
whole-cell strains that could detect or remove metal ions re-
spectively (Wei et al. 2014). Currently, few bacterial cells have
been reported that can do both. One exception is the
carboxylesterase E2 surface-displayed E. coli cell constructed
by Yin and coworkers (Yin et al. 2016). Furthermore, overex-
pression of metal binding proteins/peptides that enhance
whole-cell bioadsorption capacity is primarily induced by
chemical reagents, such as isopropyl β-D-thiogalactoside
(IPTG), or arabinose, which would be extremely costly when
treating large volumes of wastewater.

In this study, we developed a dual-functional E. coli cell
that can detect and remove copper ions. This whole cell re-
sponds to copper ions by emitting green fluorescence at their
optimal temperature of 37 °C. When the temperature switches
to 42 °C, the copper-binding protein CueR will be displayed
on the outer membrane of the E. coli cell without any chemical
inducers, resulting in enhanced adsorption of copper ions. In
addition, the bound copper ions can be desorbed by modulat-
ing the pH value, and the whole cell can be used for repeated
adsorption. Thus, this E. coli cell performs as a biosensor at 37
°C and becomes adsorbent at 42 °C. This technology allows
for sensitive, accurate measurement, and efficient removal of
copper in various field water samples and may provide a use-
ful strategy for large-scale whole-cell detection and remedia-
tion of heavy metal pollutants.

Materials and methods

Construction of dual-functional E. coli cell
for biodetection and bioadsorption of copper

Three DNA fragments encoding the N-terminal amino acids
(1–29) of prolipoprotein (Lpp) (EcoGene accession number:
EG10544), residues 45–159 of the outer membrane protein
OmpA (EcoGene accession number: EG10669), and the en-
tirety of CueR (EcoGene accession number: EG13256) were
amplified by PCR from E. coli JM109 genomic DNA using
the primers Lpp-1/Lpp-2, OmpA-1/OmpA-2, and CueR-1/

CueR-2 (Table S1 in the SupplementaryMaterial), respective-
ly. The primers Lpp-1 and CueR-2 were used to join the DNA
sequences by recombinant PCR. The obtained PCR product
lpp-ompA-cueR was digested with EcoRI and SalI, and sub-
sequently cloned into the same restriction sites on pBV220 to
generate the plasmid pBV220-lpp-ompA-cueR. Next, the
copper-sensing element PcopA-egfp, consisting of the up-
stream promoter region of copA (− 227 to − 1 bp, PcopA)
(EcoGene accession number: EG13246) and egfp (encoding
enhanced green fluorescent protein), was amplified as de-
scribed above using the PcopA-1/PcopA-2, eGFP-1/eGFP-2
primers, respectively. This element was then inserted into the
site following the rrnB transcriptional terminator of pBV220-
lpp-ompA-cueR, which had been pre-linearized by inverse
PCR amplification with pBV220-1 and pBV220-2 primers.
This restriction site-free cloning was achieved using
ClonFast kit based on seamless cloning technology
(Messerschmidt et al. 2016), resulting in the dual-functional
plasmid, pBV220-lpp-ompA-cueR-PcopA-egfp (abbreviated
as pBV-LOCG). Another two plasmids only expressing intra-
cellular CueR (pBV-CG, pBV220-cueR-PcopA-egfp) or the
membrane fusion protein Lpp-OmpA (pBV-LOG, pBV220-
lpp-ompA-PcopA-egfp) were also constructed similarly.

E. coli strains lacking copA and/or cueO (EcoGene acces-
sion number: EG12318) (ΔcopA or ΔcueO single mutant,
andΔcopA/cueO double mutant) were genetically engineered
from a wild-type E. coli strain (MC4100) following the gene-
knockout procedures described by Datsenko and Wanner
(Datsenko and Wanner 2000). The primers for gene deletion
(CopA-D1/CopA-D2, CueO-D1/CueO-D2) are listed in
Table S1. The final dual-functional E. coli cell (pBV-LOCG/
ΔcopA/cueO) was obtained by transforming pBV-LOCG into
E. coli ΔcopA/cueO, which has been deposited at China
General Microbiological Culture Collection Center
(CGMCC No. 17078).

Fluorescence assay of eGFP and SDS-PAGE/Western
blotting analysis of surface-displayed CueR

The pBV-LOCG/ΔcopA/cueO was grown in M9S medium
(M9 minimal medium supplemented with 0.2% glucose, 5
μg/mL thiamin, and the 20 amino acids (10 μg/mL each)) at
37 °C to OD600 = 0.5. The culture was equally divided into
four tubes and then treated with or without 10 μM Cu2+ at 37
°C or 42 °C. After 4 h, the cells were harvested and resus-
pended in Tris buffer (20 mM Tris-HCl, 500 mM NaCl, pH
7.5) to OD600 = 10. The fluorescence intensity of eGFP was
measured using a fluorescence spectrophotometer (λem =
510/λex = 480 nm). The expression of surface-displayed
CueR was detected by SDS-PAGE and Western blot using
an anti-CueR monoclonal antibody (produced by GenScript
Biotech Corp.). To verify the surface display of CueR, cells
were incubated with trypsin (100 μg/mL final) at 37 °C for 1
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h. The reaction was quenched bywashing cells twice with Tris
buffer, and then CueR was detected by SDS-PAGE and
Western blot.

Biodetection of copper ions using dual-functional
E. coli cell

pBV-LOCG was transformed into E. coli MC4100, ΔcopA,
ΔcueO, andΔcopA/cueO. The cells were grown in M9S me-
dium at 37 °C until the OD600 reached 0.5. Cu2+ solution
(10−10 to 10−1 M) was added to the medium. After 4 h of
incubation at 37 °C, cells were harvested and resuspended in
Tris buffer before measurement of eGFP signal. The linear
regression curve showing copper detection by pBV-LOCG/
ΔcopA/cueO was generated following the same procedures,
while induced by Cu2+ solution at final concentrations of
0.001, 0.005, 0.01, 0.025, 0.1, 0.5, 1, 5, 10, 25, and 50 μM.

To examine the copper detecting selectivity of pBV-
LOCG/ΔcopA/cueO, final concentrations of 5 and 25 μM
Cu2+, Pb2+, Hg2+, Fe3+, Zn2+, Ni2+, Co2+, Cr3+, Cd2+, and
Ag+ aqueous solutions were added to cell cultures (OD600 =
0.5), respectively. To explore possible interference of other
ions on the copper detecting selectivity, Cu2+ (5 μM) with
each of the other 9 metals (25 μM)were simultaneously added
to the bacterial solutions. Cells were incubated at 37 °C for 4
h, harvested, and resuspended in Tris buffer for measurement
of eGFP signal.

Bioadsorption of copper ions using dual-functional
E. coli cell

E. coli cells were grown in M9S medium at 37 °C to OD600 =
0.5, and the surface-displayed CueR was induced by
switching the temperature to 42 °C. After 4 h, the cells were
harvested and washed with deionized water at least three
times. The cells were resuspended in water solutions (OD600

= 10) containing 5, 25, and 125 μMCu2+ and incubated at 25
°C for 10 min. Copper-bound cells were harvested by centri-
fugation, lysed bymicrowave digestion, and analyzed for cop-
per content using inductively coupled plasma mass spectrom-
etry (ICP-MS). Copper adsorption capacity (μmol/g) was de-
fined as the amount of copper bound per gram (dry weight) of
bacterial cells, which can be measured after lyophilization. To
test the copper adsorption selectivity of pBV-LOCG/ΔcopA/
cueO, surface-displayed CueR was induced at 42 °C or not
induced at 37 °C for 4 h. The induced and uninduced cells
were simultaneously treated with 25 μM Cu2+, Ag+, Zn2+,
Cd2+, Ni2+, Cr3+, Hg2+, Fe3+, Co2+, or Pb2+. To explore any
effects of other metals on copper adsorption, 25 μMCu2+ and
125 μMCu2+, Ag+, Zn2+, Cd2+, Ni2+, Cr3+, Hg2+, Fe3+, Co2+,
or Pb2+ were jointly added to the bacterial solutions, and the
cells were incubated at 25 °C for 10 min prior to measuring
copper adsorption capacity.

Desorption of copper ions and regeneration
of dual-functional E. coli cell

To evaluate the regeneration ability of the dual-functional
E. coli cell for copper adsorption, cells induced with surface-
displayed CueR (OD600 = 10) were treated with 1 mM Cu2+

and then washed twice with deionized water to remove un-
bound copper ions. The copper-treated cells were resuspended
in Tris buffers with pH values of 2, 3, 4, 5, 6, and 7 and
incubated at 25 °C for 1 h. After 10 min of centrifugation,
the total copper content in each cell pellet was measured by
ICP-MS. After copper desorption at the optimal pH, cells were
treated with 1 mM Cu2+ for repeat analysis of the copper
adsorption capacity using ICP-MS. At least 5 cycles of
adsorption-desorption were performed.

Detection and remediation of copper in field water
samples using dual-functional E. coli cell

Water samples (117 in total) were randomly collected from
rivers throughout three industrial districts in Wenzhou
(Southeast China). The samples were centrifuged (12,000
rpm, 10 min) to remove any sediment, and the supernatants
were transferred to new tubes for independent copper detec-
tion by the dual-functional E. coli cell and ICP-MS. For the
whole-cell assay, the samples were adjusted to pH ≈ 2 using
HNO3 (Merck) at a final concentration of 10–15 mM. The
cells were pre-incubated in M9S medium at 37 °C until
reaching OD600 = 0.5 and harvested into half of the original
volume using freshly prepared × 2 M9S medium. The acidi-
fied field sample (1 mL) was mixed with 1 mL of the cell
suspension. The mixture was incubated at 37 °C for 4 h before
measuring eGFP signal. The total copper content in the sam-
ples was determined based on linear standard curves obtained
from acidified copper-free (< 0.1 μg/L) field water spiked
with Cu2+ solution (final concentrations of 0.01, 0.025, 0.1,
0.5, 1, 5, 10, and 25 μM). To remove copper in these water
samples, E. coli cells with surface-displayed CueR were pre-
pared at 42 °C and directly resuspended in the water samples
(50 mL, OD600 = 10). After incubated at 25 °C for 10 min, the
cells were removed by centrifugation (12,000 rpm, 10 min).
Following the same procedures as described above, the total
copper contents of the treated water samples (supernatant frac-
tion) were quantified again using the whole cell and ICP-MS.

Results

Characterization of dual-functional E. coli cell
under different conditions

Few bacteria-based whole cells can be used for simultaneous
detection and remediation of copper. Therefore, we aimed to
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develop a dual-functional bacterial cell by combining copper-
sensing and copper-adsorbing elements into a single vector.
To avoid interference between detection and adsorption, the
copper-sensing and copper-adsorbing elements must be con-
trolled by different conditions. Thus, pBV220 was utilized to
construct the dual-functional plasmid due to its strong
temperature-inducible promoter, PLPR, which can be induced
for high-yield protein overexpression at 42 °C (Hu et al.
1993). The copper-binding element lpp-ompA-cueR and the
copper-sensing fragment PcopA-egfp were inserted in oppo-
site directions into pBV200 (Fig. 1a). Furthermore, the tran-
scriptional termination region of rrnB gene located between
the two elements ensured that the transcriptional expression of
one element would not activate the other. The constructed
dual-functional vector pBV-LOCG was transformed to
E. coli ΔcopA/cueO, which was the most sensitive host cell
for copper detection (Fig. 2a). The dual-functional whole cell,
pBV-LOCG/ΔcopA/cueO, was subsequently analyzed. After
4 h of treatment with 10 μM Cu2+ at 37 °C, fluorescence
measurements and SDS-PAGE analyses showed the E. coli

strongly responded to copper by producing eGFP (27 kDa);
no significant eGFP was detected in the absence of copper
(Fig. 1b and c). At other temperatures, the whole cell also
responded to copper. The time course results showed a sharper
increase in fluorescence intensity during the first 4 h of incu-
bation at 37 °C as compared to other temperatures (Fig. S1),
indicating that the optimal copper detection occurs at 4 h of
incubation at 37 °C. As shown in Fig. S2, fluorescence inten-
sity was highest when the cell density reached OD600 = 0.5
before copper was added. Therefore, samples were mixed
with a bacterial solution at this density in the following exper-
iments. To induce expression of the copper adsorbing protein
Lpp-OmpA-CueR, the cells were incubated at 42 °C for 4 h;
this 31-kDa protein was observed by SDS-PAGE (Fig. 1b),
but was not induced at other temperatures (Fig. S3), suggest-
ing that 42 °C was the optimal temperature for overexpression
of surface-displayed CueR. Because the molecular weight of
Lpp-OmpA-CueR is similar to that of eGFP, they cannot be
easily differentiated by SDS-PAGE. Therefore, surface-
displayed CueR was further verified by Western blot using

Fig. 1 a Schematic diagram of the dual-functional plasmid, pBV-LOCG.
b SDS-PAGE gel (top) and Western blot (bottom) of surface-displayed
CueR induced by pBV-LOCG/ΔcopA/cueO under different conditions. c
Fluorescence measurements of eGFP expressed by pBV-LOCG/ΔcopA/
cueO under different conditions. d SDS-PAGE gel (top) andWestern blot

(bottom) showing a trypsin accessibility analysis of E. coli cell with
intracellular and surface-displayed CueR. Cells were incubated with
100 μg/mL trypsin at 37 °C for 1 h. The results are representative of
three independent experiments

6800 Appl Microbiol Biotechnol (2019) 103:6797–6807



anti-CueR antibodies, which showed results consistent with
the SDS-PAGE analyses. To further ascertain the cell surface
localization of CueR, we conducted a protease accessibility
experiment. The protease cannot readily permeate through the
membrane, thus only proteins exposed on the cell surface are
digested. After 1 h of incubation with trypsin, intracellular
CueR was resistant to protease digestion (Fig. 1d). In contrast,
surface-displayed CueR was almost degraded under the same
condition, suggesting that CueR was localized on the surface
at 42 °C. The above results collectively illustrate that the dual-
functional whole cell detects copper and becomes copper ad-
sorbent under temperature control.

Biodetection of copper ions using dual-functional
E. coli cell

Although many bioreporters for heavy metal detection have
been constructed, they have not been widely used to analyze
authentic environmental samples, partly due to their insensi-
tivity. To address this, we removed the copper efflux

transporter CopA to test whether this would increase the sen-
sitivity of the E. coli bioreporter. We also tested whether the
deletion of another copper tolerance gene, cueO, would fur-
ther improve the copper sensitivity. Thus, we constructed
ΔcopA, ΔcueO, and ΔcopA/cueO E. coli strains. As shown
in Fig. 2A, E. coli MC4100 did not respond to copper ions
until the concentration reached 100 μM. For ΔcueO, there
was no significant sensitivity improvement, though its eGFP
intensity was slightly higher than that of MC4100. Consistent
with a previous study (Kang et al. 2018), ΔcopA was much
more sensitive and responded to copper ions as low as 10 nM.
Interestingly, the eGFP intensity of ΔcopA/cueO was higher
than that of ΔcopAwithin the copper concentration range of
0.01–100 μM, suggesting that removal of cueO further en-
hanced the sensitivity of the copper bioreporter. Hence, the
ΔcopA/cueO harboring the pBV-LOCG plasmid was used
as the dual-functional whole cell. As presented in Fig. 2b,
the linear range for copper detection of the bioreporter was
0.01–25 μM (0.64–1600 μg/L; R2 = 0.996) and the detection
limit (LOD) was 6.82 nM or 0.44 μg/L (signal-to-noise ratio =

Fig. 2 a eGFP intensity in response to increasing concentrations of
copper ions for wild type, ΔcopA, ΔcueO, and ΔcopA/cueO E. coli
cells transformed with pBV-LOCG. b Determination of the linear
detection range of pBV-LOCG/ΔcopA/cueO towards copper
concentration (0.01–25 μM, R2 = 0.996). c The eGFP responses of

pBV-LOCG/ΔcopA/cueO to different metals. d Effect of other heavy
metals on the copper detection ability of pBV-LOCG/ΔcopA/cueO.
Data are the means of three independent experiments; error bars
represent the standard deviation
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3), which was a wider linear range and more sensitive LOD
than previously reported whole-cell bioreporters and compa-
rable to some nanomaterial-based biosensors (Kanellis 2018)
or conventional physicochemical methods such as atomic ab-
sorption spectroscopy (AAS) (Zaman et al. 2018). Because of
the complexity of environmental samples, which may contain
various types of metal ions, we evaluated the copper selectiv-
ity of the whole cell. The eGFP signal was significantly in-
duced by copper but not by the other metals, except silver
(Fig. 2c). Furthermore, no significant change of the eGFP
intensity was observed even when 5-fold excess of other
metals (including silver) was added together with 5 μM
Cu2+ (Fig. 2d), implying that the whole cell selectively re-
sponds to copper over silver if both are present. Given that
there are usually negligible amounts of silver in environmental
samples, these results suggest that copper detection using this
whole cell would not be affected by other metals (including
silver).

Bioadsorption of copper ions using dual-functional
E. coli cell

Next, we investigated the copper adsorption capacities of the
dual-functional E. coli cell. After 4 h of incubation at 42 °C,
surface-displayed CueR was induced in the MC4100,ΔcopA,
ΔcueO, and ΔcopA/cueO strains. After treatment with 5, 25,
and 125 μMCu2+ solutions, we found the adsorption capacity
of pBV-LOCG/ΔcopA/cueO was higher than the other whole
cells at each Cu2+ concentration (Fig. 3a). This result should
be attributed to the deletion of copA and cueO, which were
previously proposed to enhance intracellular copper accumu-
lation (Rensing et al. 2000). In combination with the copper
detection results in Fig. 2a, pBV-LOCG/ΔcopA/cueO was
determined to be the optimal dual-functional E. coli cell for
copper detection and adsorption.

To verify whether the enhanced copper adsorption capacity
was due to the expression of surface-displayed CueR, we
compared it with uninduced cells and cells expressing only
Lpp-OmpA. After incubation with Cu2+ solutions, pBV-
LOCG/ΔcopA/cueO pre-treated at 42 °C adsorbed approxi-
mately 3.8–5.9-fold more copper than the uninduced cells.
The expression of Lpp-OmpA on the cell surface did not sig-
nificantly increase copper adsorption capacity (Fig. 3b).
Furthermore, a water sample prepared with 25 μM Cu2+,
which is close to the World Health Organization recommend-
ed allowable copper content in drinking water (1.5 mg/L or
23.4 μM) (Bilal et al. 2013), was used to verify the copper
removal capability of the whole cell. As shown in Fig. S4, the
copper concentration of the water sample decreased by 22.5%,
51.7%, 78.3%, and 91.5% after 10 min of incubation with the
whole cell pre-treated at 42 °C (OD600 = 2, 5, 10, 20) (Fig.
S4a), whereas the same amount of 37 °C treated whole cell
removed only 11.2%, 15.5%, 28.3%, and 32.6% of the total

copper, respectively (Fig. S4b). The maximum copper adsorp-
tion capacity of pBV-LOCG/ΔcopA/cueOwas approximately
358 μmol/g cells based on the dose-dependent saturation
curve (Fig. S5), which was comparable with reported
bioadsorption or physicochemical techniques for copper re-
mediation (Bilal et al. 2013; Fu andWang 2011). These results
demonstrate that the display of CueR on the cell surface large-
ly enhances the copper adsorption capability and results in
efficient removal of copper ions from aqueous solutions.

For metal ions bioadsorption using microorganisms, the
accumulation of specific metal ions from the mixture is gen-
erally expected, which may facilitate the recovery and
recycling of the desired metal. Therefore, the selectivity of
pBV-LOCG/ΔcopA/cueO to adsorb copper was further exam-
ined. Most microorganisms have intrinsic abilities to adsorb
diverse metal ions, thus the ratio of metal adsorption capacity
of induced cells to that of uninduced cells was used to assess
the copper adsorption selectivity. As shown in Fig. 3d, the
ratio of copper adsorption of the 42 °C treated cells to that
of the 37 °C treated ones was much higher compared to the
other metals. Induction of CueR on the cell surface did not
significantly increase adsorption of the other metals (except
silver). These results are in agreement with a previous study
suggesting that CueR is a copper- and silver-binding protein
(Stoyanov et al. 2001). The influences of the other metal ions
on copper adsorption were also tested. The adsorption capac-
ity of pBV-LOCG/ΔcopA/cueO was unaffected in the pres-
ence of 5-fold excess of other metal ions, including Ag+, Zn2+,
Cd2+, Ni2+, Cr3+, Hg2+, Fe3+, Co2+, or Pb2+ (Fig. 3e).

Desorption of copper ions and regeneration
of dual-functional E. coli cell

To be used in wastewater treatment, it will be necessary to
regenerate the biosorbent to ensure a low-cost process and
continuous biomass supply. Therefore, the adsorption process
should be followed by contaminant desorption. Metal strip-
ping from biomass can usually be achieved with inexpensive
acids or chelators, such as HCl and EDTA (Singh et al. 2008).
Thus, desorption of copper-bound dual-functional E. coli cells
was performed in Tris buffers of varying pH. As shown in Fig.
S6, only 10.9–13.7% was Cu2+ released from the dual-
functional E. coli cell at pH 6.0 and 7.0, while almost 89.7%
Cu2+ desorbed when the pH was decreased to 3.0. Since bio-
mass would denature after strong acid treatment (pH < 2.0),
preventing its reuse, pH 3.0 was used to desorb copper and
regenerate the dual-functional E. coli cell. Compared to a
freshly prepared E. coli cell, no significant loss in adsorption
capacity was observed in the regenerated bacteria during the
first three repeated adsorption-desorption cycles (> 90%), and
69.2% binding capacity remained at the end of the fifth cycle
(Fig. S7). These results demonstrate that the dual-functional
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E. coli cell has good regeneration ability for continued copper
bioadsorption.

Application of dual-functional E. coli cell in detection
and remediation of copper in environmental water
samples

To assess the applicability of pBV-LOCG/ΔcopA/cueO for
environmentally relevant samples, it was tested at large scale
on 117 water samples collected from places where contami-
nant levels are usually very high. Because copper exists in a
variety of physicochemical forms or speciations in environ-
mental aquatic samples (Wang et al. 2016) and the bacterial
biosensor only detects freely diffusible (bioavailable) metal
ions, acid was routinely added to ensure the samples were
dissolved and to prevent complex formation (Thompson
et al. 2013). In this study, samples were acidified to pH of 2
using nitric acid and then neutralized to pH ≈ 7 when mixed
with × 2 M9S medium. The total copper content in each

sample was analyzed by the dual-functional whole cell and
ICP-MS for comparison. The correlation coefficient between
copper concentrations measured by the whole cell and ICP-
MS was 0.941, and the average accuracy of the whole cell for
copper quantification was 93.8 ± 30.1% as compared to ICP-
MS (Fig. 4a). Among the 117 tested samples, 11 samples were
identified to be hazardous for potable water (copper concen-
tration above 1.5 mg/L) by ICP-MS. Only two samples (1.7%)
were false negatively determined to be safe, and no false pos-
itives were identified by whole cell (Fig. 4a). Thus, this E. coli
cell is a reliable tool for high-throughput screening of copper
in environmental samples.

To remediate copper in the water samples, they were treat-
ed with the 42 °C pre-treated whole cell for 10 min. The
copper content of treated samples was requantified by whole
cell and ICP-MS. After treatment, the average copper concen-
tration of all samples decreased to about 1/4 (25.2 ± 9.2%) of
the original content, as determined by the whole-cell assay
(Fig. 4d), which was similar to the ICP-MS results (21.5 ±

Fig. 3 a The copper adsorption capacities of wild type,ΔcopA,ΔcueO,
and ΔcopA/cueO E. coli cells transformed with pBV-LOCG after
treatment at 42 °C. b The copper adsorption capacity of ΔcopA/cueO
transformed with pBV-LOCG or pBV-LOG after treatment at 37 °C or 42
°C. c The ratios of metal binding capacities of pBV-LOCG/ΔcopA/cueO

(capacity at 42 °C/capacity at 37 °C). d Effect of other heavy metals on
the copper adsorption of pBV-LOCG/ΔcopA/cueO. Data are the means
of three independent experiments; error bars represent the standard
deviation
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7.1%) (Fig. 4c). All of the 11 over-limit samples were detox-
ified to safe levels as analyzed by both methods. In the treated
samples, close correlation (R2 = 0.964) and high accuracy
(113.2 ± 51.7%) for copper detection were observed for the
two methods (Fig. 4b). These results demonstrate the effec-
tiveness of the dual-functional whole cell to remove copper in
water and proved its authenticity and reliability for copper
detection in environmental samples either prior to or after
bioremediation. The overall strategy and technical roadmap

for biodetection and bioremediation of copper ions using the
dual-functional E. coli cell were illustrated in Fig. 5.

Discussion

During recent decades, continuous efforts have been directed
towards the development and optimization of bacteria-based
whole cells for monitoring and removal of heavy metal

Fig. 4 Comparative analysis between the copper detection of 117 field
water samples using the dual-functional E. coli cell and ICP-MS. The
copper concentrations of untreated (a) or treated (b) samples
determined by both methods were fit to two correlation curves. The
accuracy was defined as the percentage ratio of the copper

concentration analyzed by the whole cell to ICP-MS (n = 117). The
ratios of copper contents obtained from the whole-cell assay (d) or ICP-
MS analysis (c) in the treated sample to the matching untreated samples
were plotted as percentages with dashed lines representing the average
values (n = 117)
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contaminants. For detection, improvements in specificity and
sensitivity were always the priority. For example, some
bioreporters with broad selectivity were modified to respond
to one single metal ion by altering amino acid sequences of the
native regulatory protein (Hakkila et al. 2011). To increase
sensitivity, whole-cell bioreporters were usually engineered
for overexpression of metal uptake systems to enhance con-
taminant import (Selifonova et al. 1993) or efflux transporters
were deleted to decrease the export of detectable ions from the
cell (Hynninen et al. 2010). Deletion of the copper efflux
pump copA dramatically enhanced the sensitivity to copper
in an earlier study (Kang et al. 2018). Beyond this, we con-
structed a ΔcopA/cueO double mutant as the host cell.
Although CueR was found to exhibit very high sensitivity to
free Cu(I) (Changela et al. 2003), CueO-mediated oxidation of
Cu(I) to Cu(II) (Grass and Rensing 2001) would attenuate the
copper-sensing capability. Thereby, the deletion of cueO
could hinder Cu(I) oxidation, which would further increase
the copper responses of bioreporters (Fig. 2a). As another
advantage, the deletion of cueO could also increase the
whole-cell accumulation of copper (Fig. 3a). Under the aero-
bic condition, themajority of copper ions may exist in water in

the divalent copper (II) valence state, to which CueR cannot
readily bind. However, the NADH-linked cupric reductase
activity from the E. coli respiratory chain may promote the
reduction of intracellular Cu(II) to Cu(I) (Rapisarda et al.
1999), which would enable surface-displayed CueR to adsorb
copper in aqueous solution. This scenario reasonably explains
the enhanced accumulation of membrane-bound Cu(I) when
CueO-mediated copper oxidation was eliminated.

It should be noted that the test medium also exerts an effect
on the sensitivity and accuracy of whole-cell bioassay.
Compared to defined minimal medium, the rich medium
was considered to promote the biosynthesis of reporter protein
and enhance the response of bioreporters due to nutrients
abundance. Nevertheless, the complex components of the rich
medium may bind metal ions and influence metal speciation,
resulting in diminished bioavailability of these metals. The
limit of whole-cell copper detection in M9 minimal medium
was determined to be much lower than that in LB medium (Li
et al. 2014). Consistently, the whole cell constructed in this
study was able to detect as low as 10 nM copper with a broad
linear detection range in this medium. On the other hand, to
overcome its drawback, the M9 minimal medium was
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supplemented with glucose, thiamin, and 20 amino acids (de-
fined as M9S medium), which was found to greatly enhance
the expression of eGFP and induction surface-displayed CueR
(results not shown). Furthermore, the phosphate buffer system
inM9S medium provides very strong buffering capability and
could neutralize acidified water samples of pH 2 to approxi-
mately 7 without requiring additional alkaline reagents, such
as NaOH or Na4P2O7 (Trang et al. 2005).

With the increasing heavy metal pollution, the develop-
ment of biosensors able to be applied on site to monitor envi-
ronmental contaminants is an urgent demand. Researchers
have attempted to integrate biosensors into miniaturized de-
vices for easier field testing (Roggo and van der Meer 2017).
Given the advantage of bioadsorbent-based remediation, it
will be an effective approach to establish combinational
whole-cell-based systems for real-time monitoring and con-
tinuous treatment of metal pollutants. This dual-functional
E. coli cell described herein enables sensitive, accurate detec-
tion of copper, and efficiently removes copper in various field
samples by simply controlling the temperature. Moreover, it
can provide reliable feedback on the metal concentrations of
waste effluents which have been treated. Although further
research efforts are needed before bacterial cells can be widely
applied, our work may provide the feasibility of online
biodetection and bioremediation of heavy metal pollutants
using this dual-functional whole cell.
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