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a b s t r a c t 

With increasing industrial activities, mercury has been largely discharged into environment 

and caused serious environmental problems. The growing level of mercury pollution has be- 

come a huge threat to human health due to its significant biotoxicity. Therefore, the simple 

and fast means for on-site monitoring discharged mercury pollution are highly necessary 

to protect human beings from its pernicious effects in time. Herein, a “turn off” fluores- 

cent biosensor (mCherry L199C) for sensing Hg 2 + was successfully designed based on direct 

modification of the chromophore environment of fluorescent protein mCherry. For rapid 

screening and characterization, the designed variant of mCherry (mCherry L199C) was di- 

rectly expressed on outer-membrane of Escherichia coli cells by cell surface display tech- 

nique. The fluorescent biosensor was characterized to have favorable response to Hg 2 + at 

micromole level among other metal ions and over a broad pH range. Further, the cells of the 

fluorescent biosensor were encapsulated in alginate hydrogel to develop the cells-alginate 

hydrogel-based paper. The cells-alginate hydrogel-based paper could detect mercury pollu- 

tion in 5 min with simple operation process and inexpensive equipment, and it could keep 

fluorescence and activity stable at 4 °C for 24 hr, which would be a high-throughput screen- 

ing tool in preliminarily reporting the presence of mercury pollution in natural setting. 
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ntroduction 

owadays, mercury has been extensively used in industries 
uch as automobile manufacturing, oil refinery, electric power,
attery facilities, and military wastes ( Mojammal et al., 2019 ; 
emu et al., 1986 ; Tchounwou et al., 2003 ; Wang et al., 2004 ).
ccompanied by industrial production, large amounts of mer- 
ury have been discharged with industrial effluents into the 
atural environment. The discharged mercury tends to ac- 
umulate in the human body and cause serious brain dam- 
ge as well as kidney problems ( Bridges and Zalups, 2017 ; 
kinci et al., 2014 ; Ellingsen et al., 2000 ; Syversen and 

aur, 2012 ). In order to decrease the level of exposure of 
uman beings to mercury, it is extremely important to de- 
elop economical and practical techniques to detect mercury 
ontamination timely in the field. At present, there are var- 
ous conventional technical means and devices for detect- 
ng mercury ions, such as atomic absorption spectrometry 
AAS), atomic fluorescence spectrometry (AFS), and induc- 
ively coupled plasma atomic emission spectrometry (ICP- 
ES) ( Gao et al., 2012 ; Liang et al., 2003 ; Nolan and Lip-
ard, 2008 ; Sánchez-Rodas et al., 2010 ). All of which have 
ood sensitivity and selectivity, however, there are several 
imitations in using of these detection methods and devices.
he disadvantages, such as expensive cost of instrument and 

aintenance, complex pretreatment, high-quality workplace,
nd professional operator, which greatly restrict them to be 
sed as field-portable devices directed toward simple and fast 
nalysis in natural setting. 

Fluorescence spectroscopy serves as a powerful tool for 
he detection of heavy metals. To date, a number of flu- 
rescent probes for sensing metal ions have been largely 
eveloped, including nanoparticles, biomolecules, foldamers,
mall molecules, and synthetic polymers ( Chen et al., 2015 ; 
uo et al., 2015 ; Li et al., 2014 ; Zhang et al., 2016 ). The fluores-
ent proteins were also efficiently utilized in detecting heavy 
etals by using inherent and engineered metal binding prop- 

rties ( Ayyadurai et al., 2011 ; Hao et al., 2018 ; Jiang et al., 2015 ;
iu et al., 2013 ; Özyurt et al., 2019 ; Qin et al., 2016 ). In addi-
ion, due to the property of genetically encodable, the fluores- 
ent proteins have unique advantages in tracking metal dy- 
amics inside living cells ( Newman et al., 2011 ; Nolan and Lip- 
ard, 2008 ). However, they were hardly applied to detect metal 
ollution in practice because of the difficulties in preparing 
nd preserving. Therefore, it’s worth trying to overcome the 
imitations and apply the fluorescent proteins for on-site de- 
ection of metal ions in industrial effluents. 

In this study, a Hg 2 + -responsive variant (mCherry L199C) of 
uorescent protein mCherry was successfully designed by di- 
ect modification of the chromophore environment. Through 

ntroducing a cysteine in the vicinity of fluorophore, the fluo- 
escent protein mCherry L199C will quench its fluorescence in 

he presence of Hg 2 + . The designed fluorescent protein vari- 
nt was systematically characterized through the cell surface 
isplay technique. By expressing on outer-membrane of E.coli 
ells, the variant mCherry L199C could recognize micromole 
evel of Hg 2 + , and it could detect Hg 2+ in the presence of other 

etal ions as well as different pH environment. The cells- 
lginate hydrogel-based paper was further prepared to meet 
he requirements of rapid and field testing of mercury pollu- 
ion. Relevant experiments showed that the developed cells- 
lginate hydrogel-based paper processed good stability in flu- 
rescence and activity, which can analyze micromole level of 
g 2 + within 5 min in a portable and robust fashion. By using 

he cells-alginate hydrogel-based paper, rapid field testing of 
ercury pollution in semi-quantitative can be realized in the 

bsence of highly specialized facilities, laboratory workplaces,
nd professional operators. 

. Materials and methods 

.1. Strains, plasmids, media, and reagents 

scherichia coli ( E.coli ) DH5 α strain [ F −, ϕ80d lac Z �M15, �

 lac ZYA- arg F) U169, hsd R17 ( r −κ, m 

+ κ), rec A1, end A1, deo R, thi -
, sup E44, gyr A96, rel A1, λ−] was used as the host cell for re-
ombinant DNA construction. E.coli BL21(DE3) strain [ F −, ompT,
sdS B (r B −m B 

−), gal ( λcl 857, ind 1, Sam 7, nin 5, lac UV5-T7 gene 1),
cm (DE3)] was used as the host cell for expressing the biosens- 
ng systems. Plasmid pET30 α, a low copy number plasmid car- 
ying kanamycin resistance, which was used to express fusion 

enes of OmpA-mCherry and OmpA-mCherry L199C proteins.
ll E.coli cells were cultivated in Luria Bertani (LB) medium 

1% ( W/V ) tryptone, 0.5% ( W/V ) yeast extract, and 1% ( W/V )
aCl). The analytical standard solutions of different metal 

ons (Hg 2 + , Cr 3 + , Fe 3 + , Cu 

2 + , Ni 2 + , Zn 

2 + , Cd 

2 + , Pb 2 + , and Ag + )
re existed in the form of nitrates in 1 mol/L or 1% nitric acid,
nd the metal ion Cr 3 + is existed in the form of chloride in
 mol/L hydrochloric acid. All the chemical reagents were pur- 
hased from Shanghai Aladdin Biochemical Technology Co.
td. The high purity deionized water (resistivity 18 M � • cm) 
or all experiments was produced by the Millipore water pu- 
ification system. The industrial wastewater was provided by 
uangxi Nanning Water Resources Bureau. 

.2. Construction and cultivation of the biosensor 

n this study, the biosensing systems were constructed by us- 
ng pET30 α as expression vector in the following steps. The 
NA fragment encoding 1 ˜ 159 amino acids of OmpA pro- 

ein (GenBank: CP034595.1) was fused to the N-terminal of 
ene encoding mCherry protein (GenBank: MK160997.1). The 
esidues 1 ˜ 159 of OmpA protein, which are the cell sur- 
ace exposed area of the outer-membrane protein OmpA, had 

een successfully used as the surface presentation of many 
arger passengers ( van Bloois et al., 2011 ). The fusion gene of
mpA-mCherry was amplified from the laboratory plasmid 

ia primer I and primer II. The PCR product was cloned into 

ET30 α vector between NdeI and XhoI restriction sites, and it 
as transformed into E.coli DH5 α cell by chemical method. The 

onstruct ompA-mcherry -pET30 α was confirmed by sequenc- 
ng and finally transformed into E.coli BL21(DE3) strain for be- 
ng induced expression. The gene of OmpA-mCherry L199C 

ariant, which was also cloned into plasmid pET30 α, was ob- 
ained by site-directed mutagenesis with primer III and primer 
V. The oligonucleotides used in the construction of expres- 
ion plasmids were listed in Appendix A Table S1. The protein 
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and gene sequences of mCherry protein as well as its mutant
mCherry L199C were displayed in Appendix A Fig. S1. The dif-
ferences of protein and gene sequences between mCherry and
mCherry L199C were also indicated in Appendix A Fig. S1. 

The E.coli BL21(DE3) cells with the aforementioned con-
structs transformed in were grown in LB medium containing
30 μg/mL of kanamycin, which were cultivated at 37 °C with
constantly shaking at 250 r/min. The overnight bacteria cells
were further cultivated in the LB medium after inoculum en-
largement at a proportion of 1:100, and they were continued
to grow until an optical density of OD600 ≈0.5 ˜ 0.6 reached.
Then, 0.1 mmol/L IPTG were added to the cultural medium to
induce the expression of fusion proteins. After being induced
for additional time, the cells with target proteins express-
ing were harvested by centrifugation. A schematic diagram
(Appendix A Fig. S2) was provided to present the production
process of the fusion protein of membrane protein OmpA with
mCherry protein as well as its mutant (mCherry L199C) on the
outer membrane of E. coli cells. 

1.3. SDS-PAGE identification of the biosensor 

To identify the successful expression of fusion proteins, the
harvested biosensor cells were taken for analysis by SDS-PAGE
according to the following procedures. The harvested biosen-
sor cells were resuspended in 10 mmol/L PBS buffer (pH 7.4)
and disintegrated by sonication. The cell membrane fraction
was separated from the supernatant by centrifugation, and it
was treated twice with TDSET buffer (1% Triton X-100, 0.2%
sodium deoxycholate, 0.1% SDS, 10 mmol/L tetrasodium EDTA,
and 10 mmol/L Tris/HCl) ( Wei et al., 2014 ). Then, the biosen-
sor cells, supernatant fraction, and membrane fraction were
separately mixed with 5 × SDS PAGE loading buffer, and they
were heated at 95 °C for 10 min before loading on to SDS-PAGE
gel. Finally, the samples loaded onto SDS-PAGE gel were elec-
trophoresed for 60 min under constant current. 

1.4. Mercury detection with the biosensor 

To evaluate its response towards Hg 2 + , the cells of biosen-
sor were harvested by centrifugation after being induced by
0.1 mmol/L IPTG for 8 hr. They were resuspended in 10 mmol/L
PBS buffer (pH 7.4) with graded concentrations of Hg 2 + (0 ̃  10
μmol/L). The fluorescence of the cell samples was measured
by fluorescence spectrophotometer after the biosensor cells
were incubated under dark conditions in the solutions con-
taining Hg 2 + for 1.5 hr at room temperature. 

For the evaluation of detection selectivity towards Hg 2 + ,
some other metal ions, such as Cr 3 + , Fe 3 + , Cu 

2 + , Ni 2 + , Zn 

2 + ,
Cd 

2 + , Pb 2 + , and Ag + were respectively added into 10 mmol/L
PBS buffer (pH 7.4) for replacing Hg 2 + . Further, the mixture
of Hg 2 + and other metal ions were separately added into
10 mmol/L PBS buffer (pH 7.4) for replacing Hg 2 + , too. Both the
concentrations of Hg 2 + and other metal ions were 10 μmol/L.
The cell samples were also kept under dark conditions and in-
cubated at room temperature for 1.5 hr before taking for fluo-
rometric analysis. 

To evaluate the pH effect on the detection of Hg 2 + , the har-
vested biosensor cells were resuspended in the buffers with
different pH values (pH = 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0).
Then, 1 μmol/L Hg 2 + were added into the buffers providing dif-
ferent pH environment. The buffers with different pH values
are prepared by 10 mmol/L citrate-sodium citrate (pH = 4.0),
10 mmol/L citrate-sodium citrate (pH = 5.0), 10 mmol/L citrate-
sodium citrate (pH = 6.0), 10 mmol/L Tris–HCl (pH = 7.0),
10 mmol/L Tris–HCl (pH = 8.0), 10 mmol/L Na 2 CO 3 –NaHCO 3

(pH = 9.0), and 10 mmol/L Na 2 CO 3 –NaHCO 3 (pH = 10.0). The
cell samples before and after adding Hg 2 + for 1.5 h were kept
under dark conditions and taken for fluorometric analysis,
too. 

The fluorometric analysis was performed using Shimadzu
RF-6000 fluorescence spectrophotometer with 580 nm and
613 nm for the excitation and emission wavelengths, respec-
tively. Then, the intensity values at 613 nm were recorded to
analyze. All the aforementioned cell samples were prepared
by quintuplicate for fluorometric analysis. 

1.5. Preparation of cells-alginate hydrogel-based paper 

The alginate hydrogel was synthesized with 1% sodium algi-
nate solution stirring at 40 °C for 4 hr. After passing through
0.4 μm filter, the 1% sodium alginate solution and biosensor
cells were mixed uniformly in a volume ratio of 2:1. Then, 20
μL of prepared mixture was added to 0.1 mol/L CaCl 2 solution
dropwise at a constant speed, and particles with an average di-
ameter of 3.0 ± 0.4 mm were formed in the CaCl 2 solution con-
tainer. In this way, an alginate network was formed by alginate
cross-linking with divalent calcium ions through their car-
boxyl groups. The biosensor cells were further captured in the
alginate network. The particles of cells-alginate hydrogel was
further immobilized on the black paper strips by embedding in
the punched holes with similar diameter. The procedures and
pictures taken from different angles (Appendix A Fig. S3) were
provided to display the immobilization of cells-alginate hy-
drogel on black paper. Then, the cells-alginate hydrogel-based
paper for the detection of Hg 2+ was successfully prepared. 

1.6. Mercury detection with the cells-alginate 
hydrogel-based paper 

The detection performance of cells-alginate hydrogel-based
paper was tested by both laboratory water samples and indus-
trial wastewater samples. The laboratory water samples were
prepared by adding the standard solutions of metal ions into
high purity deionized water. The industrial wastewater sam-
ples were prepared by adding the standard solutions of metal
ions into industrial wastewater after being high speed cen-
trifugation. Then, 30 μL of the aforementioned water samples
were dripping on each center of cells-alginate hydrogel parti-
cles on the black paper strips. Then, the strip of cells-alginate
hydrogel-based paper was placed into a dark chamber ultravi-
olet analyzer (ZF-20D, Shanghai Baoshangu Village Dianguang
Instrument Factory). After incubation at room temperature for
5 min, it was taken a picture by a 16-million-pixel smartphone
under the 365 nm ultraviolet lamp in the dark chamber ultra-
violet analyzer. Finally, the ImageJ software was used to quan-
tify the intensity of whole sensing area captured for each cells-
alginate hydrogel particles on the picture. The intensity values
calculated by the ImageJ software were used as the data to an-
alyze. 
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Fig. 1 – Engineering of a mercury binding site in close proximity to the chromophore of mCherry protein. (a) Schematic 
diagram of chromophore environment of mCherry protein. (b) Proposed schematic representation of fluorescence “turn-off”
mechanism of the designed mCherry variant towards Hg 2 + . 
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Fig. 2 – SDS-PAGE analysis of the fusion expression of 
mCherry L199C with OmpA protein. (a) The identification of 
being induced expression of fusion protein OmpA-mCherry 

L199C by 0.1 mmol/L IPTG on 14% SDS-PAGE (lane 1–7: 0, 1, 
2, 3, 4, 6 and 8 h). (b) The membrane and cytoplasmic 
fractions of fusion protein OmpA-mCherry L199C identified 

on 14% SDS-PAGE (lane 1: cytoplasmic fraction, lane 2: 
membrane fraction). The black arrows in all the figures 
indicated the target proteins. 
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. Results and discussion 

.1. Designing of mercury-responsive fluorescent 
iosensor 

he fluorescent protein mCherry was obtained based on red 

uorescent protein (RFP) by mutating the sites near the chro- 
ophore ( Bevis and Glick, 2002 ; Campbell et al., 2002 ). In com-

arison to the progenitor, the second-generation monomeric 
ed fluorescent protein mCherry has improved brightness 
nd photostability ( Shu et al., 2006 ). Similar to green fluo- 
escent protein (GFP), its basic structure presents a cylindri- 
al barrel shape with the chromophore surrounded by 11 
-sheet chains. In the presence of molecular oxygen, the 
ln66-Tyr67-Gly68 peptide autocatalyzes and forms a chro- 
ophore through covalent bonds, which can be excited by 

ight to produce fluorescence ( Campbell et al., 2002 ; Shu et al.,
006 ; Yarbrough et al., 2001 ). Previous studies have shown 

hat a number of selectively placed mutations around the 
hromophore resulting in specific fluorescence changes, thus 
emonstrating the protein’s potential for the development 
f a biosensor ( Jiang et al., 2015 ; Nadarajan et al., 2014 ; 
avikumar et al., 2016 , 2015 ). In this study, we have focused 

n engineering a metal binding site in close proximity to the 
hromophore of mCherry protein. A series of mutations were 
esigned by replacing the residues around the chromophore 
r involved in the hydrogen bond network nearby it with cys- 
eines ( Fig. 1 a ). Engineering cysteine residue in this region 

ay help in the development of efficient mercury binding and 

nable a fluorescence turn-off mechanism in the presence of 
g 2 + ( Fig. 1 b ). 

.2. Screening of mercury-responsive fluorescent 
iosensor by cell surface display technique 

n order to screen the mercury-responsive fluorescent biosen- 
or in a simple way, the designed mutants of mCherry pro- 
ein were expressed through fusing with membrane protein 

mpA to decorate on outer-membrane of E.coli cells. Take 
Cherry L199C for example, as shown in Fig. 2 a , the expres-

ion of fusion protein OmpA-mCherry L199C increased visi- 
ly after being induced near the theoretical value (calculated 

W = 47.55 kDa) on the SDS-PAGE gel, and almost all of 
he fusion protein was obtained from the membrane fraction 

 Fig. 2 b) . According to previous researches ( Wei et al., 2014 ,
012 ), through fusing with outer-membrane protein OmpA,
he fluorescent protein mCherry L199C was most likely dis- 
layed on the E.coli cell surface successfully. With express- 

ng on the cell surface, the mutants of fluorescent protein 

Cherry can access to Hg 2 + in the external environment di- 



journal of environmental sciences 106 (2021) 161–170 165 

Fig. 3 – Change in fluorescence intensity of cells expressing wild type mCherry and mCherry L199C treated with different 
concentrations of Hg 2 + (0–100 μmol/L). All the data are the means of five independent experiments. Error bars correspond to 

the standard deviations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rectly. Therefore, simple and effective screening can be per-
formed by the E.coli cells expressing mCherry mutants on the
outer-membrane. By using the cell surface display technique,
complicated and time-consuming procedures were avoided
for purifying the variants of mCherry protein. 

The screening results showed that the mutant mCherry
L199C has a response to the stimulation of Hg 2 + . As shown
in Fig. 3 , the cells expressing mutant mCherry L199C on
the outer-membrane displayed strong intrinsic fluorescence.
The fluorescence was decreased slightly in the presence of 1
μmol/L Hg 2 + , and it was completely quenched when the con-
centration of Hg 2 + increased to 10 μmol/L. In contrast, the flu-
orescence of the cells expressing wild type mCherry on the
outer-membrane did not change significantly even the con-
centration of Hg 2+ increased to 100 μmol/L. These significant
differences could also be directly observed with the naked eye
(Appendix A Fig. S4). The comparative experiments stated that
the mutant mCherry L199C, which makes a response to Hg 2 +

stimulation, has great potential to be developed as a fluores-
cent biosensor for the detection of mercury pollution. 

2.3. Characterization of screened mercury-responsive 
fluorescent biosensor 

As above-demonstrated, the screened fluorescent biosensor
(mCherry L199C) showed a drastic “turn-off” effect on the fluo-
rescence intensity upon increasing the concentration of Hg 2 + .
The attenuation of fluorescence towards Hg 2 + was further
characterized in the concentration range of 1 ̃  10 μmol/L. As
shown in the response curve ( Fig. 4 a ), the fluorescence of cells
expressing mCherry L199C on the outer-membrane showed
progressively increased attenuation towards Hg 2 + , and the de-
gree of attenuation reached maximum at the concentration
of 10 μmol/L. However, when treated by same concentration
of other metal ions, cells expressing mCherry L199C on the
outer-membrane did not have obvious attenuation in fluo-
rescence intensity. These metal ions include transition-metal
ions (Fe 3 + , Ag + , Cu 

2 + , Ni 2 + , Zn 

2 + , Cd 

2 + , and Cr 3 + ) and the com-
mon heavy-metal contaminant Pb 2 + ( Fig. 4 b ). These results
indicated the screened fluorescent biosensor mCherry L199C
had good selectivity in detecting the heavy-metal contami-
nant Hg 2 + . 

In actual industrial production, the mercury pollution is al-
ways discharged along with other metal ions and into the wa-
ter environment having different pH values. Thus, the perfor-
mances of the fluorescent biosensor mCherry L199C towards
Hg 2 + were also evaluated in the presence of other metal ions
and different pH environment. As shown in Fig. 4 c and Fig. 4 d,
the response signals of cells expressing mCherry L199C on the
outer-membrane towards Hg 2 + were not greatly interfered by
the aforementioned metal ions as well as the varying pH val-
ues (pH 4.0 ̃  10.0). These characterizations made the screened
fluorescent biosensor mCherry L199C, which was expressed
on the outer-membrane of E.coli cells, was practically feasible
for on-site assessment of Hg 2 + contamination. 

2.4. Preparation and stability characterization of the 
cells-alginate hydrogel-based paper 

For high-throughput fabrication and detection, the cells with
mCherry L199C expressed on the outer-membrane were im-
mobilized by the alginate hydrogel to develop the cells-
alginate hydrogel-based paper. Further, an operation-simple
and cost-effective method for mercury pollution detection
was developed in combination with a smartphone and Im-
ageJ software as the fluorescence intensity quantification de-
vices. The operation procedure was present by the schematic
diagram shown in Fig. 5 a . By using these devices, the fluo-
rescent stability and active stability were characterized for
the prepared cells-alginate hydrogel-based paper. As shown
in Fig. 5 b and Fig. 5 c , by storing at 4 °C in 0.1 mol/L CaCl 2 so-
lution, the fluorescence intensity of cells-alginate hydrogel-
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Fig. 4 – Properties characterization of mercury-responsive fluorescent biosensor mCherry L199C . (a) Change in fluorescence 
intensity of cells expressing mCherry L199C towards different concentrations of Hg 2 + (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 μmol/L). (b) 
Change in fluorescence intensity of cells expressing mCherry L199C towards different metal ions (Fe 3 + , Ag + , Cu 

2 + , Ni 2 + , 
Zn 

2 + , Cd 

2 + , Pb 

2 + , and Cr 3 + ) at the concentration of 10 μmol/L. (c) Change in fluorescence intensity of cells expressing 
mCherry L199C towards 10 μmol/L Hg 2 + in the presence of competing metal ions (Fe 3 + , Ag + , Cu 

2 + , Ni 2 + , Zn 

2 + , Cd 

2 + , Pb 

2 + , 
and Cr 3 + ) at the concentration of 10 μmol/L. (d) Change in fluorescence intensity of cells expressing mCherry L199C towards 
Hg 2 + in different pH environment. All the data are the means of five independent experiments. Error bars correspond to the 
standard deviations. 
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ased paper did not change significantly within 24 hr. More 
mportantly, the cells-alginate hydrogel-based paper still kept 
ood activity in the detection of Hg 2 + after preserving for 
4 hr, and the quenched fluorescence intensity remained un- 
hanged in 60 min. These results indicated that the cells- 
lginate hydrogel-based paper can maintain a stable state for 
 certain period of time, which offer convenience in preserv- 
ng and enough time for the observation of testing results. 

.5. Detection of mercury with the cells-alginate 
ydrogel-based paper 

y using the cells-alginate hydrogel-based paper, micromole 
evel of mercury ions in the high purity deionized water could 

e well detected in 5 min ( Fig. 6 a ). In the range of 1 ̃  10 μmol/L,
he intensity values calculated by the ImageJ software were 
equentially reduced. There was no obvious linear relation- 
hip between the intensity and the concentration. When the 
oncentration of Hg 2+ exceeds 10 μmol/L, the intensity value 
o longer changed. The cells-alginate hydrogel-based paper 
till had good selectivity and strong anti-interference ability 
n the detection of Hg 2 + ( Fig. 6 b and Fig. 6 c ). It could dis-
inguish various metal ions from Hg 2 + and resist the inter- 
erences of other metal ions. These metal ions not only in- 
lude the transition-metal ions (Fe 3 + , Ag + , Cu 

2 + , Ni 2 + , Zn 

2 + ,
d 

2 + , and Cr 3 + ) and heavy-metal ion Pb 2 + , but also con-
ain the alkaline ion Ca 2 + used in the preparing of alginate 
ydrogel. 

By determining the standard solution, a “marker” was de- 
eloped for the cells-alginate hydrogel-based paper on the re- 
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Fig. 5 – Preparation and stability characterization of the cells-alginate hydrogel-based paper. (a) Schematic diagram of the 
preparation of cells-alginate hydrogel-based paper and mercury detection with it by using a smartphone and ImageJ 
software as the fluorescence intensity quantification devices. (b) The color image captured by smart phone and 

corresponding intensity value quantified by ImageJ software of the cells-alginate hydrogel-based paper stored at 4 °C in 

0.1 mol/L CaCl 2 solution for different time. (c) The color image captured by smart phone and corresponding intensity value 
quantified by ImageJ software of the cells-alginate hydrogel-based paper after being treated by 5 μmol/L Hg 2 + . In (b) and (c), 
the intensity values quantified by ImageJ software are the means of five independent experiments. Error bars correspond to 

standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lationship between the concentration of Hg 2+ and the corre-
sponding measured intensity value (Appendix A Fig. S5). The
“marker” could be used to evaluate the content of Hg 2 + in
unknown samples. In the range of 1 ˜ 10 μmol/L, the con-
centration of Hg 2 + could be directly read according to the
“marker”. When the concentration of Hg 2 + exceeds 10 μmol/L,
the measured intensity value was close to the minimum in-
tensity value in the “marker”. Then, continuous dilution of
the original solution was made until the measured intensity
value fell between the maximum and the minimum of in-
tensity value. By using this strategy, semi-quantitative results
were offered by using the cells-alginate hydrogel-based pa-
per to determine the contents of Hg 2 + in industrial wastewa-
ter samples ( Table 1 ). These could provide information about
the range of mercury ion concentrations in water samples. Al-
though the sensitivity is limited, it is already enough to pre-
liminarily evaluate the industrial wastewater seriously pol-
luted by mercury. Generally, the concentration of mercury con-
taminant in industrial wastewater is always more than micro-
grams per liter (equal to 5 μmol/L). For example, as the ma-
jor source of mercury pollution, the chloralkali factory efflu-
ents contain mercury at the concentration of 15–50 μmol/L
( Wagner-Döbler et al., 2000 ). 

In comparison with other mercury detection methods, in-
cluding the traditional techniques (such as AAS, AFS, and ICP-
AES) and other previously developed mercury sensors, the
present method for mercury detection have advantages on
several aspects ( Table 2 ). Firstly, the present method has no
requirements for highly specialized facilities, laboratory work-
places, and professional operators. The identification devices
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Fig. 6 – Detection of mercury with the cells-alginate hydrogel-based paper. (a) The color image captured by smart phone and 

corresponding intensity value quantified by ImageJ software of the cells-alginate hydrogel-based paper treated with 

different concentrations of Hg 2 + (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 μmol/L). (b) The color image captured by smart phone and 

corresponding intensity value quantified by ImageJ software of the cells-alginate hydrogel-based paper treated with 

different metal ions (Cr 3 + , Cd 

2 + , Pb 

2 + , Zn 

2 + , Fe 3 + , Ni 2 + , Cu 

2 + , Ag + and Ca 2 + ) at the concentration of 10 μmol/L. (c) The color 
image captured by smart phone and corresponding intensity value quantified by ImageJ software of the cells-alginate 
hydrogel-based paper treated with 10 μmol/L Hg 2 + in the presence of competing metal ions (Cr 3 + , Cd 

2 + , Pb 

2 + , Zn 

2 + , Fe 3 + , 
Ni 2 + , Cu 

2 + , Ag + and Ca 2 + ) at the concentration of 10 μmol/L. The intensity values quantified by ImageJ software are the 
means of five independent experiments. Error bars correspond to standard deviation. 

Table 1 – Evaluation of Hg 2 + pollution in industrial wastewater samples by cells-alginate hydrogel-based paper. 

Sample Add ( μmol/L) Method of reading data Found ( μmol/L) 

Industrial wastewater 1 4 Direct reading 4–5 
6 Direct reading 5–6 
8 Direct reading 7–8 
50 Reading after dilution 48–54 

Industrial wastewater 2 4 Direct reading 4–5 
6 Direct reading 5–6 
8 Direct reading 7–8 
50 Reading after dilution 48–54 

i
c
o
f

d
t
o
t

n this method are pervasive and commonplace, and they are 
onvenient in carrying and operating. Secondly, the process 
f detection is easy and time-saving, which make it suitable 
or high throughput screening. All these advantages make this 
etection method suitable for rapid field testing of wastewa- 
er seriously polluted by mercury. However, the detection limit 
f this method needs further improvement for wider applica- 
ions. 
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Table 2 – Comparison between different mercury detection methods and the present method. 

Methods Equipment Workplace Operator Process 
Detection 
time (HTS) 

Detection 
limit ( μmol/L) Reference 

AAS Large instrument Laboratory Professional Complicated Time 
consuming 

1.5 × 10 −4 ( Giakisikli et al., 
2013 ) 

ICP-AES Large instrument Laboratory Professional Complicated Time 
consuming 

0.01 ( Rudner et al., 
1993 ) 

ICP-MS Large instrument Laboratory Professional Complicated Time 
consuming 

1.25 × 10 −4 ( Voica et al., 
2009 ) 

QDs Spectrometer Laboratory Laypeople Complicated Rapid 0.008 ( Yang et al., 2013 ) 
Electrochemistry Electrochemical 

workstation 
Laboratory Professional Complicated Time 

consuming 
0.001 ( Martín- 

Yerga et al., 
2012 ) 

Nanoparticle Spectrometer Laboratory Laypeople Complicated Rapid 0.6 ( Guo et al., 2015 ) 
Cells-alginate 
hydrogel-based 
paper 

Ultraviolet 
analyzer 

Field testing Laypeople Simple Rapid 1 This work 

∗HTS: High Throughput Screening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Conclusion and implications 

The fluorescent proteins have great potential for metal ions’
detection through rational modification of the chromophore
environment. In this research, the Hg 2 + -sensing fluorescent
biosensor mCherry L199C was successfully designed by in-
troducing a cysteine in close proximity to the chromophore
of mCherry protein. For rapid field testing of mercury pollu-
tion, the low-cost, lightweight, and disposable cells-alginate
hydrogel-based paper was prepared by encapsulating the cells
expressing mCherry L199C on the cell surface with alginate
hydrogel. Then, simple procedure for mercury detection was
developed by using the cells-alginate hydrogel-based paper
combined with a smartphone and ImageJ software as the flu-
orescence intensity quantification devices. In this strategy,
more fluorescent biosensors can be designed and applied for
various metal ions’ detection in an easy, fast, and economic
manner. On the other hand, due to the genetically encodable,
the developed fluorescent biosensors have great potential to
be used as the tools for tracking metal dynamics inside living
cells. 
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