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Abstract

Herein, we report a rapid and sensitive colorimetric detection of Hg** by designing a specific DNA probe with phosphorothioate
RNA modification (PS-probe) for Hg** recognition and utilizing DNA-modified gold nanoparticles (DNA-AuNPs) as the
transducer. The distance between two DNA-AuNPs is controlled by a linker DNA, providing the linker DNA-regulated aggre-
gation or dispersion status of AuNPs in solution. Exonuclease III (Exo III) can trigger the recycled digestion of linker DNA
strands, inhibiting the reformation of aggregated nanoparticles and hence leading to a color shift from purple to red. However, the
Hg**-induced cleavage of the PS-probe can efficiently prevent the digestion of linker DNA strands by Exo III and hence
reassemble the modified AuNPs to form aggregates in purple color. Thus, a positive correlation between the linker DNA strands
left and the addition of Hg2+ provides a quantitative basis for Hg2+ sensing. A linear range of Asyo/A7gy versus Hg2+ concen-
tration is achieved in the range 2—100 nM associated with a detection limit as low as 1.30 + 0.04 nM. Moreover, the biosensor
exhibits excellent selectivity for Hg**. The strong selectivity behavior was confirmed by recoveries ranging from 96 to 114% in

real water samples.
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Introduction

Mercury is generally considered to be one of the most toxic
metals found in nature, which is mainly released from
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mercury-related industries [1]. Considering its bioaccumula-
tion characteristics, the severe adverse health effect of mercu-
ry on human beings cannot be overlooked even at trace con-
centration level [2]. While the traditional instrumental tech-
niques, for example, inductively coupled plasma mass spec-
trometry (ICP-MS), are accurate and widely used for mercury
detection, their applications are still limited to the laboratory
due to the expensive and large-scale equipment and compli-
cated detection procedure. Therefore, developing facile and
sensitive detection methods of mercury in the environments
is still of great importance. Considering the divalent mercury
(Hg2+ ions) are water-soluble and one of the most common
and stable existing form in water environments among the
mercury pollution [3], the development of novel Hg* detec-
tion has been focused and received a lot of attentions.

To meet the goals of facile and sensitive analysis, the
biosensor technique emerges as an effective alternative to
the traditional analytical techniques. By virtue of their high
sensitivity, specificity, and facile synthesis, functional
nucleic acid (FNA)-based biosensors have received numer-
ous attentions and witnessed their broad applications rang-
ing from environmental monitoring [4], diagnostics [5],

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-020-4184-0&domain=pdf
http://orcid.org/0000-0002-5307-6709
https://doi.org/10.1007/s00604-020-4184-0
mailto:xhzhou@mail.tsinghua.edu.cn
mailto:qipeishi@163.com

214 Page 2 of 8

Microchim Acta (2020) 187: 214

and food safety to basic research [6]. Since Hg>* was re-
ported to be specifically bound between two thymine ba-
ses, thus promoting the T-T mismatch [7], various T-Hg**-
T interaction-based biosensors for Hg?" detection were re-
ported with different transduction modes used, including
electrochemistry [8], colorimetry [3], surface plasmon res-
onance [9], fluorescence [10], and surface-enhanced
Raman scattering [11]. Although these biosensors need
less professional personnel and simpler sensing instrument
than traditional methods, the Hg2+—driven T-T mismatch
was reported to be strongly affected by reaction buffer
conditions, including pH, temperature, ionic strength, and
ion species [12—14]. DNAzyme is used as another DNA-
based strategy for sensing Hg** [15, 16]. While Hg** can
activate some catalysis of DNAzymes, the high detection
limits and low catalytic efficiency limited their down-
stream applications [10]. Although some DNAzymes have
been reported with high sensitivity, the T-Hg**-T interac-
tion has to be incorporated in the design of such DNAzyme
[17], which makes the sensing system very complicated.
Recently, a new strategy for specific Hg** sensing was
reported by using a specifically designed DNA probe,
which incorporated phosphorothioate (PS)-modified RNA
linkages [18]. This DNA probe inserted with PS-modified
RNA can efficiently and specifically cleaved by Hg2+ ions
due to their strong thiophilicity. Considering that the cleav-
age procedure is a chemical reaction, this sensing strategy
was reported to be less affected by the reaction conditions
and show excellent selectivity [12, 18].

Colorimetric biosensors, especially by using the gold nano-
particles (AuNPs) as indicators, have been extensively utilized
due to its simplicity of operation and visibility of observation
[19]. The peak of the absorption spectra of AuNPs is depen-
dent on their size and shape, providing a quantitative basis for
colorimetric sensing. Compared with the unmodified AuNPs
(in the general sense, citrate-stablized AuNPs), DNA-
modified AuNPs (DNA-AuNPs) by using thiol-gold chemis-
try can provide harsher environment resistance and higher
reliability, which have been developed and utilized in detect-
ing different targets, such as DNA sequence [20], metal ions
[21], and bacteria [22].

Stated thus, by merging the virtues of the DNA probe
inserted with PS-modified RNA for Hg>*-specific recogni-
tion, Exo Ill-assisted signal amplification, and DNA-AuNPs
as stable indicators of colorimetry, we herein develop a visi-
ble, cost-effective, easy-to-handle yet sensitive biosensor for
the colorimetric detection of Hg?* in aqueous environments.
As a result, the specificity provided by the DNA probe
inserted with PS-modified RNA towards Hg** is exclusive;
moreover, the limit of detection can reach 1.30 nM via the
color variance of AuNPs, which allows the turnaround time
after sample collection from suspicious sites to be limited to
40 min.

@ Springer

Methods

Preparation of DNA probes The list of chemicals used is de-
scribed in Electronic Supplementary Material (ESM). The
stock solution of different DNA probes was prepared by using
10-mM HEPES buffer (pH 7.5) to dissolve the oligonucleo-
tides to 10 uM strand concentration. The solution was heated
at 95 °C for 5 min and then gradually cooled to room temper-
ature in 2 h. All stock solutions were maintained at 4 °C before
the use. If not specified, all buffers used in this work were
prepared either in biomolecule grade deionized water or
DEPC-treated deionized water (in general referring to DI
water).

Preparation and modification of AuNPs AuNPs in diameter of
13 nm were prepared by reducing HAuCl, using sodium cit-
rate [23]. Briefly speaking, 100 mL of 1 mM HAuCl,; was
heated to reflux under the condition of stirring, and subse-
quently, 10 mL of 38.8 mM sodium citrate was added. The
color of mixture changed from light yellow to heavy red with-
in a few minutes. After that, the mixture was left to reflux for
another half hour, completing the reduction of HAuCl, to gold
nanoparticles. The morphology of AuNPs was characterized
using TEM (Fig. S1), and their average size was determined to
be approximately 1242 nm by counting more than 100 par-
ticles from TEM pictures.

The functionalization of AuNPs with 3'- or 5'-thiol-modi-
fied DNA strands followed the previously reported procedures
[24]. Briefly speaking, 90 puL of 100 uM DNA1 or DNA2 was
activated by tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) for 1 h. Subsequently, 3 mL AuNPs was added into
the mixture and incubated for 16 h. After that, 31 uL of
500 mM sodium acetate was then added drop by drop and
incubated for another 24 h. After centrifugation, the superna-
tant was discarded, and 1.2 mL buffer containing 25 mM Tris-
acetate and 100 mM NaCl (pH 8.2) was then added. After
centrifugation again, the supernatant was removed, and the
DNA-modified AuNPs were dispersed in 3 mL buffer
(25 mM Tris-Acetate and 300 mM NaCl, pH 8.2).

Nondenaturing PAGE For a typical nondenaturing PAGE, the
DNA samples were diluted by using 6 x loading buffer with a
volume ratio of 5:1. The 15% polyacrylamide (19:1 acrylam-
ide/bisacrylamide) gels were freshly prepared. The
nondenaturing PAGE were performed in 1 x TBE under the
conditions of 80 V, 50 min, and 20 °C. Gels were stained with
GelRed Acid Gel Stain and imaged under UV exposure by
FLS-5100 film (Fuji, Japan). The measurements were per-
formed in 10 mM HEPES buffer (pH 7.5).

Absorbance measurement Under the optimized conditions
(see Fig. S2), the absorbance measurement methods towards
Hg?* were developed. A series of Hg>" standard solutions
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(0.3,1.5,3.0,4.5,7.5,11.25, 15, and 30 uM) was prepared by
diluting the stock solution of Hg** with DI water. 10 uM
strand concentration of probes and linker were prepared by
diluting the DNA stock solutions, respectively, with 10 mM
HEPES buffer (pH 7.5). The optimal steps for Hg** detection
were listed as follows: 1 puL Hg** standard solution under
various concentrations was successively added into 4 pL of
150 nM PS-probe for incubation of 15 min. Subsequently,
1 uL 150 mM Mg>" solution, 2 pL purified water, 1 pL
10 uM linker strand, and 5 U Exo III were added to the solu-
tion described above to catalyze the hydrolysis reaction for
another incubation of 30 min at 37 °C. The reaction mixture
was then heated to 65 °C for 10 min to stop the digestion
reaction by inactivating the Exo III activities. Finally, 20 puL
DNAT1-Au, 20 pL. DNA2-Au, and 100 puL of 15 mM HEPES
buffer (pH 7.5) were added for final incubation of 10 min
before the absorbance measurements. The Hg>* concentra-
tions in the samples were 2, 10, 20, 30, 50, 75, 100, and
200 nM, respectively. The optical chamber (1-cm path length,
0.35-mL volume) was used for absorbance measurements in
the wavelength range of 400 to 750 nm at room temperature
(approximately 25 °C).

Selectivity and recovery The selectivity of this method was
tested using Mn*", Pb**, Ca>*, Cd**, Cu®*, Ni**, Fe**, Cr'Y,
and Co®* (each at 100 nM) in the presence or absence of
10 nM Hg?*, respectively. The absorption ratios of Aso/
A0 for competing species were recorded. Furthermore, the
metal ions described above were incubated with the PS-probe
(1 uM) for 10 min. The product after incubation was separated
on 15% nondenaturing PAGE gels and analyzed by using a
FLS-5100 film imaging system.

Environmental water samples were taken from Guanting
reservoir (Beijing, China) to test the reliability of this method.
Sample solutions were taken and then passed through a
0.2-pum pore-size membrane filter before test. Subsequently,
the water samples were spiked with various Hg?* to final
concentrations of three levels (0, 5, and 10 nM). Detection
procedures were performed based on the optimal conditions
for Hg”* detection described above.

Results and discussion

Working principle Figure 1 illustrates the principle scheme of
colorimetric biosensing of Hg** using a DNA probe inserted
with phosphorothioate-modified RNA and Exo Ill-assisted
signal amplification. The colorimetric determination system
comprises a PS-probe, a linker strand of DNA, Exo III, and
two sets of different DNA-AuNPs (called DNA1-Au and
DNA2-Au, respectively) with sequences complementary to
both ends of the linker strand of DNA, respectively. It should
be noted that the linker DNA strand is rationally designed in

such a way that, if Hg?" is absent, the linker will hybridize
with the PS-probe to form a specific duplex with a recessed 3’
terminal end, which can be cleaved by Exo III. Considering
that Exo III can only digest the 3’ recessed single-stranded
DNA of linker strand, the PS-probe will hence be recycled
to hybridize more linker strands to undergo new digestion
reactions. Such an Exo Ill-assisted cyclic hybridization-
hydrolysis process may trigger the digestion of numerous
linker DNA strands, resulting in a significantly amplified sig-
nal transduction. By contrast, the presence of Hg>* ions can
efficiently cleave the phosphorothioate RNA linkage incorpo-
rated in the PS-probe due to their extremely strong
thiophilicity [18]. This will prevent the digestion of linker
strands by the enzyme of Exo III. Upon completion of the
digestion/cleavage cycle, the mixtures of DNAI-Au and
DNAZ2-Au are added into the solution. As a result of the com-
plementary hybridization of DNA1-Au and DNA2-Au to both
ends of the linker DNA strand, a color change of AuNPs from
red to purple would be obtained by shortening their distance
between DNA1-Au and DNA2-Au and used to quantify the
amount of the remaining linker DNA strands. Considering a
positive correlation between the linker strand left and the ad-
dition of Hg?*, Hg?* concentration can be quantified
accordingly.

The UV—-vis spectra of colorimetric modified-AuNP sys-
tem in the presence of different Hg?" concentrations are
shown in Fig. 2a. Initially, the linker strand complementary
to the 12-mer DNAs on AuNPs assembled the nanoparticles
closer to form purple-colored aggregates, exhibiting the plas-
mon resonance absorption at about 600 nm (curve a).
Meanwhile, the linker hybridized with PS-probe strand to
form a 3’ terminus end recessed duplex that was digestible
by Exo III. Due to the function of Exo III, the 3" recessed
linker strand was cleaved into single bases, which was not
able to assemble the modified AuNPs of DNA1-Au and
DNAZ2-Au. The dispersed AuNPs were accompanied with a
plasmon resonance absorption peak at about 520 nm (curve
b). However, following the addition of 200 nM Hg**, the
absorbance of AuNPs decreased significantly at 520 nm and
increased in a longer wavelength range with a peak value at
approximately 600 nm, resulting into the red-to-purple color
shift (curve c). It was attributed to the Hg**-triggered cleavage
of PS-probe, which ended the cyclic Exo III enzymatic ampli-
fication. By contrast, the DNA sequence without
phosphorothioate-modified RNA linkage (WPS-probe) was
designed, and its responses towards Hg** were investigated
for comparison. As shown in curve d, the absorbance spectra
had a slight change when 200 nM Hg** were incubated with
WPS-probe compared to the sensing system without Hg**
(curve a). Inset of Fig. 2a shows the photos under four condi-
tions, accordingly. The colorimetric visualization with the na-
ked eye was achieved without using the complicated instru-
mentation. These results concurred with our speculation that
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Fig. 1 Sensing mechanism of
Hg”* using a DNA probe with
phosphorothioate RNA
modification (PS-probe) and Exo
[l-assisted signal amplification.
Two sets of AuNPs modified with
DNA sequences complementary
to each end of the linker DNA
strand, respectively, are repre-
sented by DNA1-Au and DNA2-
Au
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Hg”* trigger the cleavage of the phosphorothioate-modified
RNA linkage rather than unmodified one and hence change
the aggregation status of AuNPs. Meanwhile, the phenomena
described above accorded well with numerous previous stud-
ies [22].

The changes in the aggregation status of DNA1-Au and
DNAZ2-Au nanoparticles in the Exo III amplification system
were verified by the TEM technique. As illustrated in Fig. 2b,
DNA-AuNPs were well dispersed with no addition of Hg**
due to the effective Exo Ill-assisted digestion of the linker
strand in a duplex form with PS-probe (Leff). However, upon
adding Hg**, two sets of DNA-AuNPs were assembled by the

>

4‘\#\/

N MAANS '
\VAAVEAVAV,

0.25}
0.20}
0.15}
0.10}
0.05F

Absorbance

0.00f

450 500 550 600 650 700
Wavelength / nm
Fig.2 a Absorption spectra of the modified AuNP system in the presence
of (a) linker strand; (b) linker strand, PS-probe, and Exo III; (c) linker
strand, PS-probe, and Exo III after incubation with Hg2+; and (d) linker
strand, WPS-probe, and Exo III after incubation with Hg2+. DNAI-Au,
3.2 nM; DNA2-Au, 3.4 nM; linker, 67 nM; PS-probe, 4 nM; WPS-probe,
4 nM; Exo III 5 units (U); ngﬂ 200 nM; and pH 7.5. Inset shows the

@ Springer

DNA1-Au DNA2-Au

3 2 ;&’ __
Hg?* —W kﬁis ! Q v® 0 f Q
C /
\J Linker DNA

A AF A"\;, f < 1
ENENAE Y . ® e

‘\\. Al a i 4)5 S &

\/y W \/ \/ Exo I

linker strands considering that their digestion was apparently
inhibited due to the significant cleavage ability of Hg** on the
PS-probe (Right). In addition, the nondenaturing PAGE was
used to characterize the cleavage process of PS-probe induced
by Hg®* ions. Figure 2¢ demonstrates the images of
nondenaturing PAGE for PS-probe in 10 mM HEPES buffer
(pH 7.5) at room temperature. We observed three distinct
bands with unequal mobilities in the PS-probe system, imply-
ing the DNA sequences with different lengths formed. The
faster two bands exhibited that the PS-probe underwent cleav-
age, while an increase in the cleaved fraction was found when
more Hg?* existed. This result confirmed that the existence of

photos under four conditions, accordingly. b TEM images of AuNPs
containing PS-probe. DNA1-Au, 3.2 nM; DNA2-Au, 3.4 nM; linker,
67 nM; PS-probe, 4 nM; Exo III 5 U; pH 7.5; and Hg2+, 0 (Left) and
200 nM (Right). ¢ Nondenaturing 15% PAGE image (lane 1 to lane 5
from left to right) exhibiting the cleavage products of PS-probe incubated
with 0, 1, 5, 10, and 50 uM ngﬂ respectively, for 10 min
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Hg”* can induce the cleavage of PS-probe. The DNA se-
quence at the slowest band was explained to its desulfurization
to the normal phosphate backbone and was not cleaved by
Hg”*again [12]. The cleavage yield that has yet to be opti-
mized may also contribute to this phenomenon [25].

Optimization of bioassay conditions Optimization processes
were conducted to identify the optimal bioassay conditions of
this colorimetric method for Hg** detection. Three key factors
for the modified AuNPs-based colorimetric bioassay as sug-
gested by previous studies [3, 26, 27], including the linker
concentration, the magnesium ion concentration in buffer,
and the Exo III concentration, were investigated. The linker
concentration should have a great impact on the colorimetric
biosensing because of it being responsible for the assembly of
DNA1-Au and DNA2-Au nanoparticles. Unveiled by Fig.
S2A, the higher linker concentrations resulted in greater color
changes represented in the form of ration of absorption inten-
sity Asoo/A700, however reached relatively steady when the
linker concentration was higher than 20 nM. To increase the
detection sensitivity, 20 nM linker strand was chosen for the
subsequent experiments. The magnesium ion salt was added
to enhance the linker DNA-induced nanoparticle assemblies,
and therefore, the concentration of Mg”* on the performance
was exploited. Unveiled by Fig. S2B, no significantly observ-
able change in As,0/A700 Was obtained until 1| mM Mg2+ ions;
however, the value decreased sharply when the Mg>* concen-
trations further increased. To obtain a better sensitivity in the
color change, 1 mM Mg”* was used in the following experi-
ments. In the end, the influence of the Exo III concentration
was investigated as illustrated in Fig. S2C. Under the condi-
tion of Exo III concentration below 5 U, Asyo/A70o changes
with the enzyme concentration showed opposite trends in the
absence (R1) and presence (R2) of target. However, R1 and
R2 values reached steady with increased Exo III concentration
under both conditions. The highest ratio R1 to R2 was 2.1, at
which the concentration of Exo IIl was 5 U, so we selected 5 U
Exo III, 20 nM linker strand, and 1 mM Mg** as the optimal
detection conditions.

Moreover, the number of PS-modified RNA linkage has a
great impact on the cleavage reaction yield [28]. The DNA
sequence inserted with two, three, and four PS-modified RNA
linkages (referring to PS2-probe, PS3-probe, and PS4-probe)
were tested by incubating in the absence or presence of
100 nM Hg>*, respectively, under optimal conditions. The
Asr0/Aq00 values are demonstrated in Fig. S2D. As we expect-
ed, the increase in the number of PS-modified RNA linkages
resulted in more significant signal changes, indicating the
greater cleavage reaction yield. Three and four PS-modified
RNA linkages exhibited a slight difference to increase the
cleavage performance. Compromising the cleavage capability
and the price of the probe synthesis, the PS-probe with three
PS-modified RNA linkage was chosen for the experiments.

Performance for Hg** determination Under the optimal bio-
assay conditions, the sensitivity of this colorimetric sensing
system for Hg?* determination was evaluated. The visible
spectra of modified AuNPs under different Hg** concentra-
tions are demonstrated in Fig. 3a. Initially, this modified
AuNPs (DNA1-Au, DNA2-Au) with modification of non-
complimentary DNA sequences as the stabilizer [29] exhibit-
ed red in color, accompanied by a strong plasmon resonance
absorption at about 520 nm (curve 1) due to the Exo III-
assisted recycling of digesting the linker DNA strand via its
hybridization with PS-probe. However, the existence of Hg**
would cleave PS-probe into short fragments, which inhibited
its hybridization with the linker DNA and hence avoided its
digestion by Exo III. As a result, the remaining linkers would
assemble the DNA1-Au and DNA2-Au nanoparticles closer,
enabling AuNPs aggregated. Theoretically, the AuNPs aggre-
gated quicker with the increased Hg>* concentration, therefore
leading to more aggregated AuNPs in a certain period of time.
Following the addition of Hg?*, curves 2-9 displayed an ob-
servable decrease in the peak of absorption at 520 nm, accom-
panied by an increase in the longer wavelength range with a
peak value at 600 nm. This result corresponded to a red-to-
purple color change (Inset of Fig. 3a).

We compared the sensitivity by means of the signal repre-
sented by the ratios of absorbance intensities, As>o/A700 and
Aspo/Agoo, Tespectively. The linear relationship between Asyg/
Ay values and different Hg2+ concentration is represented in
Fig. 3b. The linear regression range exhibited 2-100 nM Hg**
(R*=0.99) and a limit of determination (LOD) of 1.30 nM
using the three-sigma method [30]. It is indicated that As,y/
Ao is more sensitive than Aspp/Aggo to the change of Hg2+
concentration (Fig. S3) although their linear fitting results with
Hg”* concentration shared a same linear range (see Table S2).

Nanomaterials especially Au and Ag in the form of nano-
particles and nanorods are widely used in designing colorimet-
ric strategies for Hg2+ determination; however, these colori-
metric assays often suffered from low sensitivity [26]. A com-
parison of the analytical performance of this work with those
obtained by several other approaches based on for the deter-
mination of Hg”* is shown in Table 1. Obviously, the LOD of
our method was comparable with most of the reported Hg”*
biosensing techniques. In our system, such an attractive LOD
was mostly given to the recycling of PS-probe and hence
induced the Exo IIl-assisted signal amplification.
Meanwhile, this technique was simple, easy-to-handle, and
obtained the test results within 40 min. Furthermore, sensitive
and rapid visualization determination can facilitate in-field
and on-site applications without the assistance of
instrumentation.

Selectivity To confirm the practical applicability of this color-

imetric biosensor, the competition experiments and selectivity
trials were conducted to evaluate the potential interferences

@ Springer
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Fig. 3 a Visible spectra of the 30
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from potentially coexisting metal ions in water environments.
Frequently encountered metal ions were chosen for the inter-
ference experiments under the optimal conditions same as for
Hg”* measurement. As illustrated in Fig. 4, only the presence
of Hg?* ions can result in a significant signal variation even
though the interfering ions, including Mn**, Pb**, Ca”*, Cd**,
Cu?*, Ni**, Fe**, Cr’*, and Co**, existed at a high concentra-
tion in the samples.

Moreover, the colorimetric biosensor was further chal-
lenged with Hg** determination in the coexistence of interfer-
ing metal ions. Results showed that the coexistence of inter-
fering metal ions posed a negligible impact on the perfor-
mance of our protocol towards Hg**. These results further
demonstrated the excellent selectivity of this sensing platform
for Hg”* determination even in the complicated matrixes. The
selectivity was further confirmed by investigating the cleav-
age of the PS-probe incubated with 10 uM metal ions for
10 min. As unveiled by nondenaturing 15% PAGE image
(Inset of Fig. 4), distinct bands with clearly different mobilities
appeared only in the lanes contained Hg** ions, indicating the
selective cleavage of the PS-probe caused by Hg** ions. This
result accorded well with the absorption ratio described above.

Application in real water sample analysis To test the applica-
bility of this biosensor for Hg** determination in real samples,

two environmental water samples were taken from Guanting
reservoir located in the north of Beijing, China, and tap water
in lab. The colorimetric biosensor demonstrated a negligible
signal change compared to the blank samples towards the raw
water, suggesting no presence of Hg** or below the LOD of
this method. Because the Hg** concentration of environment
water was nondetectable, therefore the concentrations of 0,
5.0, and 10.0 nM of Hg”* were spiked and analyzed, using
this bioassay system and inductively coupled plasma mass
spectrometry (ICP-MS), respectively. Each analysis was con-
ducted in triplicate to minimize any possibilities of error.
Therefore, a spike-recovery test was carried out by spiking
Hg?* ions at three concentration levels. The testing results of
the biosensor towards the Hg**-spiked samples are demon-
strated in Table S3. The quantitative recoveries in the range
of 96-114% were achieved by using this method. The good
accordance of measured values with the spiked Hg** concen-
trations suggested the prospective applicability of this method
for Hg”* determination in real water environments.

Conclusions

By incorporating a PS-probe and a recycled enzymatic cleav-
age to amplify the signal, we described a colorimetric

Table 1 Nanomaterial-based

colorimetric sensors for the Materials used ~ Method LOD Reference
determination of Hg**
AuNPs Hg”* unfolds the arch-trigger duplex and induced aggregation 34 nM [27]
of thymine-rich DNA modified AuNPs
AuNPs The functionalized gold nanoparticles with papain selectively 200 nM  [31]
response to Hg?*
AuNPs The addition of amine-based chemical to promote the aggregation 10 pM [32]
of Hg**-capped AuNPs
AuNRs' Hg®* causes the disassembly of the modified AuNRs 5 nM [33]
AgNPs? The polydopamine adsorption with Hg** could induce the 30 nM [34]
aggregation of AgNPs
AuNPs Hg?" trigger the cleavage of the linker DNA, inhibiting the 1.30 nM  This study

reformation of aggregated nanoparticle

! AuNRs gold nanorods, > AgNPs silver nanoparticles
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Fig. 4 Change of absorption ratio (As»o/A700) for the colorimetric
biosensor responding to different metal ions, e.g., Mn**, Pb>*, Ca**,
Cd*, Cu?*, Ni**, Fe**, Cr’*, Co®*, and Hg?*, and coexisting species as
mentioned above in the absence and presence of Hg>". Inset:
Nondenaturing 15% PAGE images exhibiting the cleavage of PS-probe
incubated with 10 uM different metal ions for 10 min

biosensor for the rapid and sensitive determination of Hg** in
water environments. This colorimetric biosensor obtained a
LOD of 1.30 nM for Hg** determination. It exhibited an ex-
cellent selectivity for Hg** ions rather than other interfering
metal ions even existed at high concentration. The applicabil-
ity of this method was confirmed by results showing good
recoveries (96—114%) in environmental water samples. In
view of its simplicity, easy-to-handle, rapid, and sensitive vi-
sual determination, this biosensing method paves great poten-
tial for applications in on-site determination of Hg** without
the aid of instrumentation for water pollution alarming and
control. However, the cleavage yield of PS-probe that be fur-
ther improved requires more research to in the future.
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