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Abstract

It was found that dimension change of aptamer DNA significantly weakened the mimicking activity of gold nanozyme,
which was contrary to previous research. Based on this, a rapid colorimetric method for the detection of low concentrations
of mercury in environmental media was fabricated. It was observed that 40 nM Hg?" causes color changes in solution. The
detection limit of absorbance measurements was estimated to be 9.3 x 10~'! M. The assay was fast and could complete a
single test in half an hour. The detection results for real environment samples confirmed the reliability of the colorimetric
analysis in practical application. The proposed assay provides an alternative method for real-time monitoring of mercury in
the environment. In particular, the charge effect on the affinity of nanozyme consummated the DNA regulation mechanism

for the simulated enzyme activity.
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Introduction

Real-time and highly sensitive detection of low levels of
mercury in environmental media is very important to prevent
human health risks [1]. Various analytical methods, such
as instrument-based analysis of chromatography [2], induc-
tively coupled plasma-mass spectrometry (ICP-MS) [3, 4],
atomic absorption spectroscopy (AAS) [5] and atomic fluo-
rescence spectrometry (AFS) [6, 7], optical analysis of col-
orimetry [8—16], fluorescence [17-19], chemiluminescence
[20] and surface-enhanced Raman spectroscopy (SERS) [21,
22], and electrochemical analysis [23-25] are used for the
detection of mercury. Among them, colorimetric analysis is
particularly suitable for monitoring of mercury in the envi-
ronment due to outstanding simplicity.

At present, colorimetric analyses for mercury detection
generally have two strategies. One is based on the change in
color of gold nanoparticles (AuNPs) due to different disper-
sion states [8, 9, 12], and the other is based on the catalytic
oxidation of enzyme substrate by nanozyme mimics [10, 11,
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13-16]. Our group previously constructed the colorimetric
analyses to detect mercury ions based on the change in the
dispersed state of AuNPs induced by Hg (II) ions [9, 12].
Huang et al. developed the colorimetric assay for Hg (II)
ions using DETL functionalized AuNPs based on AuNPs
aggregation [8]. Many factors like pH value, ionic strength,
and temperature can cause the dispersion state of AuNPs
colloidal solution to change. The colorimetric analyses
based on different dispersion states of AuNPs are suscep-
tible. Nanozyme colorimetric analyses for mercury mainly
rely on that mercury and other metals form amalgams to
affect the catalytic activity of nanozyme. The colorimetric
determination of Hg (II) was established by the stimulat-
ing oxidase-like ability of Ag;PO, microcubes owing to the
formation of Ag—Hg amalgam [16]. Lian et al. developed
the colorimetric sensor for detection of mercuric ions by
forming the CuO/Pt-Hg trimetallic amalgam [10]. Also, it
was reported that the generation of the Pb-Cu/Hg-Cu alloy
could induce the conversion of the catalase-like enzymatic
activity of metallothionein-stabilized copper nanoclusters
(MT-CuNCs) to peroxidase-like enzymatic activity, which
was applied to establish the colorimetry for Pb**/Hg?* [11].
Since the metal that can form amalgams with mercury is not
unique, the amalgam-based nanozyme colorimetric analyses
for mercury have some interference. Aptamer recognition is
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a powerful means [20, 26]. However, only a few researches
on nanozyme colorimetric analysis by aptamer recognition
for mercury ions were reported. Wang’s group [15] and our
group [13] constructed the colorimetric assays to detect mer-
cury by using that mercury-induced conformational change
of aptamer could restore the surface active sites of simulated
enzyme and enhance the catalytic activity of nanozymes.

It is well known that AuNPs can easily interact with sin-
gle-stranded DNA (ss-DNA), and DNAs with different con-
formations have different behaviors [27]. Previous research
found that AuNPs had weak peroxidase mimics activity, and
ss-DNA wrapped on AuNPs could significantly enhance per-
oxidase mimicking activity of AuNPs [28, 29]. Inspired by
this, it is possible to construct a colorimetric assay to detect
mercury by combining the different interactions of different
DNAs and AuNPs with peroxidase mimicking activity of
AuNPs. In this work, the catalytic oxidation of enzyme sub-
strate 3,3,5,5-tetramethylbenzidine (TMB) by AuNPs before
and after the interaction between mercury and aptamer was
investigated. Interestingly, after the interaction of mercury
with the aptamer, AuNPs catalyzed oxidation of TMB to
produce very light blue product. The result was contrary to
the previous colorimetric analysis based on aptamer with
mercury enhancing the activity of nanozyme [13]. Further
investigation showed that in addition to the surface active
sites of the nanozyme, the affinity between nanozyme and
substrate was also an important factor affecting the simu-
lated enzyme activity. In this analysis, the change of the cat-
alytic activity of the nanozyme was mainly due to the charge
effect on the affinity between simulated enzyme and sub-
strate. It was observed visually that 40 nM Hg could cause
the solution to become pale in color. Using absorbance, the
detection limit for mercury ions is 9.3 X 1071, which is about
one order of magnitude lower than previous aptamer-based
nanozyme colorimetry [13, 15] and comparable to the col-
orimetry with AuNPs aggregation [9, 12]. The entire assay,
including the preparation of AuNPs, can be completed in
less than an hour. This analysis has prominent simplicity
and can achieve rapid detection. In particular, both active
site and affinity were important factors affecting the activity
of the simulated enzyme, and there was a competitive effect
between them. This can help to effectively regulate enzyme
activity to construct sensing analysis.

Experimental section

Chemicals and instruments

Mercuric nitrate (Hg(NOs),), chloroauric acid
(HAuCl,-4H,0), 3,3,5,5-tetramethylbenzidine (TMB), and

hydrogen peroxide (H,0,, 30%) were purchased from Sin-
opharm Chemical Reagent Co., Ltd. (Shanghai, China).
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Mercury stock solutions were prepared by dissolving
Hg(NO,), in dilute nitric acid, and the working mercury
solution was obtained by serially diluting the stock solu-
tion with NaAc-HAc (0.10 M) buffered solution. The DNA
aptamer for Hg>* was chosen to be the oligonucleotides
sequences of 5-TTT TTT TTT T-3' according to the ref-
erence [30]. The oligonucleotides sequences were purified
and synthesized by Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd. (Shanghai, China). The
oligonucleotide stock solutions (100 pM) were obtained by
dissolving with 20 mM PBS buffer (containing 10 mM KCl,
50 mM NaCl, pH=7) and kept frozen until ready to use. The
work oligonucleotide solutions were obtained by diluting
stock solutions with the same PBS buffer. Before use, the
oligonucleotide solutions were heated to 90 °C for 5 min,
and then immersed in water (4 °C) immediately to unwind
the single-stranded oligonucleotide [26, 31]. The nucleic
acid base was exposed by this treatment, which facilitated
the interaction of DNA aptamer with AuNPs or mercury.
Other metal ion solutions were obtained by dissolving their
respective nitrates with dilute nitric acid. All reagents and
solvents in the experiments were purchased in their high-
est available purity and used without further purification.
Ultrapure water (18 MQ cm™") was obtained from a Milli-
pore Milli-Q water purification system (Billerica, MA) and
used in all experiments.

A Hitachi U-3900H UV-Visible Spectrophotometer
(Tokyo, Japan) was used to record UV-visible absorption
spectra at room temperature in the wavelength range from
400 to 800 nm. All the photographs were obtained with
Olympus C-370 digital camera. The transmission electron
microscopy (TEM) image of AuNPs was obtained using a
JEM-2100 TEM (Japan Electronics Co., Ltd) by placing a
drop of colloidal solution sample on carbon-coated copper
grid and being dried at room temperature. Zeta potentials
were determined by using a Malvern Zetasizer 2000, and
three rounds of operations were carried out to obtain the
average data.

Rapid and convenient colorimetric assay
for mercury using gold nanozyme

The nanozyme used in this analysis is AuNPs coated with
citrate. AuNPs were prepared according to previous work
[27, 32]. The detailed procedure is described in the Support-
ing Information. The prepared AuNPs were characterized
by UV-Vis absorption spectroscopy and TEM image. The
results (see Supporting Information, Fig. S1) showed that
the prepared AuNPs had the obvious absorption peak at the
wavelength of about 520 nm, which was the characteristic
absorption of AuNPs [32]. The results of TEM (Insert in
Fig. S1) showed that the AuNPs were spherical particles
with the diameter of about 20 nm.
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Scheme 1 Schematic illustra-
tion of the colorimetric sensing
Hg?* by oligonucleotide-regu-
lated gold nanozyme

This nanozyme colorimetric assay was based on the fact
that DNAs with different dimension structures could effec-
tively regulate the mimicking peroxidase activity of AuNPs for
the catalytic oxidation of enzyme substrates TMB. Typically,
100 pL AuNPs and 20 pL of 2.0-pM aptamers were incubated
in PBS buffer (pH="7.0) for 5 min to complete the coating of
DNA on AuNPs. Then mercury ions solutions (50 pL) with
different concentrations were added to AuNPs/DNA solutions
to interact for 10 min for the affinity interaction of mercury and
aptamer. Because mercury had strong affinity with the DNA
aptamer and it was much stronger than DNA adsorption on the
AuNPs, the DNAs coated on AuNPs were separated from the
surface of AuNPs [9, 30]. After that, AuNPs/aptamer/IﬂIngr
solutions were added to the mixture of 15 pL of 5 mM TMB
and 15 pL of 5 mM H,0, containing 400 pL of 1 M acetate
buffer (pH=4.0) to react for 10 min at room temperature for
catalytic oxidation of the enzyme substrate. Finally, the color
change of the reaction solutions was observed visually by the
naked eye. Or the resulting solutions were transferred into a
slit quartz cuvette of 350-pL volume for scanning UV—Vis
spectra. Standard curves were obtained using the absorbance
values at 652 nm.

The genuine water sample needed to be filtered through the
filtration membrane before testing. For the detection of genu-
ine water sample, only the mercury ion solution in the above
steps was replaced by the tested water sample after treatment,
and other operations remained unchanged. The measured
absorbance value at 652 nm was used to calculate the amount
of mercury in the genuine sample by the standard curve.

Results and discussion

Colorimetric sensing mechanism for Hg**

The colorimetric analysis is fabricated based on that differ-
ent action of DNAs with different dimensions on AuNPs
can change the surface condition of AuNPs and regulate
the catalytic activity of gold nanozyme. The schematic
diagram of sensing is shown in Scheme 1. AuNPs coated
with citrate have weak peroxidase mimicking activity and
catalyze the oxidation of enzyme substrates TMB to pro-
duce very pale blue product [28]. When there is no mer-
cury ion in the system, the one-dimensional and linear
ss-DNA is coated on the AuNPs. Since DNA is an ani-
onic polymer with phosphoric acid skeleton, the coating
of DNA on AuNPs will increase the electronegativity on
the surface of AuNPs [27, 28]. TMB oxidation reaction is
usually carried out in acidic conditions, under which TMB
mainly exists in the form of cations [33, 34]. The gold
nanozyme with increased surface electronegativity inter-
acts closely with TMB cation, which enhances the affinity
between the mimic enzyme and substrate. Thus, the DNA-
coated AuNPs exhibit strong peroxidase mimic activity,
catalyzing the oxidation of TMB to produce intense blue
product. However, in the presence of mercury ions, the
aptamer DNAs interact with mercury to form the rigid
and three-dimensional spatial structure of T-Hg-T, which
cannot be coated on the surface of AuNPs due to steric
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Fig.1 UV-Visible absorption spectra for catalytic oxidation solu-
tion of peroxidase substrate TMB under different cases: a without
AuNPs, b AuNPs, ¢ AuNPs + aptamer + Hg?*, d AuNPs 4+ Hg?*, and
e AuNPs+aptamer. The insert shows the corresponding images.
Experimental conditions: TMB, 5 mM; H,0,, 5 mM; AuNPs, 17 nM;
aptamer, 2.0 uM; and Hg?*, 3.6x 107 M

hindrance [20, 30]. The AuNPs remain in their original
surface condition (no DNA coating) and catalyze the oxi-
dation of TMB to produce very pale blue product. In this
way, the interaction between mercury and aptamer induced
the change of DNA dimension, which inhibited peroxidase
mimetic activity of gold nanozyme.

In order to verify the above design, the oxidation reac-
tions of enzyme substrate TMB with hydrogen peroxide
under different cases were investigated. The results are
shown in Fig. 1. In the absence of gold nanozyme, TMB
hardly reacted with hydrogen peroxide and the solution was
almost colorless, and the corresponding UV-Vis absorption
spectrum had very weak absorption (Fig. 1a). AuNPs coated
with citrate showed very weak peroxidase mimicking activ-
ity. AuNPs alone catalyzed the oxidation of TMB to pro-
duce very pale blue product (Fig. 1b). The results of UV-Vis
absorption spectrum showed that the absorption at the wave-
length of about 650 nm was weak (Fig. 1b). When AuNPs
were coated with DNAs, the simulated enzyme activity of
gold nanozyme was significantly enhanced, catalyzing the
oxidation of TMB to produce intense blue product (Fig. 1e).
The corresponding UV-Vis absorption spectrum showed
that the absorption at the wavelength of 650 nm was also
very strong (Fig. le). After the interaction of mercury with
the aptamer DNA, the simulated enzyme activity of gold
nanozyme was significantly weakened. The AuNPs-aptamer-
Hg?* catalyzed the oxidation of TMB to produce very pale
blue product, and the corresponding UV-Vis absorption
also obviously weakened (Fig. 1¢). The UV-Vis absorption
from AuNPs-aptamer-Hg?" system (Fig. 1c) was slightly
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stronger than that of AuNPs alone (Fig. 1b), which could be
due to the fact that there was still a small amount of DNAs
wrapped on the AuNPs after the affinity interaction between
mercury and the aptamer. In addition, it is considered that
the formation of Au/Hg amalgam may affect the activity of
gold nanozyme. The sensing response from the AuNPs-Hg?*
system was investigated. The results showed that the blue
color of AuNPs-Hg?* system solution (Fig. 1d) was slightly
intenser than that of AuNPs alone, and the corresponding
UV-Vis absorption was also slightly stronger. It agreed with
the previous research [14]. These results further confirmed
that mercury-induced dimension change of aptamer led to
the weakening of gold nanozyme activity. Apparently, regu-
lating the activity of gold nanozyme by DNA dimension can
be used for visual or colorimetric detection of mercury ions.

In order to ascertain the sensing mechanism for detect-
ing mercury ions, the zeta potentials of AuNPs in different
situations were measured. The results are shown in Table 1.
The zeta potential of prepared AuNPs was measured to
be — 39.27 + 3.1 mV. The electronegativity on AuNPs
increased obviously when DNAs were coated on AuNPs.
The zeta potential of AuNPs/aptamer DNA was — 56.52
+ 2.9 mV, while after the interaction of mercury with the
aptamer, the zeta potential of AuNPs+aptamer+Hg?*
decreased to — 42.54 + 3.5 mV. The increase of electronega-
tivity on AuNPs coated with ss-DNA supported the contact
between AuNPs and TMB cation and enhanced the cata-
lytic activity of gold nanozyme. However, after the interac-
tion of mercury and aptamer DNA, ss-DNA left the surface
of AuNPs to abate the electronegativity on AuNPs, which
resulted in that the affinity of gold nanozyme and TMB was
weakened and peroxidase mimicking activity of AuNPs
was reduced. In order to further confirm the colorimetric
sensing mechanism, the catalytic activity of AuNPs under
different cases was studied by steady-state kinetics of enzy-
matic reaction. Typical Michaelis-Menten curves (Fig. 2a)
were obtained respectively for prepared AuNPs, AuNPs/
aptamer DNA, and AuNPs+aptamer+Hg?* in the varied
concentrations of TMB. The variation of absorbance value
at 652 nm per unit time was calculated as the initial veloc-
ity. Lineweaver-Burk plots (1/V=(Km/Vmax) [S]+1/Vmax)
(Fig. 2b) were obtained from the Michaelis-Menten equa-
tion (V=Vmax[S]/(Km+[S]). The two important param-
eters of Michaelis-Menten constant (Km) and maximum
initial velocity (Vmax) were calculated. Km can indicate

Table 1 Zeta potential of AuNPs under different condition

Sample Zeta potential (mV)
AuNPs —39.27+3.1
AuNPs + aptamer -56.52+2.9
AuNPs + aptamer + Hg>* —42.54+35
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Fig.2 Steady-state kinetic assays of different gold nanozyme. a
Michaelis—Menten curves for TMB solutions catalyzed by AuNPs,
AuNPs/aptamer, and AuNPs/aptamer/Hg?* in the presence of differ-

Table 2 Comparison of Michaelis constant (Km) and maximal reac-
tion velocity (Vmax) in different systems

Catalyst Substance Km (mM) Vmax (mM S -1)
AuNPs TMB 0.405 247
AuNPs/aptamer TMB 0.187 4.06
AuNPs/aptamer/Hg>*  TMB 0.325 3.02

the affinity between enzyme and substrate, and the smaller
Km value denotes the stronger affinity between enzyme and
substrate [35]. The results are shown in Table 2. The Km
value of AuNPs/aptamer DNA system was 0.187, which was
less than that of AuNPs-+aptamer+Hg?* system (0.325). The
results indicated that the AuNPs coated by ss-DNA had the
stronger affinity with the substrate, leading to the very strong
simulated enzyme activity of gold nanozyme. Moreover, the
Vmax value of AuNPs/aptamer DNA system was obviously
higher than that of AuNPs+aptamer+Hg?* system, indicat-
ing that the catalytic rate of AuNPs/aptamer DNA was faster
than that of AuNPs+aptamer-+Hg?*. This also explained why
the color response of TMB solution in the AuNPs/aptamer
DNA system was very fast. The results further indicated that
AuNPs coated by aptamer DNA had stronger peroxidase
mimicking activity than AuNPs+aptamer+Hg?* system.
The results for steady-state kinetics of gold nanozyme were
consistent with zeta potential results of AuNPs. In conclu-
sion, the change of catalytic activity of gold nanozyme was
due to the change of AuNPs surface electronegativity caused
by spatial dimension of DNA aptamer, which resulted in
the remarkable change of affinity between gold nanozyme
and substrate. The proposed sensor is a colorimetric analy-
sis of color fading based on affinity, which is different from

15.0
[0 AuNPs+Aptamer (O AuNPs+Aptamer+Hg>*
b /\ AuNPs

12.5 4
10.0

7.5

5.0 4

T T T T T T T
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1/TMB (mM™)

ent concentrations of TMB. b The corresponding double reciprocal
(Lineweaver—Burk) equation

the previous ones of enhancing nanozyme activity based on
active site. This implies that there is more than one factor
affecting the activity of the simulated enzyme, and the two
factors of affinity and active site are competing.

Optimization of experimental conditions

The condition factors influencing the analysis sensitivity
were investigated. The following parameters were optimized:
(a) concentration of aptamer; (b) incubation time of aptamer
and AuNPs; (c) reaction time of aptamer and Hg2+; and (d)
concentration of TMB and H,0,. Respective data and fig-
ures are given in the Supporting Information (Fig. S2A and
B). The optimized experimental conditions were (a) 2.0 pM;
(b) 5 min; (¢) 10 min; and (d) 5 mM and 5 mM.

Analytical performance of the colorimetric sensing
for Hg**

From the design principle of the colorimetric sensing,
it can be seen that the color or absorbance of the sens-
ing solution depends on the concentration of mercury
in the system. Under the above optimized experimental
conditions, the sensing responses of the systems with
different concentrations of mercury were investigated.
The results are shown in Fig. 3. As the mercury con-
centration increased, the blue color of the sensing solu-
tion became lighter (Fig. 3A). By naked eye, 40 nM
Hg?* can be observed to cause the color change of
the solution. The result of UV-Vis absorption spectra
(Fig. 3B) showed that the intensity of absorption peak at
the wavelength of 652 nm gradually decreased with the
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Fig.3 A The photographs of
the color change of the reaction
solutions under different con-
centrations of Hg?*. B The cor-
responding absorption changes
of UV—Vis absorption spectra.
C The linear calibration plot
for Hg?* detection. Inset: the
dependence of the absorbance
at 652 nm on the concentration
of target Hg>*. Experimental
conditions: TMB, 5 mM; H,0,,
5 mM; AuNPs, 17 nM; and
aptamer, 2.0 pM
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increase of Hg?* concentration. As shown in the inset
of Fig. 3C, when the Hg?" concentration increased from
2 nMto 0.8 uM, the absorbance at 652 nm decreased from
0.39 to 0.15. The concentration of Hg?" in the range of
2.0x107°~1.5x 1077 M was linearly correlated with the
absorbance (Ags,). The linear curve is shown in Fig. 3C.
Taken to be 3 times the standard deviation in the blank
solution, the limit of detection (LOD) was estimated to be
9.3 x 107! M. It was about one order of magnitude lower
than previous aptamer-based nanozyme colorimetry [13,
15] and comparable to the colorimetry based on AuNP
aggregation [9, 12]. An overview on recently reported
nanomaterial-based optical methods for the determina-
tion of mercury was listed in Supporting Information,
Table S1. Most of the materials used for colorimetric
analysis needed hours and even tens of hours to prepare,
whereas the preparation of gold nanozyme in this method
only required half an hour, which greatly reduced the
analysis time. Although the present analysis was not the
most sensitive in the existing optical analyses, the prepa-
ration of the used nanomaterials was much simpler. The
proposed colorimetric analysis is especially suitable for
real-time and rapid monitoring of heavy metal mercury.

The specificity of aptamer recognition lays the the-
oretical foundation for the selectivity of the proposed
analysis. To verify the selectivity of this analysis for
mercury detection, the systems from different metal ions
and mercury aptamer were investigated respectively. The
concentration of aptamer was 2.0 uM. The concentrations
of mercury and other metal ions were 8.0 x 10~ M and
8.0 107 M respectively and all other test conditions
were the same. The result (Fig. 4A) was as expected. The
difference of absorbance between only mercury ion sys-
tem and the blank system was significantly larger than
that of the other metal ions. It showed that the absorbance
only from the mercury system decreased obviously. The
developed analysis indeed exhibited high selectivity for
mercury, which also confirmed the inherent specificity
of aptamer recognition. The result provided a necessary
precondition for the application of this analysis in real
complex environment.

In addition, the sensing responses of the systems were
investigated when other metal ions coexisted with mer-
cury ions. The results found that 100 times of other metal
ions (Na*, Ca?*, Cu?*, K*, AI’*, Ba*, Ni**, Pb>*, Mg?*,
Fe’*, and Cd**) had no influence on the system when the
concentration of mercury ion was 1.0 x 10 M. Only 100
times of C1~ could interfere with the detection of mercury
probably due to the formation of the complex of Hg>* and
CI1™. The results showed that this analysis was not suitable
for the detection of mercury in environmental media with
high chloride content.
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Fig.4 A Specificity of the colorimetric sensing for Hg?* detection
by binding Hg?* aptamer with Hg?" and other metal ions, where
AA = A(blank, 652 nm) —A(with Hg2+ or other metal ions, 652 nm).
Hg?*, 8.0x 107" M and other metal ions, 8 pM. B Comparison of the
colorimetric assay for the detection of Hg>* solutions diluted with
buffer and real water samples. Experimental conditions: TMB, 5 mM;
H,0,, 5 mM; AuNPs, 17 nM; and aptamer, 2.0 pM. Error bars repre-
sent the standard deviations of three independent measurements

Assay of mercury in real environmental samples

Tap water and lake water were used as real samples to
investigate the potential application of the developed col-
orimetric analysis in actual environment. Tap water and lake
water were taken from our laboratory and Qujiang Lake in
Xi'an, respectively. Tap water sample needed being boiled
to remove chlorine before testing. The lake water sample
was filtered through a 0.22-mm membrane to remove sus-
pended solids before detecting. The mercury stock solution
was diluted by buffer solution, treated tap water and lake
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Table 3 Detection of Hg?* in

. Sample Added (nM) Detected by pro- Recovery (%) RSD (n=6, %) Detected by
real samples using the proposed posed method (nM) CVAAS?
method and CVAAS

(nM)
Tap water 300.00 290.00+4.2 96.7 33 313.00+2.3
60.00 57.10+2.8 95.2 2.9 57.90+3.1
9.00 9.34+0.5 103.8 3.8 9.29+0.8
Lake water 300.00 312.00+3.3 104.0 2.8 288.00+3.5
60.00 57.30+3.7 95.5 3.9 61.80+2.9
9.00 9.39+0.6 104.3 4.2 9.27+0.3

4Cold vapor atom adsorption spectroscopy

water separately, and then determined by this method. The
measurement results are shown in Fig. 4B. The absorbance
values of mercury solutions diluted by three different water
samples were basically the same. It implied that the actual
water samples like tap water and lake water did not interfere
with the present analysis system. The results indicated that
the colorimetric analysis had potential application to real
environment water samples.

In order to further investigate the application of this
analysis in real environmental media, the spiked recovery
experiment was carried out for environmental water samples.
The treated water samples of tap water and lake water were
added with different concentrations of standard mercury and
determined by this method and cold vapor atom adsorption
spectrometry (CVAAS, the standard method for measuring
mercury) respectively. The results are listed in Table 3. The
recoveries of different spiked water samples were in the
range of 95.2-104.3%, and the relative standard deviations
(RSD) of three parallel measurements were all less than
or equal to 4.2%. The results showed that this method had
good precision and accuracy for detecting mercury in real
water samples. And for the same water sample, the detection
results by this method and the standard method (CVAAS)
were basically consistent, which further confirmed the reli-
ability of the proposed colorimetric analysis in practical
application. In view of the simplicity, rapid test, and low
cost, the developed colorimetric analysis is an ideal tech-
nique method for the rapid detection of heavy metal mercury
in the environment and is especially applicable to economi-
cally backward areas.

Conclusions

The colorimetric sensor was developed for the detection
of mercury in the environment by using that DNA dimen-
sion effectively regulated peroxidase-mimicking activity
of AuNPs. The investigation for the sensing mechanism
revealed that in addition to the surface active site, the affinity
between nanozyme and substrate due to the charge effect was
another important factor affecting the activity of simulated
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enzyme. And there was a competitive action between them.
This colorimetric sensor was simple, rapid, and suitable for
real-time monitoring of mercury in environmental media.
The strategy of regulating peroxidase-mimicking activity of
AuNPs by DNA dimension can be extended to other sens-
ing systems. However, the poor stability of AuNPs colloidal
solution also limits the practical application of the method.
Nanozymes with high stability and simple preparation need
to be further explored in the future work.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05177-w.
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