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Abstract

A universal strategy for a rapid colorimetric method for Hg?* in an aqueous solution is described. The specific binding of
Hg?" (thymine-Hg?"-thymine) with thiolated DNA-functionalized gold nanoparticles (AuNPs) via Au—S bonds increases the
spatial hindrance of the AuNP surface, resulting in a weakened catalytic ability of AuNPs to catalyze the reaction between
p-nitrophenol and NaBH,. Therefore, the color change time (CCT) of the solution from yellow to colorless becomes longer.
Based on the kinetic curve of absorbance over time measured by a UV spectrometer, the level of Hg?* in aqueous solu-
tions can be easily quantified. A linear relationship between CCT and Hg?* concentration was obtained in the 10-600-nM
range with a detection limit of 0.20 nM, which is much lower than the limit value (10 nM) defined by the US Environmental
Protection Agency for Hg?" in drinking water. The excellent sensitivity comes from CCT as the signal output of the probe,

rather than the absorbance or wavelength change used in traditional colorimetric probes as the signal output.
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Introduction

Heavy metal ions are the main source of water pollu-
tion and toxicity. Among them, the pollution of water-
soluble Hg?* is listed by the World Health Organization
(WHO) as one of the 10 pollutants that pose a threat to
public health [1, 2]. According to the standards of the
United States Environmental Protection Agency (EPA),
the maximum allowable limit for Hg?* in drinking water
is 10 nM [3-5]. Therefore, there is an urgent need for
an efficient, highly sensitive, and selective method for
monitoring Hg?* in water solutions.
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In recent years, various advances have been made for
sensing Hg?", including fluorescence [6-8], electrochemis-
try [9-11], and colorimetric methods [12—15]. Fluorometry
and electrochemical methods require qualified personnel and
complex sample processing. Whereas colorimetric methods
have received great attention due to the advantages such as
easy operation, fast response, signal visibility (instrument-
free), suitability for on-site, and high throughput analysis
[16, 17]. Compared with other metal ions, Hg2+ ions have
some significant characteristics as they can bind to nucleic
acid aptamers rich in thymine (T), forming a very stable
T-Hg T structure [18, 19].

It is widely known that noble metal nanoparticles (such
as AuNPs and AgNPs) exhibit strong surface plasmon reso-
nance (SPR) absorption from visible to near-infrared region;
the aggregation of AuNPs induces electric dipole- interac-
tion and coupling between adjacent particle plasmons,
resulting in a color change to purple or blue, making them
commonly used as colorimetric probes in the sensing field
[20-22]. However, the large AuNP aggregates reduce the
sensitivity of the assay, and the color changes of the aggre-
gates are difficult to distinguish, which undoubtedly limits
their practical application.

Herein, we propose a very simple and effective col-
orimetric method for quantifying Hg?>* concentration.
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As illustrated in Scheme 1, in this probe design, DNA
strands with abundant T bases that are thiolated at the
5" end are connected to the AuNP surface through Au-S
bonds. In the absence of target Hg?*, the yellow 4-nitro-
phenol easily approaches the catalytic surface of AuNPs
and transforms into colorless 4-aminophenol. While
in the presence of Hg?*, the formation of T-Hg?*-T
complexes leads to the surface of AuNPs being cov-
ered, which in turn weakens the catalytic ability of the
AuNPs and increases the color change time (CCT) of the
solution from yellow 4-nitrophenol to colorless 4-ami-
nophenol. Due to the repulsion generated by the negative
charges carried by the AuNPs and DNA connected to
AuNPs, AuNPs will not aggregate, thus avoiding errors
caused by the AuNP aggregation. This can be well veri-
fied by the ultraviolet—visible spectroscopy (UV-vis)
spectra, dynamic light scattering (DLS) size distribu-
tion, and transmission electron microscope (TEM) char-
acterizations of AuNPs before and after the addition of
Hg?*, as shown in Figure S1-Figure S3, throughout the
entire experimental process, the AuNPs remain in a dis-
persed state and the variations in absorbance and size of
the AuNPs are minor. The novelty of this work lies in its
adoption of CCT as the signal output, rather than using
the absorbance or wavelength changes reported in most
works as the signal output. By using a UV spectrom-
eter to measure the kinetic curve of the absorbance of
the sample solution at 400 nm over reaction time, CCT
can be accurately determined, avoiding the cumbersome
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Scheme 1 Schematic illustration of the colorimetric method for
detecting Hg?* based on color change time as signal readout
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operation and errors caused by using absorbance and
wavelength changes as signal outputs in the previous
work. By employing the sensing strategy, Hg>™ can be
analyzed ranging from O to 800 nM with a detection
limit as low as 0.20 nM, which is much lower than the
limit value (10 nM) set by the US Environmental Protec-
tion Agency (EPA) for drinking water.

Experimental section
Reagents and chemicals

Chloroauric acid (HAuCl,), sodium citrate, and 4-nitro-
phenol were obtained from Sigma-Aldrich. Sodium
borohydride (NaBH,) was purchased from Alfa Aesar
(Shanghai, China). The DNA sequence (5'-SH-TTTTTT
ITTTTTTTTTTTTTTTTTTTTTTTT-3") was synthesized
by Sangon Biotechnology Co. Ltd. (Shanghai, China).
The regents were of analytical grade and used with-
out further purification. Ultrapure water (18.2 MQ cm
specific resistance) was used during the whole experi-
ments. Twenty-millimolar Tris—HCI solution (pH 7.4)
was employed as a buffer.

Instrumentation

UV-vis spectra were achieved by a Shimadzu UV-2550
spectrophotometer. The transmission electron microscope
(TEM) was performed on a FEI F20. ICP-MS analyses were
performed on PerkinElmer Elan DRC II (USA).

Synthesis of gold nanoparticles

AuNPs were synthesized according to the previous method
[23]. Briefly, 250 mL of 1 mM aqueous HAuCl, solution
was heated to 100 °C under vigorous stirring. Then, 25 mL
of 38.8 mM sodium citrate was then added to the HAuCl,
solution. Vigorous stirring of the above solution was contin-
ued for another 15 min at 100 °C. Finally, the solution was
cooled to room temperature while being stirred continuously.
The final AuNP solution was kept at 4 °C before use.

Measurement procedure of Hg?*

Firstly, the processing of DNA is as follows: 1 uM of DNA
in immobilized buffer (20 mM Tris—HCI containing 20 mM
MgCl,, 140 mM NacCl, and 1 mM TCEP, pH 7.40) was
heated to 80 °C for 5 min and then cooled to room tem-
perature. Then, 20 uL of 1 uyM DNA was added to 200
UL of 1 nM AuNP solution for 12 h at 37 °C. After 12 h,
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Fig.1 Time-dependent curves of absorbance of the AuNP-DNA-p-
nitrophenol-NaBH, solution containing different concentrations of
Hg>*: A 0 nM, B 5 nM, C 10 nM, D 30 nM, E 50 nM, F 70 nM, G
100 nM, H 200 nM, I 300 nM, J 400 nM, K 500 nM, L 600 nM, M

Fig.2 A CCTs of the solution

A

700 nM, and N 800 nM. O Progress in the reaction of p-nitrophenol
and NaBH, catalyzed by AuNPs in the presence of different concen-
trations of Hg?* ranging from 0 to 800 nM
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the solution was centrifuged at a speed of 1000 rpm for
5 min, and the DNA that was not connected to the AuNPs
was poured out. Then, the DNA-functionalized AuNPs
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Hg?* concentration (nM)
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below were redispersed in the same volume of AuNP solu-
tion. Next, different concentrations of Hg2+ solutions (5
pL) were added to the solution. Subsequently, 200 uL of
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Table 1 Comparison of our

. . Methods  Materials Linear range LOD Ref

work with other detection

methods for Hg* detection c? Aptamer-functionalized AuNPs 10-600 nM 0.20nM  This work
C p(PEGEMA)—b—p(DMAEMA)d—stabilized AuNPs 10nM-3.5pM 0.4 nM [24]
C KgM-AgNPs® 0.01-10 uyM. 325nM  [25]
E° Fc—:304@MPC/GCEf 1.0-4.0 uYM 7.8 nM [26]
F¢ N,S-CDs® 20-100 nM 3.5nM [27]
E GCE with polyL" 5 nM-3 uM 0.7 nM [28]
F SCDs' 0.05-5.8 uM 33.3nM  [29]
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Fig.3 Time-dependent curves of absorbance of the AuNP-DNA-
p-nitrophenol-NaBH, solution in the presence of metal ions: A K*,
B Hg?*, C Na*, D Ag*, E Ca’*, F Mg?*, G Pb**, H Zn**, T Cu**,

J Mn**, and K blank 0.7 uM Hg?*, 1 mM Ca**, 1 mM Mg**, and
70 uM other interfering metal ions. L CCT diagram of the solutions
with different metal ions

freshly prepared NaBH, solution (0.24 M) and 50 pL of
1 mM p-nitrophenol was added into the mixture. The color
of the solution is observed with the naked eye, and the

color change time is measured through the kinetic curve of
absorbance at 400 nm (which can be assigned to 4-nitro-
phenol) over time measured by a UV-vis spectrometer.
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Fig.4 Time-dependent curves of absorbance of the AuNP-DNA-p-
nitrophenol-NaBH, solution containing different concentrations of
Hg2+ in river water samples: A 10 nM, B 30 nM, C 50 nM, D 70 nM,
E 100 nM, F 200 nM, G 300 nM, H 400 nM, I 500 nM, J 600 nM, K

Results and discussion
Factors affecting the colorimetric Hg?* detection

For better sensing performance, the experimental conditions
including DNA concentration, binding time of DNA and

[Hg*"] (

|
700 nM, and L 0 nM. M Progress in the reaction of p-nitrophenol and

NaBH, catalyzed by AuNPs in the presence of different concentra-
tions of Hg?* in river water ranging from 10 to 700 nM

Hg?*, p-nitrophenol concentration, and NaBH, concentra-
tion were then optimized. We first explored the effect of
DNA concentration on CCT. As shown in Figure S4, as
the concentration of DNA increased, the CCT value of the
reaction of p-nitrophenol and NaBH, catalyzed by AuNPs
increased and gradually reached the maximum when DNA

@ Springer
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Fig.5 A Plots of CCT versus different concentrations of Hg>*
(0700 nM) in river water samples. B A linear relationship between
CCT and Hg?* concentration and the corresponding regression equa-

Table 2 Determination of Hg?" in river water samples (n=3)

Sample Hg?* spiked  ICP-MS This method  Recovery (%)
(nM) (nM) (nM)

1 0 0 0 -
5.0 4.8+0.05% 5.1+0.03 102

3 10.0 9.6+0.08 9.8+0.04 98

*Mean =+ standard deviation of three determinations

concentration was 1 uM. Thus, 1 uM was chosen as the opti-
mal concentration of DNA. Then, the binding time of DNA
and Hg?" was studied. As shown in Figure S5, the interac-
tion of the DNA and Hg”" is rather fast, which reached a
balance within 10 min. So, 10 min was taken as the optimal
incubation time of Hg?*. The effect of p-nitrophenol con-
centration and NaBH, concentration was investigated (Fig-
ure S6 and Figure S7). As the concentration of p-nitrophenol
increased, CCT gradually increased. NaBH, is the opposite.
For economic and reaction time considerations, we have
chosen 1 mM and 0.24 M as the optimal concentrations of
p-nitrophenol and NaBH,.

Sensitivity of the colorimetric assay for Hg?*

Under the optimum conditions, the sensitivity of the assay for
Hg”>" was evaluated. The CCTs of different concentrations
of Hg?* ranging from 0 to 800 nM are depicted in Fig. 1. As
the reaction time progressed, the absorbance of each concen-
tration of Hg>" solution gradually decreased until reaching a
plateau, indicating that the reaction between p-nitrophenol and
NaBH, was complete. As Hg>* concentrations ranged from 0
to 800 nM, the CCT value of the solutions increased gradually.
Figure 2A shows the calibration curve of CCT versus the Hg>*
concentration; a linear relationship between CCT and Hg?*
concentration was acquired in the range of 10-600 nM. The
regression equations were CCT=9.67+0.01[Hg**] (R=0.99)
(Fig. 2B). As we know, when it comes to the determination of

@ Springer
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tion. C Comparison of CCT of mercury ions with different concentra-
tions in river water and buffer

very low concentrations, the linear regression model will pro-
duce “y” values which are very close to the standard error. To
avoid such situations, we drew a linear relationship for high con-
centrations of ngJr (Figure S8). The limit of detection (LOD)
was calculated to be 0.20 nM according to the 3 o/s rule. The
LOD of Hg?" is lower than the minimum mercury ion content
(10 nM) in drinking water specified by the United States Envi-
ronment Protection Agency. The sensitivity and linear range of
the assay are better compared with some previously reported
Hg”" methods, as listed in Table 1. The high sensitivity of our
Hg?" assay arises from the CCT of the solution as the signal
output, rather than traditional absorbance or wavelength changes
as the signal output. The reproducibility of the assay was studied
by performing 5 analyses on 100 nM Hg>* solutions, with a
relative standard deviation (RSD) of 2.9%.

Selectivity of the assay

Selectivity is another crucial factor in biosensors. To evaluate
the selectivity of this assay for Hg**, we challenged the sys-
tem with other interfering metal ions, including K*, Na*, Ag*,
Ca’*, Mg’*, Pb**, Zn**, Cu?*, and Mn** (0.7 uM Hg**, 1 mM
Ca’", 1 mM Mg**, and 70 uM other interfering metal ions). The
assay was implemented under the same experimental procedures
as Hg?*. As shown in Fig. 3, when the reaction progressed to
9.7 min, all interfering ion solutions turned almost completely
colorless yellow, while the color of 0.7 uM Hg>* solution
became colorless after 18 min of reaction. This indicates that
DNA can selectively target Hg?* due to the highly special affin-
ity between T bases and Hg>*. These results indicated that the
DNA-functionalized AuNPs can function as a selective and anti-
inference probe for Hg>*.

Application in real samples

The method was used to measure Hg?* in river water sam-
ples. The river water samples were first filtered through
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a nylon film (0.45 um) before extraction. Whether the
river water needs to be diluted depends on the color of
the water. If the river water itself appears yellow-green,
then the sample needs to be diluted with secondary water
to no color, so that the color of the diluted solution will
not interfere with the color generated by the reaction of
p-nitrophenol and sodium borohydride. Then, river water
samples were spiked with Hg?* in the concentration range
of 10-700 nM and determined by the proposed method.
Amazingly, by plotting color reaction progress (Fig. 4M)
and kinetic curves of the absorbance change of Hg*" with
different concentrations over reaction time (Fig. 4A-L),
similar to the detection of Hg*" in standard solutions,
the linear range of 10 to 600 nM was obtained with a
regression coefficient of 0.99 (Fig. 5B). A linear relation-
ship for high concentrations of Hg?" in river samples is
shown in Figure S9. Fortunately, the CCT curves caused
by Hg?* in the river water and buffer were almost paral-
lel (Fig. 5C). Considering the impact of impurities in the
river water, this result was still satisfactory. In addition,
the river water samples were spiked with Hg?* at varying
concentrations (5 and 10 nM), respectively, and then ana-
lyzed using the proposed method and compared with the
traditional inductively coupled plasma mass spectrometry
(ICP-MS) as a reference standard. Table 2 shows a high
degree of consistency between this method and ICP-MS
in determining Hg>* in river water samples. These results
indicated the potentiality of the colorimetric method for
Hg?* detection in real water samples.

Conclusions

In this work, we presented a universal and effective col-
orimetric method for rapid and sensitive detection of Hg**
in water samples. The biggest advantage of this method
is that the kinetic curve of absorbance at 400 nm wave-
length with reaction time can be used to determine the
CCTs caused by Hg?". The colorimetric method was able
to sensitively detect Hg?* in buffer and river samples at the
nM concentration level. No obvious interference of nine
commonly interfering metal ions to Hg?* detection was
observed. The CCTs-based analytical method is expected
to hold potentials in environmental monitoring and clini-
cal diagnosis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-023-06142-x.
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