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In this work, a facile and sensitive colorimetric sensor for Hg?* ions based on poly (adenine)-mediated DNA-
functionalized gold nanoparticles (Au NPs) is reported. One DNA sequence consisting of poly-A and T-rich
DNA was designed rationally. Poly-A was used as an anchoring block to bind tightly to Au NPs, and T-rich
DNA was utilized for specific recognition of Hg?* ions. With the assistance of poly-A, T-rich DNA was easily
introduced onto the surface of Au NPs and kept an upright orientation. In the presence of Hg?* ions, T base
binding with Hg?" ions results in the formation of “T-Hg?" —T" among the Au NPs, which caused
aggregation of the Au NPs and a subsequent change in the color of the solution, from wine red to
grayish blue. On this occasion, the limit of detection (LOD) was 3.75 nM Hg?" ions with a linear range
from 5 nM to 200 nM, as measured by UV-Vis spectroscopy. Moreover, successful application of this

rsc.li/rsc-advances

Introduction

It is generally acknowledged that mercury is one of the severest
pollutants with different forms in the natural environment.
Mercury ions (Hg>") are the main and most widely distributed
form that could be converted to organic mercury with higher
toxicity by microorganisms. Organic mercury could be accu-
mulated in organisms in the food chain and result in acute
damage to human health, such as permanent damage to the
central nervous system, brain and liver.>* These serious health
problems have encouraged researchers to develop efficient,
facile and fast methods for detection of Hg>" in the environ-
ment with high selectivity and sensitivity to reduce the
conversion of organic mercury.** The World Health Organi-
zation has established a maximum permissible Hg** level of
5 nM in drinking water.”> At present, the conventional analysis
methods for Hg”>* ions with responsive sensitivity include
absorption spectrometry, inductively coupled plasma-mass
spectrometry and so on.”* However, these methods suffer
from their own disadvantages, such as complicated sample
treatment, and requiring trained personnel, expensive equip-
ment and off-site analysis.

Oligonucleotides are not only genetic material in biology,
but also useful tools in chemistry, such as used as a template to
prepare nano-materials'**® used as an element to engineer
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method for the detection of Hg?* ions in real samples was demonstrated.

nano-probe and used as the “chemistry antibody” to recognize
targets (aptamer) and so on.”?' The thymine (T) base of
oligonucleotide specific binding with Hg>" to form “T-Hg>"-T”
complex, and since it was reported,* many sensors for detection
of Hg>* have been developed based on it.>*** Liu developed
a Hg”" detection method with a detection limit of 0.5 nM by
using Hg>" specific probe (18T) and the intercalation dye SYBR
Green L** In order to expand the application of detection
methods, nanomaterials have been employed to construct
sensitive sensors for Hg”". Gold nanoparticles (Au NPs) are
widely used to engineer nano-sensors in the fields of analytical
chemistry and bio-sense because of their excellent physico-
chemical properties.”**® In 2007, Mirkin developed a colori-
metric detection of Hg®" in aqueous media using DNA-
functionalized Au NPs for the first time.>® Furthermore, Liu
reported a room temperature colorimetric method to detect
Hg>" based on DNA conjugated Au NPs.*® Recently, Chen and
co-workers developed a colorimetric sensor for Hg>" based on
“T-Hg>*-T” coordination to grow Au NPs furtherly.*

Up to now, most DNA-functionalized Au NPs are usually
thiolate-modified DNA probes on the surface of Au NPs, and it is
a multi-step and time-consuming chemical process to construct
them.*"** Fortunately, it has been reported that poly-A as an
effective anchoring block could bind tightly to the surface of Au
NPs, which is a facile and label-free process. Moreover, the DNA
probe connected with poly-A could maintain an upright orien-
tation, which favours the binding of the target to the DNA
probe.**** Based on this principle, we employed a single-
stranded DNA (ssDNA) containing thymine (T)-rich DNA and
poly-adenine to engineer a versatile and sensitive colorimetric

This journal is © The Royal Society of Chemistry 2019
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detection method specific to Hg** ions based on Au NPs. Poly-A
brings the T-rich DNA to Au NPs, and T-rich DNA strands can be
hybridized with each other among the Au NPs because of Hg”"
ions lead to form the structure of “T-Hg**~T”. Then the colour
of solution of Au NPs changes when the Au NPs aggregate. The
limit of detection (LOD) was measured at 3.75 nM Hg”" ions
using UV-Vis spectroscopy. And this strategy specific to Hg>"
ions cannot be affected by other metal ions. It is a facile and fast
detection sensor for Hg** ions with high sensitivity and
selectivity.

Experimental
Materials and chemicals

Chloroauric acid (HAuCl,) was purchased from Sigma-Aldrich
Chemicals. A stock solution of HAuCl, was prepared by dis-
solving 1.0 ¢ HAuCl, in 100 mL ultrapure water (18.2 MQ cm™ ")
from a Millipore water purification system. Sodium citrate and
hydrochloric acid were purchased from Sinopharm Chemical
Reagent Co. Ltd. Purified DNA sequences were purchased from
Sangon Biotechnology Co. Ltd (Shanghai, China) and sche-
matically shown in Table 1. Standard liquid elemental mercury
(1 mg mL~") was purchased from Aladdin Industrial Corpora-
tion. Unless otherwise noted, all reagent grade chemicals were
used directly without further purification.

Preparation and characterization of Au NPs

All glassware was washed and then thorough rinsed with
chloroazotic acid before use in this work. Au NPs (an average
diameter of 13 nm) were prepared by the reduction of HAuCl,
solution with sodium citrate.*® Briefly, 50 mL of 1% HAuCl,
solution was heated to 100 °C. Then, 10 mL sodium citrate
solution (38.8 mM) was freshly prepared and added rapidly to
the HAuCl, solution. The solution was mixed by stirring and
heating until the colour of the solution turned to wine red. The
solution was cooled naturally to room temperature and then
stored at 4 °C in the dark before using. Ultraviolet-visible (UV-
Vis) spectra of the Au NPs solution were characterized at
520 nm using a Cary 50-Bio UV spectrometer (Victoria, Aus-
tralia). Transmission electron microscopy (TEM) images of the
Au NPs were obtained with a 2010FEF microscope (JEOL,

Japan).

Table 1 DNA sequences used in this work

DNA name DNA sequences (5'-3)

T15 TTTTTTTTTTTTTTT

A5R AAAAA-random sequence (10 bases)
A5T15 AAAAATTTTTTTTTTTTTTTTTTTT
A5T10 AAAAATTTTTTTTTT

A5T5 AAAAATTTTT

A10T10 AAAAAAAAAATTTTTTTTTIT

A15T10 AAAAAAAAAAAAAAATTTTTTTTTT
A20T10 AAAAAAAAAAAAAAAAAAAATTTTTTTTTT
ASA
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Preparation of DNA-Au NPs conjugates

The preparation of DNA-Au NP conjugates based on poly-
adenine-mediation was performed according to a procedure
by Opdahl et al.** Briefly, Au NPs were incubated with A-rich
DNA with a molar ratio of 200 (DNA : Au NPs) for 12 h on ice.
The buffer used in this process was composed of 10 mM sodium
phosphate and 0.1 M NaCl at pH 7.4. And then the conjugates
were washed three times with this buffer at centrifugation with
12 000 rpm, 20 min, 4 °C.

Detection of Hg”* by our strategy in buffer

For Hg”" detection, 5 pL solution containing different concen-
trations of Hg>" ions were incubated with 200 pL. DNA-Au NPs
conjugates for 10 min. And then the absorption at 520 nm was
recorded by Cary 50-Bio UV spectrometer. For each sample, the
experiment was repeated three times. The control experiments
using 5 pL of solution without Hg>" ions were carried out under
same conditions.

Detection of Hg”" in real samples

To investigate the capability of our strategy for practical appli-
cation, tap water and lake water were used as real samples in
this work. The tap water was used directly without further
measurement, and the lake water samples were collected from
a lake located on the campus of the Tianjin University of Science
and Technology, was first filtered by using a 0.22 pm membrane
to remove the sand, particles and microorganisms. All the water
samples were treated with different concentrations of Hg>" ions
on the basis of the presence of possible metal ions in the water.
The detection procedure method used was mentioned above.

Results and discussion
Sensor operation principle

The colorimetric detection of mercury ions based on poly-
adenine-mediated DNA-functionalized gold nanoparticles is
shown in Scheme 1. This strategy relies on a well-designed
ssDNA containing thymine (T)-rich DNA (in green) and poly-
adenine (A) (in blue) to engineer a colorimetric strategy
specific to Hg>" based on Au NPs. In this design, the T-rich
portion is used to discern Hg”>", and poly-A portion is used as

N _: AT, oligonucleotide /
4

.1 Q® : Aunes 4Y

N _

Scheme 1 The principle of poly-A mediated DNA-functionalized Au

AAAAATTCTTCTTTCTTCCCCCCTTGTTTGTTGTTT  NPs for sensitive detection of Hg®" ions.
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an anchoring block to bind with Au NPs. With the assistance of
poly-A, T-rich DNA could be connected to Au NPs and maintain
an upright orientation. In the presence of Hg>" ions, the precise
structure of “T-Hg**-T” appears in the T-rich DNA portion,
which will result in aggregation of the Au NPs. In contrast, in
the absence of Hg>" ions, T-rich DNA portion cannot hybridize
between each other and not form aggregated Au NPs. The
different colored solutions of Au NPs (from wine red to grayish
blue) are obtained through the generation of morphologically
varied Au NPs.

Feasibility study experiment

As a proof of feasibility experiment, several DNA sequences were
used with Au NPs. As shown in Fig. 1A, the curve a is the
absorption spectrum of the Au NPs, curve b is the resolution of
Au NPs with 1 uM Hg*" ions, and curves c-e are the resolution of
T15, A5R and A5T10-Au NPs with 1 uM Hg>" ions, respectively.
From Fig. 1A, we can find that the obvious absorption peak
change appear in cutve e, A5T10-Au NPs with 1 uM Hg** ions.
The oligonucleotide of A5T10 is consist of poly-A and T-rich
base, whereas T15 is only T-rich sequence, and A5R includes
poly-A with a random base sequence. The results proved that
our designed strategy specific to Hg>" ions works well. More-
over, TEM images of the solution of A5T10-Au NPs with and
without 1 pM Hg”* ions are shown in Fig. 1B, respectively. An
aggregated Au NPs were found after adding 1 uM Hg>" ions in
A5T10-Au NPs, which further confirmed the performance of our
design.

0.6 1
A Au NPs
0.5 4 a Au NPs+Hg?* N
T15+Au NPs+Hg
—— A5R+Au NPs+Hg*
0.4 1 d —— A5T10+Au NPs+Hg**
[
g 0.3 -
0.2
0.1 1
0 T T T T T
400 450 500 550 600 650 700

Wavelength (nm)

Fig.1 The feasibility of the designed strategy specific to Hg>* ions was
investigated by the absorption spectrum (A) and TEM images (B) scale
bar is 50 nm. Inset: the image of the corresponding solution. The
concentration of Hg®* ions was 1 uM.
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Optimization of experimental conditions

To achieve a sensitive and selective response of the assay,
several analytical parameters were investigated, including the
number of adenine and thymine bases, recognition sequence,
the concentration of DNA and the pH of solution. Firstly, the
number of adenine and thymine bases was studied, as shown in
Fig. 2. Different DNA sequences were used to anchor the Au NPs
and then 5 pM Hg>" ions was added. The change in the
absorption peak at approximately 520 nm was recorded by UV-
Vis spectroscopy. Fig. 2B shows that, the A5T10 anchored Au
NPs exhibited the best response to Hg”* ions in these designed
DNA sequences. It should be noted that the aptamer of Hg*"
ions was connected with 5 adenine bases (A5A), which could
change the absorption peak at approximately 520 nm of the Au
NPs in the presence of Hg>" ions. However, the change was not
as obvious as that of A5T10 (see in Fig. 2). Thus, A5T10 was
selected to engineer the strategy in this work.

In this design, because the concentration of DNA and the pH
of the solution have impacts on the sensitivity of this detection
strategy, we investigated the effects of different dosages of DNA
and pH of the buffer. The results are shown in Fig. 3A, and
indicate that when the concentration of DNA increased, the
change in the absorbance at 520 nm did not increase greatly
when the concentration of DNA was much more than 1 uM with
500 nM Hg** ions. We investigated the pH effects from 6.0 to
8.0, as shown in Fig. 3B. The biggest change in absorbance at
520 nm was obtained at pH 7.4. In summary, the optimum
condition was 1 uM A5T10 DNA in pH 7.4 buffer.

0.6 1

AuNPs
—— A5T15-AuNPs+Hg**
A5T10-AuNPs+Hg**
A5T5-AuNPs+Hg**
0.4 4 —— A20T10-AuNPs+Hg*
—— A15T10-AuNPs+Hg?**
A10T10-AuNPs+Hg**
A5A-AuNPs+Hg**

0.5 1

Abs

Wavelength (nm)

BD.4'
e

0.3 1

3

< 0.2 1

<

0.1 1

0 T T T T
» S &» Q S o \al
£ &£ & & &0
Ll LR

Fig. 2 The number of adenine and thymine was optimized with
adding 5 uM Hg?* ions. (A) The UV-vis spectroscopy and (B) corre-
sponding histogram.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The optimization of the concentrations of DNA (A) and pH
effects (B) in the presence of 500 nM Hg?* ions. In (A), the spectrum of
each concentration of DNA used was described by full line (without
Hg?* ions) and dot-dashed line (with Hg?* ions). The concentration of
DNA: red: 0.1 uM, green: 0.2 uM, yellow: 0.5 uM, blue: 1 uM, pink: 2 uM,
black: 5 uM and cyan: 10 pM. In (B), the spectrum of each pH used was
described by full line (without Hg?* ions) and dot-dashed line (with
Hg?* ions). Red: 6.0, green: 6.5, yellow: 7.0, blue: 7.4, pink: 8.0.

Sensitivity and selectivity

With optimized detection conditions, a series of samples with
different concentrations (0, 5 nM, 10 nM, 20 nM, 50 nM,
100 nM, 200 nM, 500 nM, 1 uM, 5 uM and 10 uM) of Hg*"* ions
were measured by this method. The absorbance at 520 nm
gradually decreased when the amount of Hg”" ions increased
(Fig. 4A). For each sample, the change in the absorbance at
520 nm, Y, was plotted versus the concentration of Hg>" ions, X,
as shown in Fig. 4B. The regression equation of ¥ = 0.0005X +
0.0614 with a linear range was observed in the presence of 5-
200 nM Hg>" ions (R* = 0.9747). The detection limit of this
method was found to be 3.75 nM, and was estimated based on
the 34/slope rule. Compared to other colorimetric methods for
the assay of Hg>" ions,'®*** this proposed strategy was shown to
have a comfortable limit of detection based on a very facile
experimental process.

In addition, the selectivity of the designed assay was also
evaluated for the determination of other metal ions, including
Zn>*, Mn**, cd**, cr¥*, Mg**, AI*", Cu®*, Ni**, Fe**, Ca**, and
Pb”" ions instead of Hg>" ions in the solution. Fig. 5A shows the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (A) The UV-vis spectra of this strategy response to Hg?* ions
concentration (up to down: 0, 5 nM, 10 nM, 20 nM, 50 nM, 100 nM,
200 nM, 500 nM, 1 uM, 5 uM, 10 uM). (B) Absorbance value at 520 nm
versus different concentrations of Hg®* ions. Inset: the derived cali-
bration curve. (C) The images of this strategy with different concen-
trations of Hg?* ions.

changes in absorbance at 520 nm of this system when it was
treated with different metal ions. An obvious change was
observed from the solution in the presence of 1 uM Hg”" ions,
while very low changes were observed in the presence of other
metal ions (10 uM). Thus, the results proved that the detection
method has high selectivity for Hg>" ions.

Detection of Hg>" ions in real samples

Furthermore, the developed colorimetric assay was applied to
the determination of Hg>" ions in real samples, the tap water
and the lake water (treated by the method mentioned in
Experimental section) to realize its applicability for real sample
analysis. The results are shown in Table 2, and the recovery

RSC Adv., 2019, 9, 18728-18733 | 18731
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Fig. 5 (A) This method was used to detect some metal ions, including

Hg?*, Zn?*, Mn2*, Cd?*, Cr3*, Mg?*, A*, Cu?*, Ni2*, Fe3*, Ca2*, Pb2*
ions. (B) Corresponding images. The concentration of Hg?* ions was 1
uM, and other metal ions were all 10 uM.

Table 2 Determination of Hg?* ions in polluted water samples (n = 3)

Mean found Recovery
Added (nM) ICP-MS (nM) (nM) (%)
50 49 46 92
200 204 195 97.5
500 508 526 105.2

values ranged from 92 to 105.2% using our designed method.
The excellent accuracy of this assay indicates that its application
to real samples would be ideal.

Conclusions

In this work, we have developed a facile and sensitive colori-
metric assay for the specific detection of Hg>" ions based on
poly-A mediated DNA-functionalized Au NPs. A poly-A and T-
rich DNA sequence was selected to engineer the strategy for
determination of Hg>" ions. Poly-A was used to bring the T-rich
portion onto the surface of Au NPs, and then binding specifi-
cally occurred between the T-rich portion of the oligonucleotide
and the Hg>" ions to form the complex of “T-Hg**-T” among
the Au NPs. The color of the solution then changed from wine
red to grayish blue. Under optimized detection conditions, this
method can detect Hg>" ions with a LOD of 3.75 nM Hg>" ions in
a linear range from 5 nM to 200 nM by using UV-Vis

18732 | RSC Adv., 2019, 9, 18728-18733
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spectroscopy. Furthermore, this method had good accuracy
that can be applied to real samples. Thus, a simple and low-cost
colorimetric assay for Hg”" ions with high sensitivity and
selectivity was developed that has great potential for monitoring
Hg”* ions in the environment.
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