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Detection of mercury(ir) based on Hg> " —~DNA complexes inducing the
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A DNA-Au NP probe for sensing Hg>* using the formation of
DNA-Hg?>* complexes through thymidine (T)-Hg>*-T
coordination to control the negative charge density of the
DNA strands—thereby varying their structures—adsorbed onto
Au NPs.

Monitoring the levels of mercury in aquatic ecosystems is an
important issue because of its severe effects on human health
and the environment.'> Several optical techniques have been
developed for the detection of Hg>".>" For example, Hg” " -
induced color or fluorescence changes of thiol-functionalized
gold nanoparticles (Au NPs) have been demonstrated for the
selective detection of Hg>' in the presence of 1.0 mM
pyridinedicarboxylic acid.**“ The major advantages of using
Au NPs for the detection of Hg? ™ are the lack of labeling and
the high sensitivity arising from the extremely high extinction
coefficients (10%-10'© M~' ecm™") of their surface plasmon
resonance (SPR) absorptions and/or efficient quenching
effects.®

Hg? " -induced aggregation of DNA-functionalized Au NPs
through T-Hg®*—T coordination was realized.” Relative to
simple alkylthiol-functionalized Au NPs, DNA-functionalized
Au NPs are highly selective toward Hg?* ions. Nevertheless,
two different sequences of thiol-functionalized DNA mole-
cules are required for the preparation of functionalized Au
NPs for the detection of Hg>*. The sensitivity of the detection
system is also highly dependent on the temperature.

In this paper we present a simple and rapid colorimetric
assay—employing poly-T,, ss-DNA and 13-nm-diameter Au
NPs in the presence of salt—for the detection of Hg>" ions
based on Hg? "—~DNA complexes inducing the aggregation of
Au NPs. Random-coil DNA molecules adsorb onto Au NP
surfaces through electrostatic attraction.” In the presence of
salt, poly-T, ss-DNA on the surface of Au NPs remains in a
random-coil structure as a result of electrostatic repulsion
between DNA molecules. Owing to the high negative charge
density of DNA on each Au NP surface, monodisperse Au
NPs exist in the salt solution (Fig. 1a). Upon formation of
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Hg’*-DNA complexes the conformation of the poly-T,
ss-DNA changes to folded structures (Fig. 1b). As a result
of the decreased zeta potential on each Au NP and the reduced
degree of electrostatic repulsion between Au NPs, aggregation
of the Au NPs occurs and, hence, the color of the solution
changes from red to purple in a process that is detectable by
the naked eye.

We first treated 2.0 nM Au NPs with 60 nM poly-T;; in
5 mM phosphate (pH 7.4) for 10 min in the absence and
presence of 5.0 uM HgCl,. Next, we added NaCl (final
concentration: 50 mM) to each of the two solutions. In the
absence of Hg“ , the color of solution remained rose-red after
adding NaCl; in the presence of Hg>*, however, the color of
the solution changed to purple as a result of the aggregation of
Au NPs. The zeta potentials of Au NPs, DNA-Au NPs, and
Hg“—DNA—Au NPs were measured to be —27.3, —39.3, and
—28.0 mV, respectively. The changes in absorption (Fig. 2)
and TEM images (Fig. S1t) support the Hg>*-induced ag-
gregation of Au NPs. To rule out the possibility that aggrega-
tion of the Au NPs occurred during the drying process, we
conducted dark-field scattering measurements; the images in
Fig. S17 further support our hypothesis that the aggregation
of Au NPs occurred in the presence of DNA and Hg?*. Note
that strong scattering occurred once the Au NPs had aggre-
gated.® CD spectra (Fig. S2t) support the formation of the
folded structures from Ts; in the presence of Hg®*.>¢ The
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Fig. 1 Schematic representation of Hg? ™ nanosensors.
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bulky structures of these folded Hg®> " —DNA complexes also
minimize the number of DNA molecules that can be adsorbed
onto each Au NP. As a result, the Au NPs were less well
protected by DNA units, resulting in their aggregation in
the presence of 50 mM NaCl and 5.0 pM Hg>*. To further
support our reasoning, we conducted control experiments
using poly-As; and random-sequence DNA (5'-TTTTTTA
CCTGGGGGAGTATTGCGGAGGAAGGT-3') under simi-
lar conditions. As expected, the addition of Hg?" did not
induce any significant changes in the SPR absorptions of these
Au NP solutions.

Having observed that Hg?" induced the formation of folded
DNA structures, we suspected that the sensitivity of our
analytical system would be dependent on the length of the
DNA strand. Thus, we used three different ss-DNA sam-
ples—T5, T3, and Tgp—to test our hypothesis. The extinction
coefficients of the solutions at 650 and 520 nm are related to
the quantities of dispersed and aggregated Au NPs, respec-
tively. Thus, we used the ratio of the values of extinction,
Exes0/520, to express the molar ratio of aggregated and dis-
persed Au NPs. First, we investigated the effect of the length of
the DNA strand on the stability of the Au NPs in the presence
of NaCl at various concentrations (0-100 mM). We estimated
that ca. 30 DNA strands having 30 bases were present on each
13 nm Au NP surface, which suggested that the saturation
concentration of Ts; was 60 nM when using 2 nM Au NPs.”
To provide the same base concentration as that provided by
60 nM T3, we utilized 283 and 25 nM solutions of T and Ty,
respectively. In the absence of Hg? ", Fig. 3a indicates that the
longer DNA strands had a better ability to stabilize the Au
NPs; i.e., at the same NaCl concentration, the stability of the
DNA-bound Au NPs (T,-Au NPs) increased in the order Tgq-
Au NPs > T;3-Au NPs > T;-Au NPs. We suspect that when
longer DNA strands adsorb onto the surfaces of Au NPs, the
radius of each Au NP increases, minimizing the degree of
electrostatic attraction between Au NPs. Upon increasing the
NaCl concentration, salt screening reduced the surface charge
density and size of the T,-Au NPs, leading to decreased
stability of the Au NPs. Fig. 3b indicates that the T;-, T33-,
and Tgo-Au NPs aggregated at NaCl concentrations greater
than 25, 50, and 65 mM, respectively, in the absence of Hg”.
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Fig. 2 UV-Vis extinction spectra of 5 mM phosphate solutions (pH
7.4) containing Au NPs (2 nM), T33 (60 nM), and NaCl (50 mM) in the
(A) absence and (B) presence of 5.0 uM Hg?".

The degree of Hg®*-induced aggregation of Au NPs in the
presence of T; was small, mainly because of the difficulty
encountered by T in forming folded structures. The inset also
reveals that the solution of Au NPs was more sensitive toward
ngJr in the presence of T33 than in the presence of Tgg, mainly
because of the greater capability of Tg, to stabilize the Au
NPs. The plots suggest that the optimum conditions for
sensing Hg”> " were the use of a 5 mM sodium phosphate
solution (pH 7.4) containing 60 nM T3z, 2 nM Au NPs, and
50 mM NacCl.

Under the optimum conditions, we investigated the specifi-
city of our analytical approach toward Hg?" against other
metal ions (each 5.0 pM). The inset to Fig. 4a indicates that
only Hg> " induced aggregation of the Au NPs in the presence
of Ts3. As indicated in Fig. 4a, our system responded selec-
tively toward Hg?" ions—by a factor of 50-fold or more
relative to the other metal ions. The tolerance concentrations
of Cu?™, Ni?", Co**, Zn?*, Pb?>™, and Cd** for the sensing
of Hg>" using our approach were at least 20 times higher than
the Hg?" concentration (Fig. S31). As indicated in Fig. 4b, the
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Fig. 3 (a) Plot of the values of Exgso/s00 of the Au NP solutions
(2 nM) as a function of the concentration of NaCl: (ll) no DNA, (V)
283 nM T, (A) 60 nM Tss, and ([J) 25 nM Tg,. (b) Plot of the values
of (Ra — Rp)/Rg of Au NP solutions (2 nM) in the absence and
presence of T, as a function of the concentration of NaCl. The
descriptors Ra and Ry represent the values of Exgsoso0 of the Au
NP solutions in the absence and presence of T,, respectively. Inset:
Plot of Exgs0/500 in the (A) absence and (B) presence of 1.0 uM Hg”.
The concentrations of NaCl in the solutions of T;-, T33-, and Tgo-Au
NPs were 25, 50, and 65 mM, respectively. Other conditions were the
same as those described in Fig. 2.
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Fig. 4 (a) Values of Exesojs20 and a photographic image (inset) of
solutions containing Au NPs (2 nM), T3; (60 nM), and various metal
ions (each 5.0 uM). (b) Plot of the value of Exeso/s20 as a function of
the concentration of Hg?" . Other conditions were the same as those
described in Fig. 2.

Ex¢50,520 ratios of solutions containing T3z, Au NPs, and NaCl
increased upon increasing the concentration of Hg?" ions. A
linear correlation (R*> = 0.96) existed between the value of
Exes0/520 and the concentration of Hg>" ions over the range
0.5-5.0 puM. The limit of detection (LOD) for Hg>" at a
signal-to-noise ratio of 3 was estimated to be 250 nM.

To confirm that the amount of T;; adsorbed onto the Au
NPs decreased upon increasing the Hg?" concentration, we
added OliGreen to the solution. DNA-OIliGreen complexes
fluoresce ca. 1000-fold more intensely that does free OliGreen,
which is weakly fluorescent. We mixed Ts3 (30 nM) and Hg> "
(025 uM) together and then added them to each Au NP
solution (1.0 nM). Although the DNA molecules on the
surfaces of the Au NPs also interacted with OliGreen, we
observed a negligible degree of fluorescence because of fluor-
escence resonance energy transfer between these DNA-
OliGreen complexes and the Au NPs, which are efficient
fluorescence quenchers. In other words, only the DNA-—
OliGreen complexes in the bulk solution fluoresced. The
fluorescence intensity at 525 nm of the solutions upon excita-
tion at 480 nm increased upon increasing the concentration of

Hg®>" (Fig. S4t), supporting our hypothesis that greater
amounts of DNA-OIliGreen complexes existed in the bulk
solution at higher concentrations of Hg?" ions. To confirm
this result, we detected the amount of DNA released after
centrifugation. From the concentration of DNA in the super-
natant, we estimated that ca. 25.5 and 94.8% of the adsorbed
DNA strands were released into the bulk solutions in the
presence of 1.0 and 10 uM Hg? ", respectively (Fig. S47).

In conclusion, we have formulated a simple and cost-
effective assay—using T3; and Au NPs—for the sensitive
and selective detection of Hg?" ions. Although we have used
this system to demonstrate the detection of Hg?" ions only,
this approach could be applied to the determination of other
metal ions, DNA, or proteins through the use of other DNA
molecules, DNA aptamers, and various other Au NPs.
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