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Tetrahedron-structured DNA (ts-DNA) in combination with a
functionalized oligonucleotide was used to develop a “turn-on”
biosensor for HgZJr ions. The ts-DNA provided an improved
sensitivity and was used to block the active sites.

Mercury is one of the most toxic elements and has an
important environmental and biological effect,! but we have
little knowledge of the metal ions transfer mechanism into
cells, speciation, and beneficial or deleterious functions.'?
Atomic (mass) spectrometry can only provide the elemental
information.> However, “metal ion biosensor revolutionize
biochemistry, cellular biology, and related fields”'® with a
sensitive and simple setup. Functional nucleic acids provide
“an excellent alternative” in detecting metal ions because of
their selectivity and affinity to some metal ions, such as Hg?",
Ag®, Pb**, and Cu®>*.'"”? Electrochemical transducers are
simple and cost-effective for DNA-based ion sensors.™* To
this end, linear single-stranded DNA (ss-DNA) is immobilized
onto the electrode surface to recognize the target.>* The active
molecules attached chemically to the end of the DNA generate
the signal related to the metal ion content.**

The DNA strand must be maintained in a perpendicular
orientation for efficient hybridization to its target.>® The
coverage of DNA strands on the electrode surface is also a
critical factor influencing the performance of DNA biosensors.
A high density of DNA strands resulted in a decreased signal
output because each DNA strand needs enough space for
interaction with its target; the low coverage of DNA shows a
low capacity for the analytes.® Therefore, an optimal density
and even distribution of the DNA strands on the electrode
surface is needed, but it is difficult to control linear ss-DNA.

Electrochemically active molecules are attached chemically
to linear DNA for the signal related to the target concentra-
tion, but the labeling procedure is time-consuming and labor-
intensive. False positive signals may generate in the absence of
the target.” Moreover, decrease in the binding affinities of
chemically labeled DNA strands for their target was also
observed.” Thus, it is important to design an alternative
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approach that avoids oligonucleotide labeling and decreases
the background signal for the development of electrochemical
metal ion sensors.

In this work, a tetrahedron-structured DNA (ts-DNA)® was
used to construct a Hg®" ion biosensor in combination with
a functional oligonucleotide (FO) for the integration of
methylene blue (MB) and the formation of stable thymine-
Hg? " -thymine complex (T-Hg?"-T).” Compared with linear
single stranded DNA (ss-DNA), ts-DNA provided an improved
sensitivity for Hg>" ions and it was unnecessary to block
active sites with an alkanethiol monolayer. FO, with the
sequence of Ts-Gs, is used to integrate with an electrochemical
active probe, MB and to identify Hg> " ions via the formation
of T-Hg?*-T. With FO, the chemical labeling probe molecule
is not required. The ts-DNA was immobilized onto the gold
electrode surface and Ts DNA section was introduced for
Hg>" ion identification (Scheme 1A). After incubation with
Hg*" ions and FO integrated with MB, the T-Hg>*-T complex
formed. The signal from MB was monitored to quantify Hg? "
ions. As a comparison, the biosensor with linear ss-DNA as an
identification unit was also present, shown in Scheme 1B.
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Scheme 1 Illustration of the electrochemical Hg>* ion sensor with
an oligonucleotide strand for Hg?"-identification and probe intro-
duction. (A) The ts-DNA® and (B) the linear ss-DNA containing
Hg? " -identification section for the construction of the Hg> " sensors.
(C) Modification of functional oligonucleotide by introduction of
methylene blue and hybridizing to As.
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Scheme 1C shows the modification to FO strand for sensing
Hg?>" ions.

Fig. 1 presents the comparison of the differential pulse
voltammetry (DPV) signals obtained using either ts-DNA or
ss-DNA to introduce the Hg”> " identification section. 10 nM
Hg>" ions produced the signal of 0.577 pA using linear
ss-DNA, but 0.822 pA with ts-DNA. Moreover, 20 nM
Hg?" ions produced a signal a little different from that of
10 nM Hg?* with ss-DNA. The high surface density of Ts may
result in the self-assembly of Hg>* and neighboring DNA
strands at the electrode surface.” Oligonucleotide length also
influences the DNA assembly on the substrate and recognition
to its target.>'” Short ss-DNA (less than ten bases) formed
self-protected interactions and prevented efficient hybridiza-
tion with a decreased se:nsitivity,6'10 and DNA became inactive
as they became more densely packed.® Therefore, the linear
ss-DNA with five bases was ascribed for the low efficiency in
terms of the strand length and uncontrollable surface density.

Improved signal intensity was observed with ts-DNA strategy.
0.2 nM Hg?" ions is detectable as shown in Fig. 1Ab. Each
thread of the tetrahedron DNA contains 17 base pairs with
lengths of about 5.8 nm. Thus, ts-DNA provided the space
enough to form the T-Hg?>*-T complex. The ds-DNA in
ts-DNA did not affect the electron transfer because the double
strand was validated to have high conductivity.’*!!

An alkanethiol monolayer is often used to block the active
site of the gold electrode and keeps the DNA strands in a
perpendicular orientation for the development of linear DNA-
based biosensors.*'> A comparison including or omitting
2-mercaptoethanol (MCE) passivation is shown in Fig. 2.
MCE passivation is clearly critical for the sensitivity of linear
ss-DNA-based biosensor (Fig. 2B), where a low signal inten-
sity is observed in the absence of the thiol monolayer (7.31
and 4.86 pA for ss-DNA with and without the thiol layer,
respectively). However, the ts-DNA mode produced a com-
parably large amperometric signal with and without the MCE
monolayer. This effect was ascribed to the high rigidity of
ts-DNA that allowed the Hg?>" identification section to stay
at the electrode surface with highly ordered perpendicular
orientation. The space for one ts-DNA molecule also avoids
the interaction between the neighboring Hg? " identification
strands. In contrast, linear DNA tends to lie flat on the surface
in the absence of MCE treatment,’ leading to low hybridiza-
tion efficiency. Moreover, as shown in Fig. 1a, the background
signals were 0.378 and 0.493 pA for ts-DNA- and ss-DNA-
modes, respectively. The low background was also observed
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Fig. 1 The comparison of signals with (A) ts-DNA or (B) ss-DNA to

introduce the Hg?>" ion identification section. The concentration in

(A): (a) 0, (b) 0.2, and (c) 10 nM as well as that in (B): (a) 0, (b) 10, and

(c) 20 nM.
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Fig. 2 Comparison of (A) ts-DNA-based sensors for 10 nM Hg?"
ions and (B) ss-DNA-based sensors for 100 nM Hg>" ions in the
absence (a) and the presence (b) of 2-mercaptoethanol passivation.

even if no MCE passivating layer was used in the case of the
ts-DNA mode. Therefore, ts-DNA at the electrode surface
acted as an interface for the low background and eliminated
the passivation with the alkanethiol monolayer. Although
interaction between Hg>* and thiol was applied to regenerate
the DNA-based Hg>" sensor,” the use of ts-DNA made the
present sensor simple and the newly prepared sensor is as
simple as the regeneration of a sensor.

The electrochemical signals were recorded with varying
concentrations of Hg>" ions using ts-DNA or ss-DNA to
introduce Ts (Fig. 3). A small response was observed with no
Hg?*, perhaps due to non-specific adsorption of the MB.
Higher concentrations of Hg> " produced higher signals. The
sigmoid response between signal and concentration (Fig. 3B
and D) suggested that the binding of Hg> " ion to the electrode
surface was a cooperative process.'> Using linear ss-DNA, a
concentration-dependent response was observed from 20 nM
to 1 uM with a detection limit of 10 nM. The concentration-
dependent response ranged from 100 pM to 20 nM with
ts-DNA. The detection limit was 100 pM, which was 100-fold
lower than that obtained with the ss-DNA-based sensor.
Therefore, the ts-DNA-based sensor demonstrated excellent
sensitivity. The sensitivity improvement with ts-DNA may be
ascribed to the low background and the improved formation
of T-Hg>"-T. Moreover, the present sensor shows a good
reproducibility as a precision (RSD, n = 5) of 1.7% is
obtained as shown in Fig. S5 (ESI¥).
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Fig. 3 Sensitivity of the Hg?" biosensors. The ts-DNA (A and B)
and ss-DNA (C and D). (A, C) Changes in the electrochemical
response with separated determination of each concentration; (B, D)
EC profile for varying concentrations of Hg?*.
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A comparison of the detection limits of various Hg®" ion
sensors based on T-Hg”-T is listed in Table S1f. The detec-
tion limit obtained with ts-DNA was lower than that of most
of the previous reports. Although some sensors provided much
lower detection limits,” this work applied ts-DNA as a simple
protocol for sensitivity improvement. In addition, the integra-
tion of MB onto the guanine bases also eliminated the time-
consuming covalent derivatization to DNA strands. While it
was as simple as the electrochemical impedance spectroscopy
method,' this sensor did not suffer from an increase in
resistance from the negatively charged DNA strand.

The selectivity of the biosensor for Hg?> " ions was tested by
recording the signal from 10 nM Hg?" ions in the presence and
absence of competing metal ions (Fig. S61). The signals produced
by 10 uM of nine metal ions were at least 10-fold less than the
signal produced by 10 nM Hg>* ions. Consequently, selectivity
was at least 10000-fold higher for Hg?>* ion than the competing
metal ions. The signal produced from the mixture of 10 nM
Hg?" with 1 uM of each of the competing ions was essentially
similar to that from the standard solution because these ions
cannot be inserted into the T-T base pair. Because of its high
selectivity for Hg?" ions, the biosensor did not need a chelating
reagent to eliminate the interferences.'” The modified electrode
was thoroughly cleaned before determination, and therefore, the
sensor did not suffer from the environmental interferences
encountered during fluorescence sensing of Hg?*.!31¢

The practicability of the biosensor was validated with the
determination of Hg> " ions in natural water samples, including
tap water, lake water and river water. The results obtained
with the present biosensor were compared with those obtained
by cold vapor atomic absorption spectroscopy (CV-AAS). No
Hg*" was detected in the tap water, but the concentration of
Hg?" in the lake water and river water were 3.03 and 1.83 nM,
respectively. The results for three water samples were in good
agreement with those obtained by CV-AAS (Table S27),
showing the practicability of the proposed method for real
samples. The recoveries ranged from 95.4 to 109% for the
sample spiked with Hg?>" ions and indicated that no inter-
ference was associated with these sample matrices. In compar-
ison with the CV-AAS method, the proposed biosensor
requires a low sample volume (10 pL) to determine Hg?"
with a simple and compact procedure.

In summary, tetrahedron-structured DNA (ts-DNA)-based
platform was used to immobilize nucleic acid probes on gold
surfaces for the detection of Hg?" ions in combination with
the integration of methylene blue (MB) on guanine bases.
Compared with linear single stranded-DNA (ss-DNA) bio-
sensor, the ts-DNA-based electrochemical system provides
several unique features. Firstly, ts-DNA can be prepared
rapidly and reliably, and assembled readily with ordered
orientation onto gold surfaces in a single step. Secondly,
passivation using an alkanethiol monolayer is unnecessary.
Thirdly, the ts-DNA-based biosensor exhibits an excellent
sensitivity and selectivity for detecting Hg®" ion. With the
various targets for DNA strand, the merits by use of ts-DNA
and the integrated probe molecule could easily be extended to
the determination of other analytes.’
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