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The  dual-hairpin  structure  as  a signal
amplifier  is label-free  and  handy.
The  strategy  uses  the  inser-
tion  approach  to improve  the
hybridization  efficiency.
This  biosensor  has  a  low  detection
limit (28  pM)  for  detection  of  Hg2+.
This  biosensor  can  be easily  regener-
ated by  using  L-cysteine.
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a  b  s  t r  a  c  t

A simple  and  effective  biosensor  for Hg2+ determination  was  investigated.  The  novel  biosensor  was
prepared  by  the  insertion  approach  that  the  moiety-labeled  DNA  inserted  into  a loosely  packed  cyclic-
dithiothreitol  (DTT)  monolayer,  improving  the  hybridization  efficiency.  Electrochemical  impedance
spectroscopy  studies  of  two  biosensors  (single-hairpin  and  dual-hairpin  structure  DNA  modified  elec-
trodes)  used  for  Hg2+ detection  indicated  that the  dual-hairpin  modified  electrode  had  a  larger  electron
transfer  resistance  change  (�Rct). Consequently,  the  dual-hairpin  structure  was  used  as  a  signal ampli-

2+

abel free
nsertion approach
ual hairpin
egeneration
lectrochemical impedance spectra

fier  for  the  preparation  of  a  selective  Hg biosensor.  This  biosensor  exhibited  an  excellent  selectivity
toward  Hg2+ over  Cd2+, Pd2+, Co2+ etc.  Also,  a  linear  relation  was  observed  between  the  �Rct and  Hg2+

concentrations  in  a range  from  0.1  nM  to 5 �M with  a  detection  limit  of  28 pM  under  optimum  conditions.
Moreover,  the  biosensor  can be  reused  by using L-cysteine  and  successfully  applied  for  detecting  Hg2+ in
real  samples.
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1. Introduction

Mercury ions (Hg2+), toxicly accumulated in human bodies
through the drinking water and food chains, will cause irreversible
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amage of gastrointestinal, neurologic and renal organ systems as
ell as other chronic diseases [1–4]. Due to the continuing concern

ver Hg2+ contamination on the environment and human health
5], it is highly desirable for sensitive and on-site detection of Hg2+

n disease prevention and environment protection.
It is well known that special T-T mismatches in DNA duplex

how high selectivity for Hg2+ against other metal ions in aque-
us solution to form T-Hg2+-T base pairs [6]. The T-Hg2+-T base
airs enable the single-stranded DNAs to fold into duplexes [7,8]
nd strengthen DNA duplexes [9,10]. This fact has stimulated the
evelopment of Hg2+ sensors based on colorimetric [11–13] and
uorescent methods [14–17], while others are based on poly-
ermaterials [18,19], nanomaterials [20–23], DNAzymes [24–26],

roteins [27–30]. They all show excellent performance. However,
ost of these sensors are time consuming and sophisticated syn-

hesis of probe materials, in which case, developing new methods
s necessary.

In the past decades, the self-assembly of DNA on gold elec-
rodes employed the backfilling approach that alkanethiols were
ut into the void spaces between constituents of a pre-installed
NA monolayer [31]. Although this traditional method achieved

he tremendous success, it lacked the reproducibility of electro-

hemical signals from DNA-modified electrodes [32]. Yang’s group
ecently used the insertion method to improve the reproducibil-
ty and sensitivity of electrochemical signal [32]. Wang’s group
ut forward a novel dual-hairpin DNA structure for ultrasensitive

cheme 1. Schematic illustration of the detection of Hg2+ based on electrochemical sign
pproach.
aterials 295 (2015) 63–69

detection of Hg2+ with a detection limit of 52 pM [33], and his
grounp also proposed a fast and sensitive strategy for the detec-
tion of targets based on dual-hairpin DNA structure [34]. Excellent
selectivity and reliable results could be achieved but the problem
of the labeled adjunct probe remains costly and complex synthesis
procedure.

Here we report a sensitive, rapid, simple, and label-free elec-
trochemical impedance spectroscopy (EIS) biosensor for detecting
Hg2+ which is demonstrated by the insertion approach and the
dual-hairpin structure, resulting in improvements in economy and
repeatability. A linear relationship between the logarithmic value
of the Hg2+ concentration and the change in the electron transfer
resistance (�Rct, �Rct = Rct

0− Rct, and Rct
0 and Rct represent the

interfacial electron transfer resistance value of the dual-hairpin
DNA modified biosensor in the absence and presence of Hg2+,
respectively.) is in the range from 0.1 nM to 5 �M,  and a detection
limit of 28 pM is obtained.

2. Material and methods
2.1. Chemicals and reagents

Dithiothreitol (DTT), L-cysteine (L-Cys), HPLC-purified capture
probe (S1), and adjunct DNA (S2) were purchased from Sangon

al amplification by dual-hairpin DNA structure in combination with the insertion
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iotechnology Co., Ltd. (Shanghai, China) and DNA sequences are
hown below:

S1: 3′-HS-(CH2)6-CGGCGGTTTTTAGGAGAGTTTTTCCGCCG-5′

S2: 3′-AAAAAGAAGGGAGTGGAAGGAGAAAAA-5′

Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and 6-
ercapto-1-hexanol (MCH) were purchased from Sigma Chemical

o. (St. Louis, MO,  USA). All the reagents mentioned were analyti-
al reagent grades and used without further purification. Ultrapure
ater (specific resistance of 18.2 M� cm)  was used throughout the

xperiments. The buffer solutions used in this work were listed as
ollows:

C-buffer (pH 7.4) contains 100 mM Tris-HCl, 0.1 M NaCl, and
 mM MgCl2. I-buffer (pH 7.4) contains 10 mM Tris-HCl, 20 mM
CEP, and 1 M NaCl. D-buffer (pH 7.4) contains 10 mM Tris-HCl and

 M NaCl. H-buffer (pH 7.4) contains 10 mM phosphate buffer solu-
ion (PBS) and 300 mM NaCl. W-buffer (pH 7.4) is 10 mM Tris-HCl.

.2. Apparatus

All electrochemical measurements were monitored on an elec-
rochemical workstation (CHI 660D, CH Instruments, Chenhua
orp, Shanghai, China) at room temperature. The experiment was
erformed with a typical three electrode system, in which the
orking electrode was the functionalized gold electrode, the refer-

nce electrode was an Ag/AgCl electrode with saturated KCl, and the
ounter electrode was a platinum electrode. Ferricyanide solution
5.0 mM [Fe(CN)6]3−/4−) used as the supporting electrolyte medium
as obtained by dissolving potassium ferrocyanide and potassium

erricyanide with PBS (0.1 M,  pH 7.4), and the concentrations of
otassium ferrocyanide and potassium ferricyanide are 2.5 mM,
espectively. Cyclic voltammetry (CV) was performed within the
otential range from −0.3 to 0.7 V at 0.1 V s−1. Electrochemical

mpedance spectra (EIS) were performed in a frequency range from
.1 Hz to 10 kHz with 5 mV as the amplitude.

.3. Electrode pretreatment

The gold electrode (4.0 mm in diameter) was  polished care-
ully with alumina powder (1.0, 0.3, and 0.05 �m in diameter) on

 microcloth pad in sequence until a mirror surface was  formed,
ollowed by ultrasonic cleaning with ultrapure water, ethanol, and
ltrapure water for 5 min  each to remove the residual Al2O3 pow-
er. The above electrode was electrochemically cleaned by cycling
he potential between −0.2 and +1.6 V (vs. Ag/AgCl) at 0.1 V s−1 in a
.5 M H2SO4 solution until a steady-state redox wave was obtained.
inally, the prepared electrode was rinsed with ultrapure water and
ried with nitrogen.

.4. Sensor preparation

Before use, the capture probe S1 was dissolved in D-buffer and
tored at 4 ◦C over night. The probe S1 solution was heated at 90 ◦C
or 5 min, followed by slowly cooling down to room temperature
34]. To ensure the absence of probe dimers, the above S1 probe
olution was diluted by mixing 2.0 �M S1 probe with I-buffer with
he same volume for 1 h in the dark [32].

For the insertion approach, the cleaned electrode was  first
mmersed in 25 �L of 200 �M freshly prepared DTT solution (dis-
olved in D-buffer) for 10 min, and then the DTT modified electrode
as immersed in 25 �L of 1.0 �M S1 for 10 h at room tempera-

ure. The prepared electrode was incubated with 2.5 �M S2 probe
n H-buffer for 3 h at 37 ◦C to form the dual-hairpin structure.
For the traditional backfilling method, the cleaned electrode was
mmersed in 25 �L of 1.0 �M S1 solution for 10 h at room temper-
ture, followed a incubation progress in 25 �L of 2 mM MCH  for

 h. Next, the S1 modified electrode was hybridized with S2 (25 �L,
aterials 295 (2015) 63–69 65

2.5 �M)  for 3 h at 37 ◦C to obtain the final dual-hairpin DNA modi-
fied biosensor. The electrode was thoroughly rinsed with W-buffer
after each step throughout the experimental process.

2.5. Detection of Hg2+ with the dual-hairpin structure DNA

According to the references [7,32,35], T bases can complete the
reaction with Hg2+ in one hour in the solution. Thus, the reaction
time between T bases and Hg2+ in this experiment was 1 h. For
the Hg2+ detection, the prepared biosensors were then immersed
in 100 �L of H-buffer containing different concentrations of Hg2+

for 1 h at room temperature to form T-Hg2+-T complex. In order to
ensure that the system can reach stable state and obtain an accurate
value of Rct, the electrode was soaked in [Fe(CN)6]3−/4− solution for
3 min  before each EIS measurement [36].

3. Results and discussion

3.1. Designed sensing system for Hg2+ detection

It is well known that DTT could be chemisorbed onto the gold
electrode via Au-S bonds, which two hydroxyl groups are exposed
at the outer surface, to form a compact surface with the cyclic-(DTT)
configuration backfillers [37]. The cyclic-(DTT) configuration back-
fillers could provide enough free space around the hairpin structure
DNA S1 to ensure the subsequent assembly, so the formation of
dual-hairpin structure becomes much easier.

In order to explore whether the DTT modified on the electrode
has effect on the Hg2+ detection in the experiments or not, the
control experiment of the DTT / Au electrode in the absence and
presence of Hg2+ has been conducted. By analyzing the experimen-
tal results, we have found that the DTT modified on Au electrode
has almost no interference in the Hg2+ detection (see Supporting
Information for details).

Scheme 1 illustrates the working mechanism of Hg2+ detection
based on electrochemical signal amplification by dual-hairpin DNA
structure in combination with the insertion approach. First, the DTT
could be stabilized by Au-S bonding to form a uniform monomolec-
ular layer on the gold electrode. The thiol moiety-labeled and T-rich
hairpin structure DNA S1, designed with 6 complementary base
pairs in the stem region, could insert into the preassembled DTT
monolayer. The adjunct DNA S2 can be easily captured by the immo-
bilized S1 to form the dual-hairpin structure because of ten base
pairs of S2 matching with S1 in the loop region. The electron trans-
fer between gold surface and [Fe(CN)6]3−/4− electrolyte solution
is hindered to present a higher Rct, due to the highly negatively
charged oligonucleotides skeleton. The S1 probe contains 5 special
T-T mismatches that have high affinity with the Hg2+, generating
T-Hg2+-T complexes. The exact base pairing graph of the conforma-
tion switches between the dual-hairpin DNA and the single-hairpin
DNA in the presence of Hg2+ is illustrated in Fig. S2 in the Support-
ing Information. As T-Hg2+-T base pairs are much more stable than
natural A-T base pairs [38], the loop of S1 shrinks and S2 separates
from the biosensor surface, presenting a low Rct value. Thus, a novel
biosensor used to detect Hg2+ could be developed based on �Rct.

3.2. Characterization of assembly on the electrode

As is known, EIS is an effective tool to characterize the fabri-
cation process of the proposed sensor [39]. The diameter of the
semicircle portion corresponds to the Rct and the increase of the
diameter reflects the increase of the interfacial Rct [40]. As shown in

Fig. 1A, the Rct increased substantially with the modification of DTT
(curve b), S1 (curve c), and S2 (curve d) to the Au electrode surface
in sequence. The equivalent circuit (Table S1) was used to fit the EIS
data which includes the solution resistance (Rs), the constant phase
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ig. 1. (A) Nyquist diagrams and (B) cyclic voltammograms of the biosensor at diffe
TT  / Au in the presense of 5 �M Hg2+ (e).

lement (CPE) related to double layer capacitance, charge transfer
esistance (Rct), and the Warburg impedance (Zw) [41]. The calcu-
ated Rct values are shown in Table S1, it can be seen that the bare
old electrode shows a tiny Rct value (48.8 �),  indicating a rapid
lectron transfer process of [Fe(CN)6]3−/4−. The immobilization of
he DTT monolayer led to an increased Rct value (643.2 �),  then,
he insert-assembly of a thiolated S1 monolayer resulted in a larger
ct value (4143 �),  because the formation of the hairpin structure
f S1 hindered the interfacial electron transfer. With the treatment
f S2, a much larger Rct value (7031 �)  was observed, because S2

ncreased the density of negative charges on the electrode surface
nd the electrostatic repulsion between DNA and redox probe. The
hanges of EIS plots proved the dual-hairpin structure successfully
ormed on the gold electrode [34]. The DNA area percentage on the
old electrode surface (�) was calculated to be 90.85 % (see Sup-
orting Information for details). A high Rct intensity corresponds
o a big � value. This phenomenon can be explained by the forma-
ion of dual-hairpin structure mentioned above. After the addition
f Hg2+ (curve e, Fig. 1A), the Rct value declined obviously (2443 �,
able S1), this is because the T-Hg2+-T conformation induced the

oops of S1 of dual-hairpin structure to shrink, and the negatively
harged S2 separated from the electrode surface. These two aspects
ere beneficial for electron transfer between gold surface and

Fe(CN)6]3−/4− electrolyte solution. The above results coincided
ith the presumptive mechanism of the electrochemical biosen-

or that the Hg2+-induced conformation switch of dual-hairpin to
ingle-hairpin structure.

Fig. 1B shows the CVs of the gold electrode at different mod-
fication steps. As displayed in Fig. 1B, an increase in the peak to
eak separation (�E) and decrease in the peak current was  accom-
anied with the stepwise modification of DTT, S1, and S2 on the
old electrode, which could be attributed to the obstruction of the
nterfacial electron transfer caused by the formation of compact

onolayer including DTT and negatively charged S1 and S2. How-
ver, the peak current increased and the �E  decreased with the
ddition of Hg2+. The CVs results coincided with the observations
f the EIS experiments, which further proved the changes in the
tructure of DNA on the electrode surface.

.3. Advantage of the insertion approach with dithiothreitol
ersus backfilling method and signal amplification of the
ual-hairpin structure DNA
In order to verify that the first assembled DTT can improve
he hybridization efficiency of S1 and S2, we investigated �Rct

esponses (�Rct (1)) of the backfilling method and the insertion
pproach preparing single-hairpin modified biosensors before and
tages: bare Au (a), DTT / Au (b), S1 / DTT / Au (c), S2 / S1 / DTT / Au (d), and S2 / S1 /

after hybridization with 2.5 �M S2, respectively. For the traditional
backfilling method, S1, MCH, and S2 were assembled on the cleaned
electrode surface in sequence for preparing the biosensor. As shown
in Fig. 2A and B, the �Rct (1) of the backfilling method is much
smaller than that of the insertion approach (inset, Fig. 2A). This is
because when S1 was  first assembled on the electrode surface, the
S1 probes would be in a high density and the inter-probe distance
among the S1 probes in the monolayer became inhomogeneous
[32]. Thus, it would interfere with the subsequent hybridization
between S1 and S2, leading to few quantity of dual-structure DNAs.
Consequently, the signal amplification of the backfilling method is
weak. But for the insert approach, the cyclic-(DTT) configuration
backfillers provided enough free space around S1 to allow the sub-
sequent assembly of S2, resulting in the obvious improvement of
hybridization efficiency between S1 and S2. Therefore, the num-
ber of dual-hairpin structure DNA on the electrode surface would
be increased. In conclusion, the insertion approach can replace the
backfilling method in the experiment to improve the hybridization
efficiency of S1 and S2.

Signal amplification is necessary for building a highly sensitive
biosensor. To demonstrate the enhancement of electrochemical
signal of the dual-hairpin structure, we investigated �Rct responses
(�Rct (2)) of S1 / DTT and S2 / S1 / DTT biosensors for Hg2+ detec-
tion. As shown in Fig. 2C and D, the �Rct (2) values of the two
biosensors in the absence and presence of Hg2+ were compared.
The �Rct (2) of S1 / DTT / Au was 1766 �,  while the �Rct (2) value
of S2 / S1 / DTT / Au was 4588 � which is much higher than that of
S1 / DTT / Au. This is because the dual-hairpin structure has more
negatively charged oligonucleotides skeleton than single-hairpin
structure, presenting larger interfacial electron transfer resistance
on the electrode surface. In the presence of Hg2+, the dual-hairpin
structure contributes to the �Rct in two  ways, one is the loops of
inter-hairpins S1 shrank, and the other is the negatively charged
DNA S2 separated from the electrode surface. However, the single-
hairpin structure only contributes to the shrink of the loop. This
result indicates that the dual-hairpin structure could amplify the
signal distinctly at the same concentration of Hg2+.

Furthermore, the repeatability of the sensor was explored by
monitoring the Rct signal in 100 nM Hg2+ solution for 3 replicate
determinations under same conditions (Fig. S3, Supporting Infor-
mation). As a result, the dual-hairpin biosensor possesses a good
repeatability.
3.4. Sensitivity of the biosensor

In order to obtain the optimum conditions, the effect of exper-
imental conditions was  investigated. Fig. S4 shows four variables
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Fig. 2. Nyquist diagrams of the backfilling approach (A) and the insertion approach (B), respectively: MCH  / S1 / Au (A1, Fig. 2A) and S2 / MCH  / S1 / Au (A2, Fig. 2A), S1 / DTT /
Au  (B1, Fig. 2B), and S2 / S1 / DTT / Au (B2, Fig. 2B). Inset (Fig. 2A): The comparison of �Rct(1) of the backfilling method and the insertion approach preparing single-hairpin
modified biosensors before and after hybridization with 2.5 �M S2. Nyquist diagrams of the single-hairpin and dual-hairpin structure modified biosensors in the absence and
p  presence of Hg2+ (b1, Fig. 2C), S2 / S1 / DTT / Au in the absence of Hg2+ (a2, Fig. 2D) and in
t en the single-hairpin and the dual-hairpin structure modified biosensors in the absence
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Fig. 3. Nyquist diagrams for the biosensor immersed in different concentrations of
Hg2+ (a–k): (a) blank (0 nM), (b) 0.1 nM,  (c) 0.5 nM,  (d) 1 nM,  (e) 5 nM,  (f) 10 nM,  (g)
50  nM, (h) 100 nM,  (i) 500 nM,  (j) 1 �M,  and (k) 5 �M.  Inset: the resulting calibration
resence of Hg2+ (1 �M):  S1 / DTT / Au in the absence of Hg2+ (a1, Fig. 2C) and in the
he  presence of Hg2+ (b2, Fig. 2D). Inset (Fig. 2C): The comparison of �Rct (2) betwe
nd  presence of Hg2+.

f the system including the effect of pH, the concentration of DTT
nd S2, and the hybridization time. It is obvious that the �Rct

esponse to Hg2+ was influenced by solution acidity significantly
Fig. S4B). The �Rct was  low below pH 5.0 but increased rapidly
ith the increase of pH; over pH 6.5, the increase is relatively low

nd the �Rct approached the maximum at pH 7.4; after that, the
Rct decreased. The reason for the influence of pH on T–Hg2+–T

nteraction may  be that at a pH below 5.0, protonation of the nitro-
en atoms of the thymine base reduces its affinity with Hg2+, while
t a relatively higher pH, Hg2+ may  be complexed by OH−,  which
n turn, reduces its complex with thymine bases. The experimen-
al results showed that the optimum pH of the system is 7.4. The
oncentrations of DTT and S2 were 200 �M and 2.5 �M,  and the
ybridization time of 3 h were chosen as optimum experimental
onditions (see Supporting information for details).

Under optimum conditions, EIS measurements of Hg2+ at var-
ous concentrations were used to determine dynamic range and
etection limit of the proposed biosensor. Typical Nyquist plots
f the biosensor incubated with different concentrations of Hg2+

re shown in Fig. 3. The �Rct against the logarithm of Hg2+ con-
entration was linear (Fig. 3, inset) over the range from 0.1 nM to

 �M (�Rct = 10.328 + 0.962 × logC (M)) with a detection limit of
8 pM based on a signal three-fold the background noise. Such a low

etection limit is much lower than the US Environmental Protection
gency (EPA) standard (10 nM of Hg2+ for drinkable water).

The methods recently developed for Hg2+ detection are listed
n Table S2. Most designs of these methods involve nanometer
curve of �Rct (1) for the target Hg2+ over the range of 0.1 nM–5 �M.  Error bars
represent the standard deviation of three replicates from one electrode.

materials, which are costly and time-consuming. In addition, the

detection limits of most of these methods are not so low. Compared
to these methods, our sensor has the advantage of easy operation
with a relatively low detection limit. Moreover, our sensor can be
easily regenerated and exhibits good repeatability.
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gate operations, Angew. Chem. Int. Ed. 48 (2009) 7818–7821.
ig. 4. Selectivity of the biosensor for Hg determination. The concentration of all
nterfering metal ions was 1 �M,  and that of Hg2+ was 100 nM.

.5. Selectivity of the biosensor

To investigate the selectivity of our proposed sensing system,
e tested a series of commonly existing metal ions, including Cd2+,

b2+, Co2+, Cu2+, Cr3+, Ni2+, Ca2+, Zn2+, Fe3+, and Mg2+ (each 1 �M)
nder optimum conditions. Fig. 4 depicts the �Rct responses of
he biosensors to various metal ions. As expected, even micromole
oncentrations of typical metal ions exhibit much weaker �Rct

esponses than Hg2+ at nM level. Therefore, our Hg2+ detection
ethod has an excellent selectivity for Hg2+ against other environ-
entally relevant metal ions. The good performance in selectivity

s mainly attributed to the specific coordination between T bases
nd Hg2+.

.6. Practical application

To evaluate whether this biosensor is applicable to natural sam-
les, the recoveries of added Hg2+ in water sample from Jialing River
ere determined. The water samples added with Hg2+ at three

ifferent concentrations of 1, 100, and 5000 nM were tested. The
esults are listed in Table S3, the recovery of Hg2+ in the range of
8.8–104% was achieved, which demonstrated the feasibility of this
ethod in real samples.

.7. Reusability of the biosensor

For a biosensor, the reusability is an important factor for prac-
ical application. Here, L-cysteine was employed to remove Hg2+

rom the T–Hg2+–T complexes [42], resulting in the regeneration of
he single hairpin structure of S1. So the S1 could be hybridized with
2 to reform dual-hairpin structure on the electrode surface again,
herefore, the dual-hairpin biosensor could be reused conveniently.
n general, after reaction with Hg2+, the biosensor was immersed
n the L-cysteine solution (1.0 mM)  for 1 h at room temperature,
ollowed by rinsing with ultrapure water and drying by nitrogen.
he Hg2+ of T–Hg2+–T complexes could be removed and the hairpin
tructure of S1 recovered to the original state. Fig. 5 shows the Rct of
he dual-hairpin biosensor immersed alternately in the solutions of
00 nM Hg2+, 1 mM L-cysteine, and 2.5 �M S2 for five regeneration
ycles. It can be seen that the Rct changed reversibly, which can
e ascribed to the reversible transformation between the single-
airpin structure and the dual-hairpin structure of the biosensor.
oreover, this biosensor almost retained its original performance

fter five regeneration cycles. It is consistent with the literature

hat the L-cysteine does not affect the response and repeatability
f the Hg2+ biosensor [43,44]. As a result, the prepared dual-hairpin
iosensor coubld be reused to detect Hg2+.
Fig. 5. Reversible changes of the Rct of the dual-hairpin biosensor when immersed
in  the solution of 100 nM Hg2+ ions, 1.0 mM L-cysteine, and 2.5 �M S2, alternately.

4. Conclusions

In summary, an efficient and label-free biosensor for Hg2+ detec-
tion by combining the insertion approach with a dual-hairpin
structure was demonstrated. Compared to the conventional label-
ing technology-based sensor, the label-free strategy is much simple
and efficient. Moreover, the prepared biosensor can detect Hg2+ in a
low concentration (28 pM)  with negligible response to other metal
ions and can be easily regenerated by removing Hg2+ from T-Hg2+-
T base pairs by using L-cysteine. In view of these merits, the same
approach can be applied to other objects in aqueous solutions.
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