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a b s t r a c t

A new electrochemical biosensor for the monitoring of ultratrace terbium based on the conformational
change of DNA containing a single guanine (G)-rich stretch was described here. The biosensor was fab-
ricated by immobilizing a thiolated DNA containing a single G-rich stretch on the gold surface as probe
surface. The G-rich DNA probe was found to be capable of changing its configuration from flexible single-
vailable online 3 August 2009
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-quadruplex

stranded structures to rigid tetramolecular G-quadruplex in the presence of terbium III, which provided
a switchable charge transport path for the oxidation of [Fe(CN)6]4−. The switchable surface provided a
sensing platform for the single-step and reagentless detection of Tb3+. Using this reusable electrochemical
sensing platform, a simple, rapid, and selective biosensor for the determination of ultratrace terbium ions
with a detection limit of 6.0 × 10−11 M has been developed. The success in the present biosensor served
as a significant step toward the development of monitoring ultratrace Tb3+ in river water or seawater.
uman telomeric

. Introduction

The control of switchable surface that performs useful func-
ions is of central importance to biosensor (Chen and Mao, 2004),
nd the unique molecular recognition properties of DNA make it
n extremely versatile material for design of novel modified layer
nd has been extensively studied in nucleic acid nanodevices (Li
t al., 2008) Recently, Guanine-rich (G-rich) oligonucleotides were
eported to be capable of forming in vitro four-stranded structures,
ased on the guanine quartet, known as G-quadruplexes, G4 DNA or
etraplex DNA (Guschlbauer et al., 1990). Interest in G-quadruplex
tructural motifs is stimulated since several biological important
uanine-rich genomic regions were discovered including telom-
res, immunoglobulin switch region, some oncogene promoters
nd others (Simonsson, 2001). In general, the formation of guanine
uadruplexes requires the presence of certain metal cations, mainly
lkali ions such as K+ and Na+, etc. These cations are positioned
ithin the helical core of quadruplex between adjacent guanine

uartets, coordinated by eight O-6 oxygen atoms (Galezowska et

l., 2007). Based on the conformational change of DNA sequence
aused by above alkali ions, Wu et al. (2008) developed an on/off
lectronic nanoswitch for the determination of K+, and Zhang et al.
2008) also demonstrated a switchable solid/liquid surface for the

∗ Corresponding author. Tel.: +86 591 28306608; fax: +86 591 28306608.
E-mail address: fengfu@fzu.edu.cn (F. Fu).
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charge transport of [Fe(CN)6]4− using G-rich DNA probes as mod-
ified layer and K+ as stimuli. Their results demonstrated that the
conformational change of G-quardruplex DNA could also be used
as “smart surface”. In contrast to alkali cations, the formation of G-
quadruplexes promoted with trivalent cations such as lanthanide
ions has seldom been reported. Nagesh et al. (1992) first reported
on the interactions between trivalent cation, Tb3+, and telomeric
oligonucleotide containing tetrahymena sequence, d(T2G4)4, and
monitored the quadruplex stability based on the luminescence
properties of Tb3+ and the energy transfer from DNA bases. They
found that the formation of G-quadruplex structure of d(T2G4)4
is highly dependent on the presence of Tb3+. Stimulated by their
study, we herein report a novel electrochemical biosensor for the
monitoring of ultratrace Tb3+ via G-quadruplex probe, which bear-
ing human telomeric repeat sequence d(G3T2AG3T2AG3-T2AG3),
(htel21).

As one of important member of rare earth elements (REEs),
terbium is widely used in cathode-ray tubes, magnets optical com-
puter memories, bioanalytical field and so on (Gupta et al., 2008;
Belousoff et al., 2009). Terbium together with other REEs has also
been wildly used as tracer in geochemical field (Kay and Gast, 1973;
Taylor and McLennan, 1988). Dissolved Tb and other REEs in river

or ocean were expected to reflect the global or local ocean circula-
tion, biogeochemical cycling and redox condition (Kagi et al., 2004;
Wyndham et al., 2004). Therefore, the determination of Tb is of
great significance because of the increasing interest in geochem-
istry and bioinorganic chemistry. So far, the most techniques for

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:fengfu@fzu.edu.cn
dx.doi.org/10.1016/j.bios.2009.07.029
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ingly repels the negatively charged [Fe(CN)6]4− (Simonsson, 2001;
Fig. 1. Diagram of the experimental

he determination of ultratrace terbium are isotope dilution mass
pectrometry (ID-MS) (Goldstein and Jacobsen, 1988; Tanaka et al.,
990) and inductively coupled plasma mass spectrometry (ICP-MS)
Vicente et al., 1998). However, these methods require sophisti-
ated apparatus, have a high assay cost and cannot be used to
onitor Tb in situ. Due to the aforementioned limitations of ID-MS

nd ICP-MS, it is essential to develop a sensor for the monitoring
f ultratrace terbium. The success in the present biosensor pro-
ided the possibility of monitoring ultratrace Tb3+ in river water or
eawater.

. Experimental

.1. Reagents

The G-rich oligonucleotide designed was synthesized by TaKaRa
iotechnology Co., Ltd. (Dalian, China), and its base sequence is:
5′-SH-(CH2)6-TTT TTT TTT TTT TTT TTT TTg ggt tag ggt tag ggt
ag gg-3′. A foreign DNA of -5′-ccc taa ccc taa ccc taa ccc-3′ was
sed to test the selectivity of designed G-rich oligonucleotide. All
ligonucleotides stock solutions (100 �M) were prepared in TE
olution (10 mM Tris–HCl, 1.0 mM EDTA, pH 8.00) and kept frozen.
ore dilute solution was also prepared in the same TE solution.

ris-(hydroxymethyl) aminomethane, ethylenediaminetetraacetic
cid (EDTA), mercaptohexanol (MCH) and potassium ferrocyanide
K4Fe(CN)6) were purchased from Sigma–Aldrich company (USA),
nd tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was pur-
hased from Shanghai Sangon Biological Engineering Technology
ervices Reagents Co., Ltd. (China). Tb3+ solution was prepared
y dissolving Tb(NO3)3 (Wako Pure Chemical Industries Co., Ltd.,
apan) in 2% nitric acid solution. All chemicals were of analyti-
al grade, and sterilized Milli-Q water was used in all experiment.
iver water was collected in Minjiang River (Fujian, China) and was

mmediately filtrated with a 0.45 �m Nuclepore filter before the
nalysis of Tb3+.

.2. Electrochemical measurements

A CHI 660C Electrochemical Workstation (CH Instrument, USA)
as used for the cyclic voltammograms (CVs) and electrochemical

mpedance spectra (EIS) measurements at room temperature. The
lectrochemical system consisted of a working electrode (a gold
isk electrode modified with DNA probe), a platinum wire auxiliary

lectrode and a Ag/AgCl reference electrode. CVs at different stages
f the biosensor preparation were measured in 10 mM Tris–HCl
olutions (pH 7.0) containing 10 mM Fe(CN)6]3−/4− at a scan rate of
00 mV/s in a potential range between −0.2 and +0.8 V, and EIS was
easured in TE solution (10 mM Tris–HCl, 1.0 mM EDTA, pH 8.00)
ple of the electrochemical biosensor.

containing 10 mM [Fe(CN)6]3−/4− in the frequency range between
100 kHz and 1.0 Hz.

2.3. Fabrication of the electrochemical biosensor

A gold disk electrode (2 mm diameter) was first polished to
obtain mirror surface with 0.05 �m alumina powder, followed by
sonication in ethanol and water for 5 min respectively. Then the
electrode was electrochemically treated in 0.5 M H2SO4 by cycling
the potential between −0.4 and +1.5 V until the CVs characteris-
tic of a cleaning surface was observed. After drying the electrode
with nitrogen gas, the gold electrode (GE) was incubated in 1 �M
thiolated G-rich oligonucleotide solution at room temperature for
1 h to construct the electrochemical biosensor. Subsequently, the
G-rich oligonucleotide modified GE was further treated with 1 mM
MCH for 2 h in order to obtain well-aligned DNA monolayers.

2.4. Electrochemical detection of Tb3+

The electrochemical biosensor (GE modified with G-rich DNA
probe) was directly incubated in a sample containing Tb3+ at room
temperature for 3 min. Then, take out the biosensor and put it
into 5.0 mL TE solution (pH 8.00) containing 10 mM [Fe(CN)6]3−/4−,
and the EIS were measured with above method. The baseline-
subtracted Ret (resistance of electron transfer) was used to
calculate the concentration of Tb3+.

3. Results and discussion

3.1. Experimental principle

The experimental principle of the electrochemical biosensor
was illustrated in Fig. 1. As shown in Fig. 1, in the absence of Tb3+,
G-rich DNA probes immobilized on the surface of GE have flexi-
ble single-stranded structures. Therefore, [Fe(CN)6]4− in solution
can easily penetrate through the DNA monolayer, reach the sur-
face of GE, and is then oxidized to form [Fe(CN)6]3−. However, in
the presence of Tb3+, the G-rich DNA probes changed conformation
to form compact quadruplexs. Because ssDNA and G-quadruplex
DNA possess the same amount of charged groups, the formation
of G-quadruplex enhances the surface charge density and accord-
Radi and O’Sullivan, 2006). Hence, the penetration of [Fe(CN)6]4−

through the DNA monolayer is hindered, which in turn leads to
decreased electrochemical response. This reversible process can be
easily monitored electrochemically and can be used as reagentless,
reusable electrochemical sensing platform for Tb3+ detection.
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Fig. 2. CVs of 10 mM Fe(CN)6]3−/4− at different stages of the electrochemical
biosensor preparation. (a) bare GE; (b) G-rich DNA probe modified GE; (c) G-rich
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Fig. 4. Nyquist plots of EIS obtained in TE solution (10 mM Tris–HCl, 1.0 mM
EDTA, pH 8.00) containing 10 mM [Fe(CN)6]3−/4− at G-rich DNA probe modified GE
NA probe/MCH modified GE; (d) G-rich DNA probe/MCH/Tb3+ modified GE. Data
btained in 10 mM Tris–HCl solutions (pH 7.0) containing 10 mM Fe(CN)6]3−/4− at a
can rate of 100 mV/s.

.2. Electrochemical studies at different stages of the
lectrochemical biosensor preparation

The proposed mechanism was tested by cyclic voltammetry of
fairly reversible redox couple [Fe(CN)6]3−/4− at different stages

f the electrochemical biosensor preparation. The CVs of 10 mM
Fe(CN)6]3−/4− on different surface were shown in Fig. 2. From
Vs shown in Fig. 2, it was clearly observed that the reversible
edox peaks of [Fe(CN)6]4− have a highest peak current on the
are GE surface (line a), and self-assembly of the thiolated G-

ich DNA probe monolayer on the surface of GE induces the
ecrease of the reversible peaks significantly (line b). Above results
learly indicated that the electrostatic repulsion between anionic
Fe(CN)6]3−/4− and the negatively charged DNA backbones consid-

ig. 3. Nyquist plots of EIS obtained in TE solution (10 mM Tris–HCl, 1.0 mM EDTA,
H 8.00) containing 10 mM [Fe(CN)6]3−/4− . (a) Bare GE; (b) G-rich DNA probe mod-

fied GE; (c) G-rich DNA probe/MCH modified GE; (d) G-rich DNA probe/MCH/Tb3+

odified GE. The biased potential was 0.20 V (versus Ag/AgCl). The frequency was
rom 100 kHz to 1.0 Hz and the amplitude was 5.0 mV. The inset shows the equiva-
ent circuit applied to fit the impedance spectroscopy. EIS was presented as Nyquist
lot (Z′ , real impedance, versus Z′′ , imaginary impedance) using CH Instruments soft-
are. The semicircle on the Nyquist plot, which diameter corresponds to the real

mpedance on Z′ axis, was used to calculate Ret value.
(b), G-rich DNA probe/MCH/Tb3+(5.46 × 10−7 M) modified GE (e), and G-rich DNA
probe/MCH/Tb3+(5.46 × 10−7 M) modified GE in the presence of 4 M Na+ (a), 3 M
Na+ (c), 0.05 M Dy3+ (d), 0.05 M Gd3+ (f), 0.05 M Na+ (g), 0.31 M Na+ (h), 0.46 M Na+

(i). Other conditions are the same as those in Fig. 3.

erably hindered the electron transfer from redox molecules to the
electrode surface. When exposing the G-rich DNA probe modified
GE to MCH solution, the insulating property further increases (line
c) since the uncovered gold surface was blocked and the net nega-
tive dipole of the alcohol terminus can repel the negatively charged
electroactive molecules (Wu et al., 2008). After treating the G-rich
DNA probe/MCH modified GE with 2.05 × 10−9 mol L−1 Tb3+ solu-
tion, a further decrease on the redox peaks was observed (line d).
The reason was that the compact G-quadruplex structure “switches
off” the charge transport path of [Fe(CN)6]3−/4−. The increase of
overvoltage and the decrease of current in curve d, meant that
[Fe(CN)6]3−/4− need higher energy to penetrate through the G-
quadruplex DNA monolyer and therefore less [Fe(CN)6]3−/4− could

be oxidized on the surface of electrode (Wu et al., 2008).

In a further control experiment, the treatment of foreign DNA
with Tb3+ did not bring significant changes on the redox response
of [Fe(CN)6]3−/4−, indicating that this switchable conformational

Fig. 5. (A) EIS of the electrochemical biosensor designed in this study in dif-
ferent concentrations of Tb3+. Tb3+ concentration is: (a) 0 M; (b) 6.83 × 10−10 M;
(c) 13.6 × 10−10 M; (d) 20.5 × 10−10 M; (e) 27.3 × 10−10 M; (f) 40.9 × 10−10 M; (g)
54.6 × 10−10 M; (h) 68.3 × 10−10 M; (i)70.2 × 10−10 M. Other experimental conditions
are the same as that in Fig. 3. (B) The plot of Ret versus Tb3+ concentration. Error
bars = ±relative standard deviation. Other conditions are the same as those in Fig. 3.
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Table 1
Determination of Tb3+ in artificial river water samples (n = 5).

Tb3+ added (nM) Concentration detected with this method (nM) Recovery (%) RSD (%) Concentration detected by ICP-MS (nM)
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1.0 1.04
2.0 1.97
3.0 2.98

hange is specific for the G-rich sequence. All above results verified
hat Tb3+ promoted the conformational transition of the G-rich DNA
rom flexible single-stranded structures to G-quadruplex. In the
resence of Tb3+, the compact G-quadruplex structure “switches
ff” the charge transport path of [Fe(CN)6]3−/4−; while in the
bsence of Tb3+, this path is “switched on”. The “switched on/off”
haracteristic forms the basis of electrochemical quantification of
b3+.

.3. Electrochemical impedance spectra studies at different stages
f the electrochemical biosensor preparation

The performance of the electrochemical biosensor was further
valuated by EIS. Fig. 3 showed the nyquist plots of impedance spec-
ra at different stages of the electrochemical biosensor preparation.
he bare GE exhibited the smallest semicircle at high frequency
egion (curve a). When the GE was modified with thiolated G-rich
NA probe, the Ret increased to 270 � (curve b). This should be
ttributed to fact that self-assembled DNA monolayer, which has a
ingle strand nucleic acid with negative charges on its phosphate
ackbone, makes an electrostatic repulsive force to [Fe(CN)6]3−/4−.
fter the MCH in which a short-chain alkyl molecule was employed

o occupy the left bare sites on GE was added, the Ret further
ncreased to 429 � (curve c). Then, the G-rich DNA probe/MCH

odified GE was further treated with 2.05 × 10−9 M Tb3+ solution,
he Ret greatly increased to 739 � (curve d). This fact strongly sug-
ested that the compact G-quadruplex structure is generated and
he transfer of redox couple [Fe(CN)6]3−/4− to the surface of GE is
rohibited in the presence of Tb3+. The results of EIS also indicated
hat our biosensor indeed works as we expected. It was also found
hat the change of the Ret in EIS was much more sensitive than the
hange of peak currents in cyclic voltammograms (the detection
imit of Tb3+ based on the change of peak currents was calculated
o be 2.9 × 10−9 M, whereas, that based on the change of Ret was
alculated to be 6.0 × 10−11 M). Therefore, EIS detection model is
tilized in this work to obtain a higher sensitivity.

.4. The interference of other metallic cations

Some metallic cations are known to stabilize G-quadruplex for-
ation, these ions can compete with terbium ion to enter the

uadruplex cavity (Guschlbauer et al., 1990; Simonsson, 2001).
ig. 4 showed the Ret trace of htel21 titrated with Tb3+ ion in the
bsence and the presence of different concentrations of NaCl. Our
esults showed that when the concentration of NaCl is smaller than
.05 M, only a few increase in Ret was observed (see curves e and
). However, when the concentration of NaCl is bigger than 0.05 M,
here is a great increase in Ret with the increase of Na+, reflect-
ng the equilibrium competition between Tb3+ and Na+ ions for the
inding sites on G-quadruplex. Our experimental results indicated
hat 100,000-fold of sodium ion does not affect the detection of
b3+. It was found that an extremely higher NaCl concentration
>3 M) led to a tremendous decrease in Ret (see curves a and c),

e proposed an explanation that too many Na+ ions caused the

ollapse of G-quadruplex structure. We further investigated other
etallic ions, including monovalent cations such as K+, Li+ and diva-

ent cations such as Mg2+. The ability of these cations to compete
ith Tb3+ ion decreased in the order of Mg2+ > K+ > Li+, and our
04 5.2 0.99
98.5 4.4 2.02
99.3 3.9 2.96

results indicated that 120,000-fold of Mg2+ ion does not affect the
detection of Tb3+.

It was well known, all lanthanides showed similar chemical
characteristics, and it is possible that the existence of other lan-
thanide’s ions will affect the detection of Tb3+. In order to further
investigate if other members of rare earth element will disturb the
detection of Tb3+, Dy3+ and Gd3+ were selected as the representa-
tives of other lanthanides and were used to test the selectivity of
our sensor since their chemical characteristic is the most similar
to that of Tb3+. The results (see curves d, f and e in Fig. 4) showed
that 100,000-fold of Dy3+ (0.05 M) and Gd3+ (0.05 M) ions do not
affect the detection of Tb3+, indicating the good selectivity of our
sensor. As we mentioned above, Dy3+ and Gd3+ are the most simi-
lar to Tb3+ in chemical characteristic among all lanthanide’s ions. In
addition, the concentration ratios of other lanthanide’s ions to Tb3+

are much lower than 100,000 in nature. Therefore, the fact that the
influence of 0.05 M Dy3+ and Gd3+ on the detection of Tb3+ has not
been observed indicated that other lanthanide’s ions will not affect
the detection. For above reason, the influence of other lanthanide’s
ions on the detection of Tb3+ has not been further investigated in
this study.

3.5. The sensitivity of the electrochemical biosensor

The quantitative behavior of the electrochemical biosensor
fabricated with htel21 probes was assessed. The EIS of the elec-
trochemical biosensor in the presence of different concentrations
of Tb3+ are shown in Fig. 5. The Ret showed a fine linear relation-
ship with the concentration of Tb3+ in the range from 0.683 × 10−9

to 5.46 × 10−9 M (see Fig. 5B). The regression equation was Ret
(˝) = 799.59 + 21.514 × CTb (10−9 M) and the regression coefficient
(r) was 0.9929. The detection limit for Tb3+ was calculated to
be 6.0 × 10−11 M and RSD (n = 5) was calculated to be 4.5% for
2.05 × 10−9 M Tb3+, indicating that the electrochemical biosensor
developed in this study has a high sensitivity and a good repro-
ducibility.

3.6. Analysis of Tb3+ in artificial river water

Three artificial river water samples were composed by adding
different concentration of Tb3+ in real river water collected in Min-
jiang river (Fujian, China), and the concentrations of Tb3+ in them
were determined with the electrochemical biosensor. The results
are shown in Table 1 together with the data determined with induc-
tively coupled plasma mass spectrometry (ICP-MS, Agilent 750ce,
USA). The results obtained with our biosensor are consistent with
those obtained with ICP-MS and have a RSD < 5.2% (n = 5), indicat-
ing that the new electrochemical biosensor has a good selectivity,
accuracy and reproducibility.

4. Conclusions

We developed here a novel electrochemical biosensor by immo-

bilizing a thiolated DNA containing a single G-rich stretch on the
gold surface as probe surface. Tb3+ can promote the conformational
change of the G-rich probe, this provides an “on-off” path for the
transport of [Fe(CN)6]3−/4−. We characterized the electrochemical
properties of the switchable surface and demonstrated that it can be
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sed as sensing platform for the single-step and reagentless detec-
ion of Tb3+. The electrochemical biosensor developed in this study

ight be repeatedly regenerated under exceptionally gentle condi-
ions due to the highly reversible conformational change, and has
much lower detection limit of 6.0 × 10−11 M for Tb3+. The suc-

ess in the present electrochemical biosensor served as a significant
tep toward the development of monitoring ultratrace Tb3+ in river
ater or seawater.
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