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In this paper, a novel label-free fluorescent biosensor for terbium (1) (Tb>*) was proposed based on
structural conversion of G-quadruplex DNA mediated by Thioflavin T (ThT) and Tb3*. In the presence of
K™, ThT could bind to K*-stabilized parallel G-quadruplex, giving rise to high fluorescence intensity.
Upon the addition of Tb>*, Tb®** could competitively bind to parallel G-quadruplex leading to the
structural change, which resulted in fluorescence decrease. The change of fluorescence intensity
(AF=Fo-F) showed a good linear response toward the concentration of Tb®>* over the range from 1.0 pM
to 10.0 uM with a limit of detection of 0.55 pM. This proposed biosensor was simple and cost-effective in
design and in operation with ultrahigh sensitivity and selectivity. Thus, the proposed biosensor could be
a promising candidate for monitoring ultratrace Tb®>* in environment.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recent years, the detection of the rare earth elements (REEs),
such as Terbium, has attracted a significant interest because of its
important roles in geochemistry (Kay and Gast, 1973; Taylor and
McLennan, 1988), bioinorganic chemistry and industrial applica-
tion (Hosseini et al., 2010). Above all, terbium could be accumu-
lated in human body from the food chain, causing serious and
permanent damage to the bone marrow cells (Chen and Zhu,
2008), DNA (Zhu et al., 1997) and liver (Chen and Zhu, 2009), even
at low concentrations. Thus, the detection of terbium is critical for
the environment and human health. However, the chemical si-
milarity of lanthanides makes their determination unusually dif-
ficult and complicated (Bekiari et al., 2003; Xia et al., 2000).
Therefore, searching for useful methods for terbium assay has
been a subject of current analytical study.

So far, most techniques for the determination of terbium are
inductively coupled plasma mass spectrometry (ICP-MS) (Vicente

* Correspondence to: College of Chemistry, Fuzhou University, Fuzhou, Fujian
350116, China. Fax: +86 591 87800172.
E-mail addresses: zlan@fzu.edu.cn (L. Zhang), lijr6491@yahoo.com.cn (J. Li).

http://dx.doi.org/10.1016/j.bios.2015.04.039
0956-5663/© 2015 Elsevier B.V. All rights reserved.

et al., 1998), or isotope dilution mass spectrometry (ID-MS)
(Goldstein and Jacobsen, 1988). However, in most cases, these
methods often require sophisticated apparatus and long-time
analysis, which have limited their practical applications. In recent
years, some other detection methods have also been reported for
the detection of terbium, such as electrochemical sensor method
(Zhang et al., 2009). The method is economical, simple and easy to
operate. Nevertheless, it is well known that the stability of elec-
trochemical method is not good and needs to be improved. Thus,
the development of a convenient and rapid method for the de-
termination of terbium is of urgent need (Singh et al., 2009). In all
kinds of detection techniques, fluorescent sensors, especially, la-
bel-free fluorescent strategies are one of the best choices, because
they are qualified with high sensitivity, fast response, and easy on-
line detection (Li et al., 2001). For instance, many organic small-
molecule fluorescent probes have been developed for the Tbh3*
detection (Hosseini et al., 2010; Yang et al., 2004; Amr and Essawy,
2014). These label-free fluorescent methods have good sensitivity
and selectivity for Tb>*, but most of them require expensive
modification or complicated and time-consuming procedures for
synthesis of fluorescent probes. To the best of our knowledge, this
type of fluorescence strategy for assaying Th>* is under-reported
and remains a great challenge.
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G-quadruplexes are four-stranded nucleic acid structures
formed by stacking of Hoogsteen base paired G-quartets, which
are common in various guanine-rich sequences (Sinden, 1994;
Davis, 2004; Neidle and Parkinson, 2002; Burger et al., 2005;
Burge et al., 2006). Interestingly, with many small molecules or
some metals include Th®>* as a co-factor, the G-quadruplexes ex-
hibit superior optical activity, and the formed quadruplex-binding
compound could greatly enhance the fluorescence of small mo-
lecules. Given such unique property, some studies have been car-
ried out to verify the possibility of integrating G-quadruplexes
with the label free fluorescence technique for exquisite sensing of
metals (Guo et al., 2012; Siters et al., 2014; Li et al., 2010a, 2010b).
For instance, Guo et al. (2012) utilized N-methyl mesoporphyrin IX
(NMM) to serve as a fluorescence reporter and a widely used
G-quadruplex as the recognition element to develop a fluorescent
biosensor for Pb?* determination. However, NMM may also in-
teract with other DNA forms like the single-stranded or duplex
DNAs, which make the method nonspecific, especially in complex
samples. In addition, the formation of polymorphic conformation
of G-quadruplex induced by K* ions (Lim et al.,, 2009) in such
biosensor may cause unstable luminescence.

Surprisingly, Mohanty et al. (2013) firstly reported that water
soluble ThT was a quadruplex specific fluorogenic dye among
other DNA forms including triplexes, duplexes or single-stranded
structure. The G-quadruplex induced directly by ThT could gen-
erate more stable luminescence, making ThT superior to that of
erstwhile quadruplex-binder dye, which could make sure the
sensitivity of the sensor. Also, the unique structural selectivity of
ThT for G-quadruplexes may improve the specificity of sensing.
Therefore, some stable, label-free fluorescent sensors for the de-
tection of micromolecule or DNA based on ThT directly induced
conformation-specific G-quadruplex have been reported (Zhao
et al., 2014). However, this type of fluorescence strategy for as-
saying Tb®>* has never been reported.

Stimulated by above study, herein a label-free fluorescent bio-
sensor based on structural conversion of G-quadruplex DNA
mediated by ThT and Tb®>* was developed for determination of
ultratrace Th®*. Using this biosensor, it was possible to detect
Tb>* through a linear dynamic range of 1.0 pM to 10.0 uM with a
detection limit down to 0.55pM. In comparison with above
methods, the method we proposed has obvious advantages such
as simple procedures, short detection time, label-free, wide linear
range and so on. In order to evaluate the applicability, the river
water samples spiked with different concentrations of Tb*>* were
detected with our biosensor and ICP-MS, respectively. The results
obtained with our method were consistent with those obtained
with ICP-MS. Therefore, our reported biosensor provided the
possibility of monitoring ultratrace Th®>* in environment. At the
same time, this method may be also used to predict conforma-
tional change of G-quadruplex, which might promote the devel-
opment of quadruplex-specific anticancer drugs because of their
potential biological functions in vivo (Zhao et al., 2014).

2. Experimental
2.1. Reagents and apparatus

The G-rich oligonucleotide (TAG4: CTCTTTAAGGGTTAGGGT-
TAGGGTT AGGGTAAAAA) was synthesized by the Shanghai Sangon
Biotechnology Co., which were all purified by HPLC and confirmed
by mass spectrometry. The concentrations were quantified by
0D260 based on their individual absorption coefficients. A stock
standard solution of Th®>* ions (0.01 M) was prepared by dissol-
ving TbCl; - 6H,0 (Aladdin) in water. The 1.0 x 107> M stock solu-
tions of Gd>* and Dy>* were prepared by dissolving Gd,05 and

Dy,03 (Wako Pure Chemical Industries Co., Ltd., Japan) in 2% nitric
acid solution. And all the working standard solutions were diluted
to desired concentrations with water. ThT (3,6-dimethyl-2-(4-di-
methylaminophenyl) benzo-thiazolium cation) was purchased
from Sigma-Aldrich. Other chemicals were purchased from Sigma-
Aldrich and used without further purification. All water used to
prepare buffer solutions was obtained by using a Milli-Q water
system. All measurements were performed in reaction buffer
(50 mM Tris-HCl, pH 5.5) unless stated otherwise.

Fluorescence spectra were measured with a Cary Eclipse
fluorescence spectrometer (Agilent Technologies). UV-vis absor-
bance spectra were recorded with a UV-2450 spetropho-tometer
(SHIMADZU, Japan) using a quartz cell with 1.0 cm optical path-
way. A Bio-Logic M0S-450 spectropolarimeter (France) was uti-
lized to collect the circular dichroism (CD) spectra of G-quadruplex
stabilized by different coordination cations. Inductively coupled
plasmamass spectra were measured with Agilent 750ce mass
spectrometer (USA).

2.2. Fluorescence measurement for Th>*

The 400 pL Tris-HCl working buffer (50 mM, pH 5.5) containing
1.0 uM TAG4 DNA, 0.3 uM ThT and 50 mM KCI was mixed by vor-
tex. Then the mixtures were incubated at room temperature in
dark. After a short time, different concentrations of Tb®>*+ solution
were added into the mixtures and mixed by vortex. Similarly, the
resulting solutions were kept at room temperature for a few
minutes and transferred to a spectro fluorometer cuvette. The
fluorescence spectra of the above resulted solutions were recorded
in the wavelength range from 435 nm to 600 nm with the ex-
citation of 425 nm at room temperature.

2.3. CD measurements

The CD spectra of DNA were collected with a Bio-Logic spec-
tropolarimeter in 50 mM Tris-HCl buffer (pH 5.5). The optical
chamber was deoxygenated with dry purified nitrogen (99.99%)
prior to use and kept under a nitrogen atmosphere during the
experiments. The spectra were measured in the wavelength range
220-360 nm using a quartz cuvette with 1.0 cm path length, and
the response time used was 1 s. Each spectrum was an average of
three measurements at 25 °C. The background of the buffer solu-
tion was subtracted from the CD data.

3. Results and discussion
3.1. Principle of sensing Th>*+

The experimental principle of the fluorescent biosensor was
illustrated in Fig. 1. As shown in Fig. 1, the Tb®>* detection system
contains ThT and TAG4 DNA. As mentioned above, ThT is char-
acterized by an obvious structural selectivity for G-quadruplexes
but not for other DNA forms. Then in the presence of ThT and K™,
DNA folds into parallel G-quadruplex along with a dramatic en-
hancement of fluorescence intensity owing to the strong interac-
tion among the quadruplex. However, in addition of Tb®>*, Tb®*
could competitively bind to ThT/K™-stabilized G-quadruplex,
which lead to the conformational change, showing that Tb>™*
could transform the pre-folded parallel G-quadruplex into the
antiparallel G-quadruplex, and then release ThT from the folded
structure. Meanwhile, it leads to the obvious decrease in the
fluorescence intensity of ThT. Using this sensing platform, an ultra-
highly sensitive and selective, simple, rapid sensor for Th®>* de-
tection has been developed.
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Fig. 1. Experimental principle of label-free fluorescent biosensor for ultratrace terbium.

3.2. Identification of quadruplex formation by CD

CD spectra are a very useful tool to characterize G-quadruplex.
Signature CD spectroscopy have been reported for many DNA
structures including double-stranded DNA and quadruplex forms
(Kuang et al., 2010). So as to confirm whether the conformation of
G-quadruplex was changed in the presence of Tb>*, we measured
the CD spectrum of DNA in the presence and absence of Tb*,
respectively. As shown in Fig. 2, DNA had a characteristic CD peak
at 260 nm and a trough at around 242 nm (see curve a), suggesting
the base stacking and helicity structure of DNA (Balagurumoorthy
and Brahmachari, 1994). Upon the addition of ThT and K* (curve
b), a distinctive shoulder located near 270 nm on the strong po-
sitive band at 285 nm, which was the characteristic of CD spec-
trum of parallel G-quadruplex (Rezler et al., 2005). It maybe also
suggest that the structure formed in K*/ThT is a G-quadruplex
that contains mixed parallel/antiparallel components (Rezler et al.,
2005). Upon Th3* addition (curves c, d, e), the intensity of positive
peak at 285 nm and negative peak at 250 nm were decreased.
Th>* could competitively bind to ThT/K*-stabilized G-quadruplex,
which led to the conformational change. Furthermore, when the
concentration of Th®>* increased to a certain extent (curve f), a
positive peak at around 295 nm, which was the characteristic of
CD spectrum of antiparallel G-quadruplex (Balagurumoorthy and
Brahmachari, 1994), appeared, and the band at 250 nm obviously
decreased in the meantime. All above facts could indicate that
Tb?* induced TAG4 DNA underwent a parallel G-quadruplex to
antiparallel G-quadruplex conformation transition. All above CD
results confirm that our biosensor indeed work as we expect.
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Fig. 2. CD spectra of 50 mM Tris-HCl (pH 5.5) containing 10.0 uM DNA (a), 10.0 yM
DNA+3.0uM ThT+50 mMK* (b), 10.0pM DNA+3.0pM ThT+50 mM K™
+different concentrations of Tb®*: (c) 1.0pM, (d) 1.0uM, (e) 01 mM, and
(f) 1.0 mM respectively.

3.3. Identification of quadruplex formation by UV-vis and fluor-
escent spectrum

To further validate our method, we used the UV-vis spectrum
to investigate absorbance changes of our detection system. As
Fig. 3A shows, the ThT dye displayed its characteristic absorption
profile with a maximum at 410 nm (curve a). The addition of DNA
and K™ led to the obvious hypochromism and bathochromic shift
(the absorption peak at 410 nm shifted to 445 nm) under the same
conditions (curve b). The results showed that the interaction
among DNA, ThT and K* was strong, indicating corresponding
changes of DNA conformation and structure. As discussed above,
in the presence of ThT and K*, TAG4 DNA folds into a parallel
G-quadruplex structure. Because the binding sites of ThT in the
quadruplexes are more specific, an obvious red shift in the UV-vis
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Fig. 3. (A) UV-vis spectra of 50 mM Tris-HCl (pH 5.5) containing 3.0 pM ThT (a),
3.0pM ThT+100pM DNA+50mMK* (b), 3.0pM ThT+10.0pM DNA+
50 mM K+ + different concentrations of Tb>*: (c) 1.0 pM, (d) 1.0 uM, (e) 0.1 mM,
and (f) 1.0 mM respectively. (B) Fluorescence spectra of 50 mM Tris-HCl (pH 5.5)
containing 0.3 pM ThT (a), 0.3 pM ThT+1.0pM DNA+50 mMK™* (b), 0.3 pM
ThT+1.0 yM DNA+50 mM K+ + different concentrations of Th>*: (c) 1.0 pM,
(d) 1.0 uM, (e) 0.1 mM, and (f) 1.0 mM respectively.
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spectrum was observed here (Neidle and Parkinson, 2002). How-
ever, the addition of Th®>* led to hypochromism. And with the
increase of Th>* concentration, hypochromic effect was more and
more serious (curves ¢, d, e, and f). Tb®>* could competitively bind
to ThT/K* -stabilized quadruplex, which led to the conformational
change. All above UV-vis results also confirm that our biosensor
indeed works as we expect.

The fluorescence spectrum is also performed to serve as a proof
of concept to test the approach of our design. As Fig. 3B shows, the
ThT displayed a very weak fluorescent intensity (curve a). Then in
the presence of DNA and K", DNA folded into a parallel G-quad-
ruplex along with a dramatic enhancement of fluorescence in-
tensity (curve b). In addition of Tb>*, Tb>* could competitively
bind to THT/K™ -stabilized G-quadruplex, which led to the con-
formational change, showing that Tb®>* induced DNA underwent a
parallel G-quadruplex to antiparallel G-quadruplex conformation
transition, leading to the decrease in the emission intensity of ThT
(curves ¢, d, e, and f). All above fluorescence measurements con-
firm the feasibility of our approach.

3.4. Optimization of experimental conditions

Experimental variables affecting the whole sensing process
were optimized. The temperature of the detection system will
directly affect conformational change of G-quadruplex. So, first,
the temperature of the detection system was investigated. Figure
S1A shows the relationship between the temperature of the sys-
tem and the change of fluorescence response (AF=Fy—F). From
Figure S1A, it is clearly observed that the change of fluorescence
intensity firstly increased and reached a maximum at 25 °C, and
then decreased with the increase of the temperature. So the ex-
periments were conducted at room temperature.

Second, pH of the buffer was also examined in detail. Figure
S1B shows the relationship between the pH of buffer and the
change of fluorescence response (AF=Fy-F). From Figure S1B, the
change of fluorescence response (AF) increased from pH 4.0 and
reached a maximum at pH 5.5, followed by a decrease to pH 8.0.
Accordingly, a buffer solution of pH 5.5 was selected.

Third, the change of fluorescence intensity was studied as a
function of incubation time to investigate the formation of ThT-G-
quadruplex complexes in the presence of Tb>*. From Fig. S1C, the
change of fluorescence intensity was increased until the incuba-
tion time reached 10 min in the presence of Th®*. Thus, an in-
cubation time of 10 min was employed in the next experiments.

3.5. The sensitivity of the biosensor

The fluorescence signals toward different concentration of
Tb?* were measured under the optimal conditions. The fluores-
cence intensity decreased with increasing the concentration of
Th>* (Fig. 4). Meanwhile, the change of fluorescence intensity was
linear to the concentration of Tb®>* in the range from 1.0 pM to
10.0 pM (Fig. 4, inset) with a detection limit (taken to be three
times the standard deviation of 10 blank measurements) of
0.55 pM. The above results demonstrated that the fluorescence
biosensor developed in this study had a high sensitivity and a good
reproducibility.

As a contrast, we studied another fluorescent biosensor for
trace terbium based on Th®>* promoted conformational change of
TAG4 DNA G-quadruplex. Zhang et al. (2009) developed an elec-
trochemical biosensor for the monitoring of ultratrace Tb>* based
on Tb?* induced conformational change of G-rich DNA to form
compact quadruplex. The TAG4 DNA itself has no fluorescence.
However, in the presence of Th>*, the DNA changed conformation
to form quadruplex and exhibited a dramatic fluorescence en-
hancement (Zhang et al., 2009). The fluorescence intensity
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Fig. 4. Fluorescence spectra of 50 mM Tris-HCl (pH 5.5) containing 0.3 pM ThT,
1.0 pM DNA and 50 mM K* in the presence of 0 pM (a), 1.0 pM (b), 0.1 nM (c),
10.0 nM (d), 1.0 uM (e), and 10.0 uM (f) Tb>*. Fy and F are the fluorescence intensity
in the absence and presence of Tb®>*, respectively. The background fluorescence of
free ThT was subtracted from the sample solution.

increased with increasing the concentration of Tb®* (Fig. S2).
Meanwhile, the change of fluorescence intensity was linear to the
concentration of Tb®>* in the range from 0.1 uM to 1.5 uM (Fig. S2,
inset). The detection limit for Tb®>* was calculated to be 91 nM.
This method is simple, but its selectivity remains to be improved,
because other rare earth elements could also combine with DNA,
which has a strong interference on the detection of terbium.

Compared with the above method, our proposed sensor has
higher sensitivity and selectivity due to the high quantum yield
and the photostability of ThT. At the same time, the sensor, con-
taining no fluorescent labeling and purification process, is in-
expensive and fast. Furthermore, Table S1 lists and compares with
the previous Th>* sensors (Singh et al., 2009; Zhang et al., 2009;
Hosseini et al., 2010; Ganjali et al., 2009; Yang et al., 2004; Zhang
et al., 2011). As it is obvious, this aptasensor also exhibits higher
sensitivity.

3.6. The selectivity of the method

As we all know, all lanthanides show similar chemical char-
acteristics. In order to confirm if other members of rare earth
element will interfere the detection of Tb>*, Dy>** and Gd>* were
selected as the representatives of other REEs since their chemical
property is the most similar to that of Th®>*. The selectivity of our
biosensor was evaluated by testing the change of fluorescence
response (AF=Fy-F) in the presence of individual lanthanide's
ions. As shown in Fig. 5, although the concentration of Dy>* and
Gd3™ ions was larger than that of Tb®>*, only Tb>* caused a con-
siderable large fluorescence response, indicating the good se-
lectivity of our sensor. Besides, the concentration ratios of other
lanthanide's ions to Tb>* were much lower in nature. Therefore,
Dy>* and Gd®* have no impact on the detection of Tb>*, and
other lanthanide's ions also have no effect.

We further challenged this biosensor with 0.5 nM Tb>* in the
coexistence of Rare Earth Multi-Element standard (REMEs). As
shown in Fig. 5, the response of this biosensor to Tb®>* was almost
unaffected by the coexistence of REMEs.

In addition, we further investigated other metallic ions such as
A", Fe3* Mg?*and Ca%?", whose contents are higher in the
Tingjiang river (Tingjiang river basin in Fujian Province is famous
for its rich rare earth resources. Consequently, many rare earth
industrial parks have been built along the Tingjiang river. Thus,
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Fig. 5. Interference study. The fluorescence response (AF=Fy-F) in the presence of
individual lanthanide's ions (a) 0.5 nM Tb**, (b) 0.5 nM REMEs, (c) 1.0 nM Dy*",
and (d) 1.0 nM Gd>*. Fy and F are the fluorescence intensity in the absence and
presence of Tb>*, respectively.

Table 1
Determination of Tb®* in artificial river water samples (n=5).

Th®* ad- Concentration de-
ded (uM) tected with this

Recovery (%) RSD (%) Concentration de-
tected by ICP-MS

method (uM) (uM)
0.5 0.46 92 0.58 0.52
1.0 1.10 110 0.48 0.96
2.0 235 117 0.32 1.93

rare earth elements could easily enter the Tingjiang river with
industrial sewage discharge. Monitoring ultratrace rare earth ele-
ments in Tingjiang river is very important for the health of the
people along the river.). It was found that 10,000-fold of each
above metal ions (in comparison with Tb>*) did not affect the
current response of Tb®>* (signal change below 5%). It should be
pointed out that 100-fold of Hg?* (in comparison with Tb®>*) did
not affect the current response of Th>* (signal change below 5%),
as shown in Fig. S3. However, higher concentrations of Hg?* will
bring in a fluorescence quenching, which would interfere the de-
tection of Tb®>*. This is mainly because TAG4 DNA contains a few T
residues and it maybe form T-Hg?* -T base pairs. To address the
issue, we are trying to change the DNA sequence to avoid inter-
ference of Hg?*, such as, replace T residues to A residues. More-
over, this interference could be overcome by introduction of a
chelator that is specific for Hg?*, for example, NaCN (Liu et al.,
2009), KSCN (Li et al., 2010a, 2010b) and cysteine (Lin et al., 2011).
More experiments are being carried out in our laboratory, in order
to find a more reasonable method to avoid interference of Hg?*.

3.7. Analysis of Tb®>* in artificial river water

Three artificial river water samples were obtained by adding
different concentrations of Tb>* in real river water collected in
Tingjiang river (Fujian, China). The river water samples were
centrifuged 30 min at 15,000 r/min and filtered by a 0.2 um filter.
Then, the concentrations of Tb>* in them were determined with
our method and ICP-MS. The analytical results were shown in
Table 1 together with the RSD. Table 1 clearly reveals that the
results obtained with our fluorescent biosensor are consistent
with those obtained with ICP-MS, and have a RSD < 0.58% (n=5),
indicating that our fluorescent biosensor has good selectivity, ac-
curacy and reproducibility.

4. Conclusions

A label-free, simple, ultra-highly sensitive and selective fluor-
escent biosensor based on conformational change of G-quad-
ruplexes for ultratrace terbium was developed here. The sensor
can detect as low as 0.55 pM terbium and exhibits high dis-
crimination ability. And the assay could be accomplished by using
a common fluorophotometer. No sophisticated experimental
technique or any chemical modification of DNA is required, which
offers the advantages of label-free, fast, simplicity in design and in
operation, and that of cost-efficiency from an application stand-
point. Thus, our proposed biosensor could be a promising candi-
date for monitoring ultratrace Tb®>* in environment. At the same
time, the sensor could be used to predict conformational change of
G-quadruplex, which might promote the development of quad-
ruplex-specific anticancer drugs.
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