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a b s t r a c t

In this work, we report a ‘‘turn-on’’ fluorescent strategy for the direct detection of Cu2þ in solutions

using molecular beacons (MBs) and graphene oxide (GO). MBs are special single-stranded DNA and

carry fluorescence sources. GO is a new nanomaterial having remarkable physical properties. In the

sensing system, GO was used as an efficient fluorescence quencher upon the adsorption of MBs, which

reduced the background signal and made the detection method highly sensitive. In the presence of

Cu2þ , the MBs were cut into short pieces and released by the GO, leading to fluorescence restoration.

The detection limit of the sensing strategy was �50 nM, which is sufficiently sensitive for practical

applications. The sensing method also exhibited high selectivity in testing samples containing other

metal ions. The application of the method for drinking water is demonstrated.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Copper is an essential trace element for human body. At an
appropriate level, it plays important roles in maintaining normal
biological functions. At lower or higher concentrations, however,
it can cause health issues. Copper deficiency is responsible for
many deceases, such as neutropenia and osteoporosis (Bonham
et al., 2002). On the other hand, an accumulation of copper in
human body can be highly toxic and cause damages to organs,
such as liver and kidney (Hahn et al., 1995; Zietz et al., 2003).
High concentration of Cu2þ in drinking water has also been
proven to be associated with serious neurodegenerative diseases
(Barnham and Bush, 2008; Brown and Kozlowski, 2004).

To monitor or control the intake of copper ions from diet and
other sources, sensitive and selective detections of Cu2þ are highly
demanded. In the past decades, Cu2þ detection has been a hot topic
in scientific research and various techniques have been developed.
Conventional methods, including atomic absorption spectrometry
(Chen and Teo, 2001; Lin and Huang, 2001) and inductively coupled
plasma atomic emission spectroscopy (Abollino et al., 1998;
Vaisanen et al., 2002), have been developed for efficient detection
of Cu2þ . However, these methods usually involve sophisticated
equipment and complex sample preparations, which limit their
applications in routine Cu2þdetections. Fluorescent chemosensors
have also attracted considerable attention because they are rela-
tively simple, low-cost, and sensitive (de Silva et al., 1997; Shao
et al., 2005; Torrado et al., 1998; Zheng et al., 2001). Most of the
ll rights reserved.
previous chemosensors were fabricated to produce a ‘‘turn-off’’
signal arising from the quenching of fluorescence after the binding
between fluorescence source carriers and Cu2þ . Unfortunately, the
‘‘turn-off’’ mechanism could generate false signals due to the
presence of unexpected quenching entities. Recently, the advent of
‘‘Click Chemistry’’ has offered novel and promising routes for the
design and development of Cu2þ sensors. In spite of the advantages
of ‘‘Click Chemistry’’, this technique needs to transform Cu2þ to Cuþ

and therefore is an indirect method (El-Sagheer and Brown, 2010;
Hua et al., 2012; Moses and Moorhouse, 2007; Shen et al., 2012; Xu
et al., 2010; Zhou et al., 2008). Furthermore, several groups have
developed new strategies to monitor Cu2þ levels using metallic
nanoparticles (e.g. Au and Ag particles), whose fluorescence signals
can be turned on/off by Cu2þ (Chen et al., 2009; He et al., 2005; Lan
et al., 2010; Su et al., 2010). Another approach for detecting Cu2þ

employs DNAzymes (Sando et al., 2003; Wang et al., 2011, 2012),
which are catalytic DNA molecules and can promote the cleavage or
ligation of DNA molecules in the presence of specific metal ions.
Most DNAzymes are highly stable and inexpensive. They can
maintain the binding ability and catalytic activity even undergoing
denaturation or renaturation. Different DNAzyme-based biosensors
have been developed for Cu2þ detection by monitoring fluorescence
signals or color changes (Liu and Lu, 2007a, 2007b; Wang et al.,
2010; Wu et al., 2010; Yin et al., 2009). For fluorescent detections,
usually two or more quenchers labeled at the DNA probes are
required to reduce the background signal. For colorimetric assays,
the detection limit, usually at micromolar levels, is relatively high
due to the difficulty of distinguishing the color changes at low target
concentrations although the method is simple and low-cost.

In this work, we propose a ‘‘turn-on’’ fluorescent sensing method
for the direct detection of Cu2þ in solutions. This strategy employs
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molecular beacons (MBs) and graphene oxide (GO). MBs are special
single-stranded DNA (ssDNA) labeled with a fluorophore and a
quencher at the two ends. They form hairpin structures with the
fluorophore and quencher in close proximity in solutions and do not
fluoresce in the absence of detection targets, as discussed later.
However, if they experience structural changes and the fluorophore
is separated from the quencher, fluorescence signals will be gener-
ated. MBs have been widely used for detecting DNA, RNA, proteins,
and other species (Biggins et al., 2000; Huang et al., 2012; Tyagi and
Kramer, 1996; Wang et al., 2009), but have not been used for Cu2þ

detection. GO is an attractive nanomaterial and possesses unique
abilities in DNA adsorption and fluorescence quenching with nanos-
cale long-range energy transfer properties. This makes GO, in working
with MBs, a good candidate for biosensors (He et al., 2010; Lu et al.,
2009, 2010). In the proposed sensing system, MBs are adsorbed on
the GO sheets in the absence of Cu2þ , leading to a very low
background signal. When copper ions are introduced with H2O2, the
MBs are cleaved and detached from the GO surfaces, leading to the
generation of fluorescence. In this approach, MBs are used as the
molecular recognition unit for generating fluorescence signals. The
roles of the GO are twofold. One is to lower the background signal
and enhance the signal-to-background (S/B) ratio through the adsorp-
tion of MBs on its surface. The other is to control the fluorescence
generation through its distinct adsorption abilities to short ssDNA and
hairpin-shaped DNA (MBs) (the former can easily desorb from GO
surfaces). This ‘‘turn-on’’ fluorescent method has the merits of a very
low background signal and hence a high sensitivity. The MBs
employed in this strategy do not require a special or complex design,
which makes this approach very easy to carry out. The application of
the sensing system is demonstrated by detecting the Cu2þ levels in
drinking water.
2. Materials and methods

2.1. Materials

The MBs (DNA probes) were commercially synthesized by
TaKaRa Bio Inc. (Dalian, China). The sequence of the MBs is FAM-
TGCGAGTTGAAGTAGTGACATTCATCACGCTCAATCACTACTTCAACT-
Fig. 1. Principles for Cu2þ detection. (a) Detection mechanism based on MBs only. A

fluorophore and quencher in close proximity and the fluorescence is quenched. With

separation of the fluorophore from the quencher and the restoration of fluorescence a

shown). GO absorbs the MB through non-covalent interactions and further quenches th

into short fragments, which are released from the GO, and the fluorescence signal is g
CGCA-DABCYL (FAM is fluorescein-based dye; DABCYL is a
quencher), where the underlined letters denote complementary
sequences, which bind together and form the MBs into a stem–
loop (hairpin) structure, as shown in Fig. 1a. The GO sheets were
synthesized through the oxidation and exfoliation of natural
graphite by using a modified Hummers method. The thickness of
the GO sheets was �1.0 nm and the lateral size was 1–5 mm. The
detailed information about the GO fabrication can be found in our
previous work (Aboutalebi et al., 2011; Zheng et al., 2011). All
other reagents were of analytical grade and were used without
further purification or modification. All the solutions were pre-
pared with water from a NANOpure Diamond (Barnstead Int.,
Dubuque, IA) source.

2.2. Fluorescence measurement

Fluorescence measurements were performed using a F4500
fluorometer (Hitachi, Japan). The excitation and emission wave-
lengths were set at 496 and 522 nm, according to the fluorescent
property of FAM labeled on the MBs. The slit width for both
excitation and emission was set at 5 nm. To obtain the fluores-
cence emission spectra, the samples were excited by a 496 nm
light and scanned from 510 to 600 nm with a step of 1 nm. All the
solutions were of 600 mL and prepared by mixing 83.3 nM MBs
and 3.33 mg/mL GO in the reaction buffer (50 mM MgCl2 and
5 mM Tris–HCl, pH¼8.0). All the samples were incubated at 24 1C
for at least 10 min before the experiments.
3. Results and discussion

3.1. Detection principle

The related detection mechanisms are illustrated in Fig. 1.
Fig. 1a shows a simple method for fluorescence generation. An MB
takes a hairpin structure in solutions due to the molecular binding
between the complementary sequences, which bring the fluor-
ophore and quencher into close proximity and cause fluorescence
quenching. In the presence of Cu2þ and H2O2, the MB is cleaved
into short ssDNA pieces and the fluorophore is separated from the
n MB, which assumes a stem–loop structure in the absence of Cu2þ , brings the

the help of H2O2, the addition of Cu2þ cuts the MB into pieces and leads to the

nd (b) Schematic of Cu2þ detection using MBs and GO (for clarity, oxides are not

e fluorescence of the MB. When H2O2 and Cu2þ are introduced, the MB is cleaved

enerated.
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quencher, leading to fluorescence generation (Fig. 1a). Although
MBs are designed not to fluoresce in their hairpin structures, they
usually emit weak fluorescence (Huang et al., 2012), which will
increase the background signal and deteriorate the sensitivity of
the sensor. In the detection principle in Fig. 1a, if GO is introduced
into the MB solutions before detection, the MBs could be
adsorbed by the GO sheets through non-covalent pi-stacking
interactions between the ring structures in the MBs nucleobases
and the hexagonal cells of the GO (He et al., 2010). In this case, the
super-quenching capability of the GO can greatly reduce the
fluorescence emission of the MBs, improve the S/B ratio, and
hence increase the detection sensitivity. When Cu2þ appears with
H2O2, the MBs are cut into pieces, which would desorb from the
GO due to the weak binding between short ssDNA and GO
(Fig. 1b). Finally, the fluorescence of the fluorophore is recovered.
To confirm the principle in Fig. 1b, the fluorescence responses of
the two sensing methods in Fig. 1 were measured before and after
23.3 mM Cu2þ was added into the corresponding solutions, as
shown in Fig. 2. After the addition of Cu2þ , the fluorescence
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Fig. 2. Fluorescence responses of the systems in Fig. 1. The concentrations of MBs

and GO were 83.3 nM and 3.33 mg/mL in the reaction buffer (50 mM MgCl2 and

5 mM Tris–HCl, pH¼8.0). All the samples reacted at 24 1C for 1.5 h after the

addition of 23.3 mM Cu2þ and 2.1 mM H2O2.
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Fig. 3. Fluorescence quenching and restoration of an MB solution in the presence

of GO and Cu2þ . The solution containing 83.3 nM MBs in the reaction buffer

(50 mM MgCl2 and 5 mM Tris–HCl, pH¼8.0) was prepared first. Then GO with a

final concentration of 3.33 mg/mL was introduced, which was followed by the

addition of 23.33 mM Cu2þ and 2.1 mM H2O2.
intensity of the sample containing 83.3 nM MBs only increased
and the S/B ratio was 2.91 at the emission wavelength of 522 nm.
For the sample containing 83.3 nM MBs and 3.33 mg/mL GO, as
expected, the background signal was greatly reduced due to the
adsorption of MBs on the GO surfaces. The S/B ratio was measured
as 17.35 (at 522 nm), which was significantly enhanced compared
with the method shown in Fig. 1a. The high S/B ratio arising from
GO is expected to make the sensing method highly sensitive.
3.2. Detection feasibility

The kinetic study of the MB–GO platform was carried out by
recording the fluorescence response of an MB solution after the
addition of GO and Cu2þ . As shown in Fig. 3, the fluorescence
intensity of the sample containing 83.3 nM MBs was about
154.3 a.u. After 3.33 mg/mL GO was introduced into the sample,
the fluorescence signal was significantly lowered after a few
seconds, showing the ultrafast quenching speed and excellent
quenching capability of GO. At a later time, when 23.33 mM Cu2þ

was added, the response signal went up, indicating the cleavage
and desorption of the MBs, and became stable after about 80 min
(Fig. 3), which was faster than the methods using ‘‘Click Chem-
istry’’ (El-Sagheer and Brown, 2010; Hua et al., 2012; Moses and
Moorhouse, 2007; Shen et al., 2012; Xu et al., 2010; Zhou et al.,
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Fig. 4. Effects of GO concentration on the fluorescence response of the sensing system.

(a) Quenching efficiency, (F0�F)/F0, as a function of GO concentration (F and F0 are the

fluorescence intensities of the MB (83.3 nM) solution at the emission wavelength of

522 nm with and without GO, respectively) and (b) Fluorescence intensity and S/B ratio

of the sensing system (MB: 83.3 nM) before and after the addition of Cu2þ (23.33 mM).

and H2O2 (2.1 mM) The samples were allowed to react for 1.5 h.
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2008). To achieve the best performance of the sensing system, the
effect of GO concentration was investigated by considering the
quenching efficiency and the S/B ratio. The concentration of MBs
was fixed at 83.3 nM and that of GO was varied from 0 to 7.5 mg/mL.
The quenching efficiency is defined as (F0�F)/F0, where F and F0 are
the fluorescence intensities of the MB solution with and without GO.
Fig. 4a shows (F0�F)/F0 as a function of GO concentration at the
emission wavelength of 522 nm. It is seen that the quenching
efficiency increased and then leveled off when the GO concentration
was higher than 2.5 mg/mL. With the presence of 23.33 mM Cu2þ ,
the fluorescence response and the S/B ratio were also obtained as a
function of GO concentration (Fig. 4b). Fig.4b shows that the best S/B
ratio took place at the GO concentration of 3.33 mg/mL, at which the
quenching efficiency also reached the optimal value. Therefore, the
GO concentration of 3.33 mg/mL was chosen for most of the
experiments in this work.
3.3. Detection sensitivity and selectivity

The sensitivity of the detection method was investigated by
changing the concentration of Cu2þ . Fig. 5a shows the emission
spectra of the sensing system after incubation with Cu2þ for
1.5 h. It is seen that the fluorescence intensity increased with
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Fig. 5. Fluorescence response of the sensing system (MB: 83.3 nM, GO: 3.33 mg/mL)

at different Cu2þ concentrations. (a) Fluorescence emission spectra. (b) Relationship

between the fluorescence intensity and the Cu2þ concentration. All the samples

reacted at 24 1C for 1.5 h after the addition of different concentrations of Cu2þ and

2.1 mM H2O2.
increasing Cu2þ concentration, indicating the growth of the
number of MBs cut by Cu2þ . The emission spectra could be
clearly identified even for nanomolar Cu2þ concentrations, espe-
cially in the vicinity of �520 nm. The dependence of the fluores-
cence intensity on logarithmic Cu2þ concentration, Log C, is
plotted in Fig.5b. The signal response was proportional to Log C

at low target concentrations (from 53.3 nM to 1.333 mM) and the
detection limit was experimentally determined as 53.3 nM, which
is lower than those obtained in the colorimetric assays using gold
nanoparticles and ‘‘Click Chemistry’’ (Xu et al., 2010; Zhou et al.,
2008) and sufficiently sensitive for various practical applications
(the level of Cu2þ in drinking water set by WHO is 30 mM). It is
noted that when the hairpin probes were labeled with dye (FAM)
only (without quencher), the quenching efficiency would follow
the same fashion as that in Fig. 4 as GO concentration was
increased. However, the detection limit was experimentally
determined as 1.0 mM, which is much higher than the current
sensing method, as shown in Fig. S1 (Supporting information).

The selectivity of the MB–GO platform was also studied by
monitoring the fluorescence response when the sensing system
was challenged with other metal ions, including Sn2þ , Ni2þ ,
Mn2þ , Mg2þ , Ca2þ , Ba2þ , Zn2þ , Hg2þ and Fe3þ . As shown in
Fig. 6, 10 mM Cu2þ produced a significant fluorescence signal,
while the fluorescence responses for 50 mM other metal ions were
significantly lower (black bars). Fig. 6 (red bars) also indicates
that the coexistence of Cu2þ and other competing metal ions did
not affect the detection quality of the sensing system. This is
necessary for practical applications since different metal ions may
be present simultaneously in real samples. The high selectivity of
the sensing system is due to the efficient breakage of DNA strands
induced by hydroxyl radicals, which is produced by the Cu2þ-
dependent reaction (Cu2þ

þH2O2).
Finally, to demonstrate that the sensing method is applicable

for real samples, recovery experiments for drinking water with
different Cu2þ concentrations were performed. The drinking
water samples were acquired from the tap in the laboratory and
the Cu2þ concentration was measured as 203.6 nM using our
sensing system. Fortification solutions of different Cu2þ concen-
trations were then added to the water samples and the Cu2þ

levels were obtained again using the sensing system. The results
0

50

100

150

200

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 / 
a.

u.

 Other ion only   Other ion + Cu2+

Blank Sn2+ Ni2+ Mn2+ Mg2+ Ca2+ Ba2+ Zn2+ Hg2+ Fe3+ Cu2+

Fig. 6. Selectivity of the sensing system for Cu2þ against other metal ions. The

concentrations were 10 mM for Cu2þ and 50 mM for other metal ions. Black bars

represent the fluorescence responses of the sensing system challenged with a
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Table 1
Recovery experiments of Cu2þ in drinking water samples.

Sample C1 (nM) C2 (nM) C3 (nM) Recovery (%)

1 203.6 106.7 307.0710.4 99.6

2 203.6 266.7 478.6727.7 103.1

3 203.6 533.3 740.3724.3 100.6

4 203.6 2666.7 2746.57312.5 95.4

C1: concentration measured in unfortified samples; C2: concentration of fortifica-

tions; C3: concentration measured in fortified samples.

Rate of recovery¼(C3�C1)/C2�100%
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summarized in Table 1 show that the sensing method could
accurately measure the Cu2þ concentrations.
4. Conclusions

In summary, an MB and GO-based fluorescent sensing
approach has been developed for direct detection of Cu2þ in
solutions. In the sensing system, MBs were used as the molecular
recognition unit, which produced signals after being cleaved and
detached from the GO surfaces in the presence of Cu2þ . GO, a
remarkable fluorescence quencher, was employed to reduce the
background signal and enhance the sensitivity of the detection. It
also acted as a signal controller through the release of short
ssDNA fragments (cleaved MBs) from its surface, achieving
fluorescence generation. The detection limit of the sensing
method was obtained as 53.3 nM. Experiments have also shown
that the detection strategy is highly selective and applicable for
the detection of Cu2þ in real samples.
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