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Graphene oxide (GO) sheets are mixed with the aptamer-functionalized CdSe/ZnS quantum dots (QDs).
Consequently, the aptamer-conjugated QDs bind to the GO sheets to form a GO/aptamer-QD ensemble,
which enables the energy transfer from the QDs to the GO sheets, quenching the fluorescence of QDs.
The GO/aptamer-QD ensemble assay acts as a “turn-on” fluorescent sensor for Pb?* detection. When
Pb?* ions are present in the assay, the interaction of Pb2* with the aptamer induces a conformational
change in the aptamer, leading to the formation of a G-quadruplex/Pb?* complex. As a result, the QDs
that are linked to the G-quadruplex/Pb?* complex are detached from the GO sheet, which “turns on”
the fluorescence of the QDs. This sensor exhibits a limit of detection of 90 pM and excellent selectivity
toward Pb?* over a wide range of metal ions. The experiments have provided direct evidence that the
fluorescence of QDs is quenched by GO via the nano-metal surface energy transfer (NSET) mechanism
rather than the conventional Forster resonance energy transfer (FRET) process.
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1. Introduction

In traditional sensors based on fluorescence resonance energy
transfer (FRET), organic dye molecules are usually used as both
the energy donor and the acceptor (Crivat et al.,, 2010; Li et al,,
2011e; Liu and Lu, 2002). However, organic dyes are vulnerable to
photobleaching. Inorganic quantum dots (QDs) therefore have
received intensive attention as an optional energy donor (Li et al.,
2011c; Gaponik et al., 2010; Medintz et al., 2006) because QDs
exhibit good resistance to photobleaching, narrow emission band,
broad absorption spectra and size-tunable emission as compared
to organic dyes (Tan et al., 2003; Wang et al., 2010a; Zhao et al,,
2011a). It is well-known that traditional FRET sensors have a
limited detectable distance of ~6 nm (Yun et al., 2005). Therefore
gold nanoparticles have been explored as an alternative energy
acceptor to substitute for organic dyes (Darbha et al., 2007;
Dulkeith et al., 2005; Jennings et al., 2006; Li et al, 2011c,
2011d; Quach et al., 2011). It has been demonstrated that gold
nanoparticles can quench the fluorescence emission of the energy
donor in a much longer quenching distance (Li et al., 2011d),
which enables the energy transfer-based fluorescent sensor to act
as a spectroscopic ruler for probing the distance-dependent
properties of macromolecules (Ling and Huang, 2010). Recently
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graphene and graphene oxide (GO) emerged as the new energy
acceptors for energy transfer-based fluorescent sensors (Dong
et al, 2010; Loh et al.,, 2010; Zhang et al., 2011a). Theoretical
calculations have shown that the energy transfer from a fluor-
escent dye to graphene follows the nano-metal surface energy
transfer (NSET) mechanism, which is similar to the energy
transfer to a gold nanoparticle (Swathi and Sebastian, 2008,
2009). GO shows super quenching capability as an energy
acceptor. The efficient quenching distance is estimated to reach
up to 30 nm, which provides great flexibility for construction of
fluorescent sensors on the nanoscale. Owing to these unique
features, several GO-based biosensors have been developed for
detection of biomolecules, cation ions and small molecules (Chen
et al, 2011; De et al,, 2011; Kong et al., 2011; Li et al., 2012a; Lu
et al., 2009; Shi et al., 2011; Wang et al., 2010b). GO is an amazing
optical sensing material that can serve either as an energy
acceptor (in this work) or as an energy donor (Li et al., 2013) or
a fluorophore (Li et al., 2012d).

In the present work, a “turn-on” fluorescent sensor based on
the QD/aptamer-GO ensemble is constructed in order to detect
the Pb?™ jons. In this sensor, an aptamer, which specifically binds
to Pb2* (Li et al, 2010a, 2010b, 2011a; Jiang et al., 2010), is
employed as the molecular recognition probe. The CdSe/ZnS QD
acts as the energy donor. GO serves as the energy acceptor since
GO has excellent water-solubility, flexible surface-modification
capability and low-cost of manufacturing (Balapanuru et al.,
2010; Lee et al, 2011; Li et al., 2011b; Stankovich et al., 2006;
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Wang et al., 2011; Xiang et al., 2013). In addition, the large two-
dimensional (2-D) aromatic surface of GO is an appealing sub-
strate for conjugation of certain biomolecules (Peng et al., 2010;
Wei et al., 2012; Zhang et al., 2011b, 2011c). Even without any
further surface modification, GO can conjugate with single-
stranded DNA (ssDNA) via the -7 stacking interactions between
the aromatic nucleobases of ssDNA and the sp2-bonded carbon
atoms of GO (Guo and Dong, 2011; Patil et al., 2009; Wang et al.,
2011). Therefore, GO is an attractive substrate for immobilization
of the aptamer conjugated with the QDs. Pb?™ is selected as the
target analyte since it is one of the most toxic environmental
pollutants. Exposure of human to Pb?* can cause serious damage
to the brain, kidneys, nervous system and red blood cells (Goyer,
1993). Children are more prone to the poisoning of lead. Lead
interferes with the development of the central nervous system
(CNS), leading to potentially permanent learning and behavior
disorders (Goyer, 1993). Hence, it is essential to develop a highly
sensitive and cost-effective sensor for rapid detection of Pb?+.

2. Materials and methods
2.1. Chemicals

All DNAs and the aptamer with the sequence of 5-NH,-
(CH»)6-GGGTGGGTGGGTGGGT-3’, which was reported to speci-
fically bind to Pb®* (Li et al., 2010a, 2011a), were ordered from
Integrated DNA Technologies (IDT, Coralville, IA). N-hydroxysuc-
cinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodii-
mide (EDC), CU(NO3)2, Hg(NO3)2, Pb(NOg)z, Cd(NO3)2 -4H,0,
Co(NOs3),-6H,0 and 5M NaCl stock solution were purchased
from Sigma-Aldrich (St. Louis, MO). KI (99.9%), AgNOs3 (Premion,
99.995%), Fe(NOs3);-9H,0, Ni(NOs),-6H,0, Nap,HPO, (99.0%),
NaH,P04 (99.0%) and ethylenediamine (99%) were obtained from
Alfa-Aesar (Ward Hill, MA). GO was prepared according to the
well-documented Hummers method (Hummers et al, 1958;
Zhang et al., 2010). Deionized (DI) water produced by a Milli-Q
Millipore system (18.2 MQ cm, Millipore Corp., USA) was used for
preparation of all the solutions. All chemicals and solvents were
obtained from the commercial sources and used directly without
any further purification.

2.2. Functionalization of CdSe/ZnS QDs with aptamer
or complementary DNA (cDNA)

The water-soluble CdSe/ZnS QDs with the fluorescence emis-
sion at 569 nm were synthesized according to our previous
reports (Li et al., 2011c, 2011d). The ligand-exchange was carried
out to replace the hydrophobic trioctylphosphine oxide (TOPO)
with hydrophilic mercaptopropionic acid (MPA). The aptamer or
cDNA was then conjugated to the CdSe/ZnS QD by the well-
established carbodiimide chemistry (Fig. S1) (Wang et al., 2011b;
Yang et al., 2009). The carboxyl group-modified CdSe/ZnS QDs
were mixed with 25mM NHS and 100 mM EDC, and then
incubated for 1 h to activate the carboxyl group. Subsequently,
10 uM aptamer or cDNA was added, and incubated for 24 h. The
free excessive aptamer or cDNA was removed by centrifugation
and washing with 10 mM PBS solution. The resulting aptamer or
c¢DNA-QD conjugates were re-dispersed into 10 mM PBS solution
and stored at 4 °C for further use.

2.3. Covalent functionalization of GO sheet with ssDNA

The carboxyl groups on the GO sheet were activated by adding
25 mM NHS and 100 mM EDC to the GO solution in a PBS solution
(10 mM NayHPO4/NaH,P0O4, 0.3 M NaCl and pH=7.0), and kept

for 2 h. Subsequently, 4 uM ssDNA was added to 1 mL of 1 g/L GO
solution with activated carboxyl groups, and incubated overnight.
The ssDNA-GO conjugates were purified by filtration and cen-
trifugation. Then, the ssDNA-GO conjugates were washed with a
PBS buffer solution at least 5 times to remove free ssDNA. Finally,
the ssDNA-GO conjugates were dispersed into a PBS solution with
a final concentration of 2 g/L for further use.

2.4. GO-dsDNA-CdSe/ZnS QDs

To couple the QDs to GO through dsDNA, 200 pg/mL cDNA-GO
solution was dropwise added to the cDNA-QD conjugates with a
concentration of 300 nM in 10 mM PBS, and the fluorescence was
monitored. After the resulting solution was incubated for 2 h, the
fluorescence was then measured. All the sensing assays used in
the work contained 10 mM Na,HPO4/NaH,PO4 and 0.3 M NaCl at
a fixed pH=7.0 if no further annotation. Here ethylenediamine
was used as the chelating reagent to exclude the interference of
other metal ions (Freeman et al., 2009; Li et al., 2011c).

2.5. Characterization and instrumentation

The morphology of GO was observed under the tapping mode
with an atomic force microscopy (AFM) (Nanoscope V scanning
probe microscope, Bruker, USA). Prior to AFM measurement, a
drop of GO aqueous solution was deposited on a freshly cleaved
mica surface and dried at room temperature. The aptamer-QD
complex was observed with a JEM 2100 high-resolution transmis-
sion electron microscope (HRTEM, JEOL, Japan) at an operation
voltage of 200 kV. The TEM sample was prepared with the
supernatant solution after the solution containing GO/aptamer-
QD ensemble was centrifuged at a speed of ~3000 rpm. Ultraviolet—
visible absorption spectra were recorded with a Shimadzu
UV-2550 spectrometer (Shimadzu Co., Kyoto, Japan). Fluorescence
(FL) emission spectra were collected under the excitation of
400 nm with a HITACHI F-7000 fluorescence spectrophotometer
(Hitachi High-Tech, Tokyo, Japan). Fourier transform infrared (FT-
IR) spectra were acquired from the KBr pellet containing the
sample under transmission mode with a Nicolet 6700 spectro-
meter (Thermo Scientific, Waltham, MA). Raman spectrum mea-
surement was carried out with a Renishaw Invia Raman
spectrometer (Renishaw PLC, Gloucestershire, UK) at the excita-
tion laser of 532 nm with a 20 x objective lens.

3. Results and discussion
3.1. Microstructure of nanoparticles

Fig. 1(a) and (b) show the AFM image of the as-prepared GO
and the representative height profile, respectively. The height
profile reveals that the GO sheets were 1.2 nm thick, which
confirmed the monolayer structure of GO sheets (Li et al,
2012b; Loh et al., 2010). After the GO sheets were added into an
aqueous solution containing the aptamer-QD complex, the
aptamer-QD complex was bound onto the GO sheet to form the
GO/aptamer-QD ensemble, which was confirmed by the TEM
observation (Fig. 1(d)). More detailed information on the CdSe/
ZnS QDs and GO can be found in Fig. S2.

3.2. Operating principle of sensor

The present fluorescent sensor is constructed based on the
principle of energy transfer. When the QDs conjugated with
the ssDNA aptamer are suspended in an aqueous solution in the
absence of the GO sheets, the aptamer-QD complex exhibits
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Fig. 2. Illustration of the operating principle of the “turn-on” fluorescent sensor for Pb?* detection.

strong fluorescence emission at 567 nm (Fig. 2(a)). When the
aptamer-QD complex is mixed with the GO sheets, the aptamer-
QD complex particles are brought into the close proximity with
the surface of the GO sheet due to the n-7n stacking interactions
between the aromatic nucleobases of aptamer and the sp?-
bonded carbon atoms of GO (Guo and Dong, 2011; Patil et al,,
2009; Wang et al., 2011a), which enables the energy transfer from
the QDs to the GO sheet (Fig. 2(b)). As a result, the fluorescence

emission of the QDs is quenched. The GO/aptamer-QD ensemble
acts as the sensor platform for Pb?* detection.

The GO/aptamer-QD ensemble is stable in the aqueous solu-
tion in the absence of Pb?*. When the Pb?* ions are present, the
Pb2* jons interact with the aptamer. Consequently, the aptamer
undergoes a conformational change (Fig. 2(c)), leading to the
formation of a G-quadruplex/Pb?* complex. The n-m stacking
interaction between the G-quadruplex/Pb?* complex and GO is



72

weakened because the aromatic nucleobases are shielded within
the negatively charged phosphate backbone in the complex
(He et al., 2010; Chang et al., 2010). As a result, the QDs are
detached from the GO sheet. Thus, the free-standing aptamer-QD
complex emits the fluorescence under the excitation in the
presence of Pb?*. In short, the presence of Pb?>* ions “turns on”
the fluorescence emission of the QDs by disabling the energy
transfer between the QDs and the GO sheet. Generally, this
kind of “turn-on” sensing strategy has better resistance to the
background interference over a “turn-off’ method (Li et al.,
20104, 2012b).

To examine the formation process of the GO/aptamer-QD
ensemble, various concentrations of GO were added to the PBS
solution containing 300 nM the aptamer-QD complex. Conse-
quently, the fluorescence emission of the aptamer-QD complex
decreased with an increase in the GO concentration (Fig. S3).
Almost all fluorescence emission of QDs was quenched after
200 pg/mL GO was added (Fig. S3(b)). The complete quenching
was due to several reasons: (i) when the GO concentration
exceeded 200 pg/mL, all the QD-ssDNA complex particles were
immobilized on the GO surface due to the strong n-7 interaction
between the GO and the ssDNA; (ii) since the ssDNA laid down on
the GO surface, the QDs were in intimate contact with the GO
surface, which maximized the quenching efficiency; and (iii) the
GO had super quenching capability. Thus, a fixed GO concentra-
tion (200 pg/mL) was used for the next experiments.

Generally the pH value has a significant effect on the perfor-
mance of GO-aptamer biosensor (Huang et al., 2011). For exam-
ple, the pH value affects the affinity of the analyte to the aptamer.
In this work, the pH value was fixed with the PBS buffer solution.
The pH=7.0 was an optimized value, which has been demon-
strated in the previous work (Li et al., 2010a, 2011a). In addition,
0.3 M NaCl was chosen as the suitable ionic strength. DNA
hybridization becomes difficult at a low ionic strength (that is,
a low level of NaCl) (Li et al., 2012a). The binding of analyte to the
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aptamer could become weak at a too high ionic strength due to
the shielding effect of Na* ions (Hianik et al., 2007).

The kinetics of fluorescence recovery was examined in the
presence of 100 nM Pb?* by monitoring the fluorescence inten-
sity as a function of time (Fig. 3(a)). The fluorescence intensity
initially increased rapidly as the reaction time progressed, and
then became slow. Finally, the maximum fluorescence intensity
reached after 25 min. This was the assay time for Pb?* detection,
which was in agreement with the previous study (Chang et al.,
2010). It should be noted that the fluorescence cannot be
completely recovered to the initial status of aptamer-QDs in the
absence of GO in the assay. Only about 90% of fluorescence of the
aptamer-QDs was recovered.

3.3. Detection of Pb**

The sensor employed in the present work was the GO/apta-
mer-QD ensemble assay. Fig. 3(b) shows the fluorescence spectra
of the GO/aptamer-QD ensemble assay upon addition of various
concentrations of Pb?*. The GO/aptamer-QD ensemble assay
exhibited a very weak fluorescence emission in the absence
of Pb2*. After the Pb?* ions were added, the fluorescence of
the aptamer-QD was recovered (Fig. 3(b)). Fig. 3(c) shows the
calibration curve of the sensor. The linear response range of
the sensor was determined to be 0.1-10nM. In the linear
response range, the calibration curve can be described by the
equation [(F—Fy)Fo]=1.6302 - [Pb?*]+0.5475 with the coefficient
of determination (R?) of 0.9943. F and F, represented the fluor-
escence intensity of the QDs at 567 nm in the presence and
absence of Pb?*, respectively. A limit of detection (LOD), which
was defined as 3 times standard deviation/slope by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) standard,
was determined to be 90 pM (0.019 ppb). The high sensitivity of
the sensor may be attributed to the super quenching capability of
GO, the significant difference in the affinity of aptamer toward
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Fig. 3. (a) Time-dependent relative fluorescence intensity of the GO/aptamer-QD ensemble in the presence of 100 nM Pb?*. (b) Fluorescence spectra of the GO/aptamer—
QD ensemble assay upon addition of Pb?* from 0 to 1000 nM (300 nM aptamer-QDs, 200 pg/mL GO, 10 mM PBS, 0.3 M NaCl, 0.1 mM ethylenediamine, and pH=7.0);
(c) Relative fluorescence intensity of the GO/aptamer-QD ensemble assay as a function of Pb?*+ concentration. Inset: The linear range of the sensing assay. (d) Selectivity of
the GO/aptamer-QD ensemble assay toward Pb?* over other metal ions of 500 nM ([Pb?*]=50 nM, [other metal ions]=500 nM). Fy and F are the fluorescence intensity at

567 nm in the presence and absence of Pb?>* or other metal ions, respectively.
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Pb2* and GO, as well as the low background signal of the “turn-
on” fluorescent sensor. The performance of our sensor was
compared with the previously reported Pb?* sensors including
fluorescent, colorimetric, and electrochemical devices, as listed in
Table S1 (Jiang et al., 2010; Li et al., 2010a, 2010b; Wang et al.,
2012; Zhao et al., 2011b). It can be seen that our sensor showed
1-3 orders of magnitude lower LOD than most of the sensors
reported previously.

Selectivity is another performance parameter for a practical
sensor. To test the selectivity, the fluorescence response of
the GO/aptamer-QD ensemble assay was tested against other
metal ions including Ag™, Ca?*+, Cd?*, Co®*, Cu?*, Fe+, Hg?+,
Ni?* and K*. It can be seen from Fig.3(d) that no evident
change in the fluorescence of the GO/aptamer-QD ensemble
assay was observed when any other metal ion was present in
the assay except for Pb2*. The presence of Ag™, Cd*>*, Cu®>* or
Hg?* caused a slight fluorescence quenching (F/Fo—1 < —0.24)
while Co?* or K* led to a little increase in the fluorescence
intensity (F/Fo—1<0.4). Ca®*, Fe** or Ni’* induced no obser-
vable change in the fluorescence intensity. This result showed
that the GO/aptamer-QD ensemble assay exhibited excellent
selectivity toward Pb?* over a wide range of metal ions, which
may be attributed to high specificity of the aptamer toward Pb%*
through the formation of a G-quadruplex structure (Li et al.,
20104, 2011a).

3.4. Measurement of Pb>* in river water

To test the applicability of the developed sensor in the real
aquatic environment, the Pb2* concentration in the aqueous
solution containing real-world river water was measured with
the sensor (Fig. 4). The river water was collected from the
Monongahela River near our campus. Prior to testing, the col-
lected river water was filtered by a filter paper (Millipore, Isopore
membrane). 1 mL of the river water sample was mixed with
1 mL of the PBS solution containing the aptamer-QD complex,
which resulted in a solution with 300 nM aptamer-QDs. Prior to
measure the Pb2* ions, the resulting solution was adjusted to
200 pg/mL GO, 0.3 M NaCl and 0.1 mM ethylenediame in the PBS
buffer solution. It was found that the Pb?* content in the river
water was too low to be detected. Hence extra Pb®* ions were
added into the assay. The fluorescence intensity increased with an
increase in the Pb?* concentration. In this case, the LOD of the
sensing assay was observed to be 260 pM (0.053 ppb), which was
slightly higher than that in the pure PBS solution. This result
indicated that the present sensor can be applied to detection of
Pb2* in river water.
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Fig. 4. The fluorescent response of the GO/aptamer-QD ensemble upon the
addition of Pb?* in the solution containing river water (300 nM aptamer-QD,
200 pg/mL GO, 0.3 M Nacl, 0.1 mM ethylenediamine and pH=7.0). The inset is the
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Fig. 5. Quenching efficiency of fluorescence as a function of GO-to-QD distance in
the GO-dsDNA-CdSe/ZnS QD system. The experimental data were fitted using the
equation E=1/[1+(d/do)*], and d is the separation distance at the quenching
efficiency of 50%.

3.5. Fluorescence quenching mechanism by GO

The fluorescence of QDs could be quenched by GO via three
possible mechanisms: (i) charge transfer, (ii) FRET and (iii) nano-
metal surface energy transfer (NSET) mechanism. The difference
among three mechanisms has been described in our previous
papers (Li et al., 2011c, 2011d). Briefly, for the charge transfer
mechanism, the quenching efficiency is exponentially decayed
with an increase in the distance between the fluorophore and the
quencher. In the FRET process, the energy transfer efficiency
depends on the 1/d® where d is the separation distance between
the energy donor and the acceptor. In the NSET process, the
energy transfer efficiency has a correlation of 1/d* with the
separation distance. To clarify which mechanism was responsible
for the fluorescence quenching of QDs by the GO sheet, the energy
transfer was measured through controlling the separation dis-
tance with different dsDNA lengths (10 base pairs (bp), 15 bp,
20 bp, 30 bp and 50 bp). The DNA sequences used were listed in
Table S2 in Supporting Information. Fig. 5 shows the distance-
dependent fluorescence quenching efficiency. It can be seen that
the quenching efficiency decreased with an increase in the
separation distance. The experimental data was fit into the
equation E=1/(1+(d/do)*), which was consistent with the trend
predicted by the NSET theory. The characteristic distance (do) that
corresponded to the separation distance at the quenching effi-
ciency of 50% was calculated to be 9.7 nm. This result suggested
that the NSET mechanism played a dominant role in fluorescence
quenching of QDs by GO, which was in agreement with the
previous report that the energy transfer from QDs to the two
dimensional carbon film follows the NSET energy transfer
mechanism (Jander et al., 2011).

4. Conclusions

In summary, in the GO/aptamer-QD system, the energy
transfer from the QD to GO followed the NSET mechanism. The
energy transfer efficiency depended on the 1/d* separation dis-
tance. A fluorescent Pb?>* sensor was designed based on the NSET
mechanism. The Pb?*-specific aptamer conjugated with the QDs
was adsorbed onto the GO surface through the #-7 interaction,
which brought the QDs into the close proximity with the GO
sheet. As a result, energy transfer occurred from the QDs to the
GO sheet, consequently “turned off” the fluorescence emission of
the QDs. This resulted in the formation of a GO/aptamer-QD
ensemble assay whose fluorescence emission can be “turned-on”
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by the presence of trace Pb?* ions. Such a sensing assay exhibited
a limit of detection as low as 90 pM and an excellent selectivity
toward Pb?*. In addition, the sensor can be applied to the river
water sample for Pb?* detection. It is believed that the sensing
platform/mechanism can be adapted for detection of other
analytes such as heavy metal ions, small molecules and
biomolecules.
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