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Water safety is one of the most pervasive problems afflicting people throughout the world. Microcystin,
a hepatotoxin produced by cyanobacteria, poses a growing and serious threat of water safety. According
to World Health Organization (WHO), the limit of content of microcystin-LR (MC-LR) in drinking water
is as low as 1 pg/L; it is thus necessary to explore a sensitive method for the trace detection of
microcystins (MCs). Based on the observation of gold nanoparticles (Au NPs) induced graphene oxide
(GO) fluorescence quenching, a reliable biosensor was developed here for microcystins detection. MCs
could be attached on Au NPs through the interaction with single strand-DNA (ss-DNA) modified on Au
NPs, which formed Au-DNA-MCs complexes. These MCs in the complexes could be immunologically
recognized by the antibodies adsorbed on GO sheets, as a result, Au NPs were close enough to quench
the photoluminescence of GO by the fluorescence resonance energy transfer (FRET). The fluorescence
intensity decreased with the increase of MCs as more Au NPs linked onto GO surface. The limit of
detection was 0.5 and 0.3 pg/L for microcystin-LR and microcystin-RR (MC-RR), respectively, which
satisfies the strictest standard of WHO. Well defined results were also obtained in natural lake water
and the specificity experiment. The antibody used here could recognize Adda group, the conservative
part of MCs, which allowed the biosensor to detect both single toxin and the total content of MCs
existing in the water sample.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Microcystins (MCs), one of the most dangerous toxins produced
by cyanobacteria from diverse natural environments, pose a grow-
ing and serious threat in water supplies throughout the world
(Loyprasert et al., 2008; Pyo and Shin, 1999). MCs mainly inhibit the
activity of protein serine/threonine phosphatases in the protein
phosphatase (PPP) family and seriously affect the cellular signaling
(Cass et al., 2003), which present as potent and highly specific
hepatotoxins and also are suspected as a threat of brain, kidney and
colon (Alverca et al., 2009; Fischer et al., 2005; Zegura et al., 2008).
Up to now, MCs have caused deaths in both animals and humans in
many countries, such as Australia, China, and Brazil (dos Anjos et al.,
2006; Francis, 1878; Xu et al., 2000; Yu, 1995).

The structure of MCs is a kind of monocyclic heptapeptide, as
displayed in Fig. 1A. Variants of MCs, like microcystin-LR (MC-LR)
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and microcystin-RR (MC-RR), were classified by the two L-amino
acids in X and Z positions (ellipses in Fig. 1A) (Al Momani et al.,
2008). Adda group (3-amino-9-methoxy-2, 6, 8-trimethyl-10-
phenyldeca-4, 6-dienoic acid) (square bracket in Fig. 1A) is the
unique feature of MCs, which plays an important role in their
toxicity (Campas and Marty, 2007; Namikoshi et al., 1992).

From 1998, World Health Organization (WHO) established the
guideline level of MC-LR in drinking water less than 1 pg/L (Paulino
et al,, 2009), which promoted researchers to seek different methods
and materials on the trace detection of MC-LR, such as the
chlorophyll fluorescence analysis (Saqrane et al., 2009), the liquid
chromatography (Weller et al., 2001) or coupled with mass spectro-
metry (LC-MS) method (Furey et al., 2007), and the protein
phosphatase-2A (PP2A) inhibition assay (Campas et al., 2005; Cass
et al, 2003). Carbon materials were also used in the analysis
process of MCs because of their excellent conductive property. For
example, Xu et al. (2009) developed a paper sensor based on single-
walled carbon nanotubes (SWNT), and Zhang et al. (2011) con-
structed an immunosensor by the assembly of gold nanoparticles
on nitrogen-doped carbon nanotubes.

Emerging as a new carbon material, graphene and its derivates
have drawn a lot of attentions, including biological detection
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Fig. 1. (A) Chemical structure of microcystins and the different amino acids in X and Z positions (ellipses) for MC-LR and MC-RR, and Adda group was marked with square

bracket. (B) Illustration of GO based fluorescence biosensor.

(Zhao et al, 2011; Jiang et al., 2010), microelectrical devices
fabrication (Gilje et al., 2007), and nanocomposites synthesis
(Stankovich et al.,, 2006; Xu et al., 2008). Graphene oxide (GO)
shows a great potential in biological applications (Mohanty and
Berry, 2008; Yan and Chen, 2011) because it can be dispersed in
aqueous solution uniformly and remains the properties, such as
simple chemical functionalization, fluorescence quenching phe-
nomenon, and intrinsic photoluminescence (He et al., 2010; Lu
et al,, 2009). In the process of GO preparation, chemical oxidization
occurs in the two-dimensional crystal structure of graphite, some
carbon atoms are sp> hybridized and covalently bonded with
oxygen in the form of epoxy and hydroxyl groups. The geminate
recombination of local electron-hole pairs in sp> clusters embedded
in the sp? matrix can act as the luminescence centers or chromo-
phores (Eda et al., 2010). Based on this fluorescence property, Seo’s
group employed GO as an efficient fluorescent label for the
detection of DNA hybridization and pathogen by fluorescence
resonance energy transfer (FRET) (Jung et al., 2010; Liu et al., 2010).

Taking the advantage of FRET and immunorecognition, we
developed a reliable biosensor for the trace detection of MCs with
the fluorescence property of GO. Graphene oxide sheets were
deposited on a positively charged glass slide in an array format,
and then covalently linked with the antibody of MCs (Adda group).
The complex of Au NPs and MCs linked by ss-DNA is used for the
immobilization of MCs. Once the specific interactions occurred
between these MCs and their antibodies adsorbed on GO array,
Au NPs could approach to GO surface, which induced the quenching
of GO fluorescence by FRET between GO and Au NPs. Rapid, precise,
and trace detection of MCs were owing to the fast response of FRET
process and the specific recognition of the antibody.

2. Materials and methods
2.1. Reagents

MCs (MC-LR, MC-RR), shellfish poisons (saxitoxin (STX), neo-
saxitoxin (NEO)) and the antibody special to Adda group of MCs
were purchased from Express Technology Co., Ltd. (Beijing,
China). DNA oligonucleotides (A;s, T1s and SH-A;s) were synthe-
sized by Sangon Biotech Co., Ltd. (Shanghai, China) and used
without further purification. 1-Ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC), N-hydroxy sulfosuccinimide
(Sulfo-NHS), (3-aminopropyl) triethoxysilane (APTES) and N,
N-diisopropylethylamine were bought from Sigma-Aldrich (USA).

2.2. Antibodies modified GO array fabrication

Positively charged glass slides modified by APTES were carried
out using the method according to Lindsay’s work (Lohr et al.,
2007). In short, a vacuum desiccator was purged with argon for
2 min, and then 30 pL of APTES and 15 pL of N, N-diisopropy-
lethylamine were dropped into two small containers at the
bottom of the vacuum desiccator with argon for a further 3 min.
After placing clean glass slides at the bottom of the vacuum
desiccator, the desiccator was purged for another 3 min and then
sealed off to leave the glass slides exposed to APTES vapor. After
2 h, APTES was removed, and the treated glass slides were stored
in the sealed desiccator until needed.

A water-soluble GO was prepared by using a modified Hum-
mer’s method (Hummers and Offeman, 1958). 1 uL as-prepared
GO sheets (0.05 mg/mL) were adsorbed on the APTES modified
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glass slide as array format by electrostatic force and dried in a
humid chamber. After washing with ultrapure water and dried
in Ny, 1 uL EDC (15 mM) and NHS (30 mM) were added and
incubated for 30 min at 37 °C to activate the carboxyl group of
GO, then washed to remove the excess part. A solution of MCs
antibody (1 pL, 1 ng/uL) was incubated on the same spot for 3 h to
enable the covalent linkage on the GO surface.

2.3. Au-DNA-MC complex preparation

The ss-DNA (15 mer: 5-SH AAA AAA AAA AAA AAA-3’) labeled
Au NPs (13 nm) was synthesized according to Dong’s method
with a minor modification (Du et al., 2009; Li et al., 2009). Firstly,
a sodium citrate solution (0.1 M, 1.94 mL) was rapidly added to a
boiled HAuCl, aqueous solution (50 mL H,O, 0.167 mL 10%
HAuCl,) under vigorous stirring. The mixed solution was boiled
for 40 min and the obtained wine-red gold sol was cooled to room
temperature under mild stirring. Then, 3 mL of as-prepared Au
NPs solution was transferred to a clean glass vials, and incubated
with 20 pL, 10 pM ss-DNA (HS-A;s). After 24 h magnetic stirring
of reaction and stabilization, the obtained Au-DNA solution was
centrifuged at 13,000 rpm under room temperature for 15 min
twice to remove the free DNA. The Au-DNA (about 10 nM) was
stored in the phosphate buffer (PB) solution (5 mM PB, 0.1 M
NaCl, pH=7) for further use. The final Au-DNA-MCs complex was
formed by mixing MCs and Au-DNA solution. The final concen-
tration of Au-DNA is 0.5 nM, and the concentration of MCs is from
10~% to 2.5 pg/L. The interactions among Au NPs, DNA and
MCs were monitored by UV absorption spectra with a Cary 50
Bio UV-visible spectrophotometer.

2.4. Detection of MC-LR and MC-RR

On the antibody modified GO sheets, 1 puL Au-DNA-MCs
complexes were added and incubated for 3 h, 37 °C in humid
chamber to make sure that Au-DNA-MCs complexes link the
target antibody, and the Au NPs get close to the GO surface. The
samples were then measured for scanning fluorescence images
using a Leica TCS SP2 Confocal Microscope with excitation
wavelength of 534 nm (PMT detector voltage=800 V). Negative
control (NC) of the fluorescence quenching experiment was
operated as Au-DNA conjugated Ab-GO with treatment of T;s
(15-mer of thymine: 5-TTT TTT TIT TTT TTT-3'), explained in
Section 3. To simulate the detection in polluted water, the
samples of lake water were made by adding different concentra-
tions of MCs standard solution into lake water, and then incu-
bated with Au-DNA, forming Au-DNA-MCs complexes for the
MCs detection.

MC-RR+A15

MC-LR+A15

Absorbance

33

2.5. AFM measurement for the characterization of the sensor

AFM was used to characterize the morphology of the sensor at
each functionalizing step, including GO sheets adsorbed on
APTES-modified glass slides, antibodies (Ab) functionalized GO
sheets, morphological change after the addition of MC-LR, and the
Au NPs adsorption due to the specific interactions between MC-LR
and its antibody. AFM experiments were carried out with Dimen-
sion Icon (Veeco Instruments, USA) in tapping mode, scanning the
samples used in fluorescence quenching experiments. All AFM
images showed the topography and were raw data except for
flattened using a standard algorithm within the Nanoscope soft-
ware to remove artificial height offsets between consecutive scan
lines of the raw images.

3. Results and discussion

3.1. Mechanism of GO array sensor for MCs sensing

The scheme of MCs sensing on a GO array is illustrated in Fig. 1B.
GO was fabricated from the chemical oxidization of graphite, and
could be dispersed uniformly in water as the colloidal suspension of
small sheets. During the oxidization process of GO synthesis,
oxygen-containing groups were introduced on GO surface, includ-
ing carboxylic acids, hydroxyl group and epoxides, which resulted
in the negative charge on the homogenous GO surface in solution
(Stankovich et al., 2007). These GO sheets then self-assemble onto a
positively charged glass slide modified by APTES, which were well
retained even after the washing step (Liu et al., 2010). The following
antibodies for MCs (Adda group) were immobilized on the GO array
by a carbodiimide-assisted amidation reaction with EDC and NHS
(Jung et al., 2010). When the target MCs molecules were captured
by their antibodies on the GO array, the fluorescence of GO would
be quenched by Au NPs linked with MCs because of FRET. Through
measuring the fluorescence decrease, MCs can be detected sensi-
tively and quantitatively.

To realize the GO based fluorescence biosensor, the interac-
tions between Au NPs, DNA and MCs were firstly confirmed. In
our previous work, we proved that MC-LR bound with plasmid
DNA in the minor groove, and could also interact with DNA bases,
especially with adenine and thymine (Shi et al., 2011). Here, the
interaction between MCs and DNA oligonucleotide was further
studied by UV spectra (Fig. 2A). It was found that, in the presence
of A;s, the absorbance of MCs increased with a red shift, which
indicated the binding between MCs and A;s. Besides that, a small
peak shift at 520 nm and the characteristic absorption band near
270 nm of HS-A;5 after the mixing of HS-A;s and Au NPs certified
the formation of Au-DNA complex (Fig. 2B) (Liu et al., 2010). This
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Fig. 2. UV spectra of (A) MC-LR, MC-RR, A5 and the products after their binding, (B) Au NPs (13 nm) and complex after DNA modified.
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Fig. 3. AFM images for each step of the GO based fluorescence biosensor. (A) The pristine GO array with 1 nm difference in height between layers. (B) GO sheets with MC-
LR added. (C) GO array with antibody immobilization in the presence of EDC and NHS. (D) Height and morphology change after MC-LR adsorbed on Ab-GO surface. (E) Au
NPs linked on GO surface through the interaction between Ab and Au-DNA-MC complex. The scale for all images is 5 um, and Z-range is 10 nm for (A)-(D) and 30 nm

for (E).

complex was stored in the phosphate buffer solution with 0.1 M
NaCl forming stable red solution, which was another proof for the
fabrication of DNA on Au NPs. Then, MCs linked Au NPs, which
were bridged with 15-mer ss-DNA (Au-DNA-MCs), were synthe-
sized by mixing MCs with Au-DNA solution. When the Au-DNA-
MCs complexes were selectively bound to the antibodies
adsorbed on GO array, the decrease of the GO fluorescence was
detected for the identification of MCs.

3.2. AEM characterization of biosensor

AFM analysis was performed to obtain the topographical profile
for each step during the fabrication of GO based fluorescence
biosensor. Fig. 3A shows uniform monolayer and bilayers of GO
sheets adsorbed on APTES modified glass slide with 1 nm distance
between layers. GO covered almost the entire surface, which
prevented the non-specific binding between MCs and the positively
charged glass surface. Taking MC-LR as an example, the fabricated
steps of the biosensor were characterized by AFM. Firstly, Fig. 3B
displays that no MC-LR adsorbed on GO array, which eliminated the
effect of non-specific adsorption. Then, in the presence of EDC and
NHS, antibodies were adsorbed on GO sheets with large amount,
which induced the height increase of the complex (Ab- GO) to
about 2 nm (Fig. 3C). Obvious morphological change was observed
after the addition of MC-LR onto Ab-GO surface with the height of
about 4 nm, which indicated the specific recognition between
antibodies and MC-LR in our experiment conditions (Fig. 3D). After
Au-DNA-MC-LR complexes reacted with the antibodies, the final
complexes on GO array were displayed in Fig. 3E. Large amount of
Au NPs and the total height of about 17 nm of the final complexes
confirmed that the Au NPs were sufficiently close to the GO surface
for FRET detection, which was in the distance of less than 10 nm
(Quan et al., 2010; Sebastian and Swathi, 2009).

3.3. Reduction of Au-DNA non-specific adsorption

Au-DNA complex could be also adsorbed on Ab-GO without
MCs (Fig. 4A and B) due to the high affinity between GO and
ss-DNA, which made the dependent relationship between fluor-
escence intensity and the MC concentration uncertain. DNA
oligonucleotides (T;5) were used to eliminate the non-specific
adsorption of Au-DNA, based on the different affinity of single and

-
r

GO+Ab+Au-DNA

GO+Ab+Au-DNA+Tss

GO+Ab+Au- GO+Ab+Au-
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Fig. 4. AFM images of (A) and (B) Ab-GO surfaced treated with Au-DNA complex.
(C) and (D) Result after the treatment of Tys for the removal of non-specific
interaction of Au-DNA. (E) and (F) MC-LR detection without and with the
treatment of Tys. The scale for all images is 5 um and Z-range is 30 nm.

double strand DNA on GO array. Binding with complementary
strands would disturb the interaction between ss-DNA and GO,
resulting in the exfoliation of non-specifically adsorbed ss-DNA
(Wu et al,, 2011). After the treatment of T;s, only a few Au NPs
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(small dots on the surfaces) remained on the surface of GO (Fig. 4C
and D), which proved the importance of Ty5 treatment. It was also
helpful in the detection of MC-LR, shown in Fig. 4E and F. Owing to
Tys treatment, many non-specifically adsorbed Au-DNA have been
removed, and those remained could be considered as the immobi-
lized Au-DNA-MC complexes via the immunorecognition between
MCs and their antibodies modified on GO layers. To reduce the
influence of non-specifically adsorbed Au-DNA, this Au-DNA con-
jugated Ab-GO surface with Ty5 treatment (Fig. 4D) was chosen as
the negative control (NC) for the following fluorescence quenching
experiments.

3.4. Detection of MC-LR and MC-RR

The fluorescence emission of GO is caused by the disruption of
the fully delocalized m electron system in graphene crystals
during the oxidation process, which introduces oxygen-contain-
ing groups leading to the localization of the excitation energy at
the defect sites (Eda et al., 2010). The unique atomic and
electronic structure of GO makes it possible for the recombination
of localized e-h pairs in sp> clusters, which was considered as the
luminescence centers of chromophores (Liu et al., 2010; Yan and
Chen, 2011). In this biosensor, GO and Au NPs act as an energy
donor and acceptor pair, which leads to the fluorescence quench-
ing of GO through the FRET phenomenon. Fig. 5A displayed the
fluorescence scanning image and the relative fluorescence inten-
sity of each reaction step on GO arrays, and MC-LR was chosen as
the analyte with the concentration of 1 pug/L. The average fluor-
escence intensity of pristine GO array was normalized to 1. The
adsorption of antibodies and MC-LR made almost no change of GO
fluorescence. However, a sharp drop (about 58 + 4.8%) occurred
when Au-DNA complexes were added onto the Ab-GO surface.
After the treatment of T;s, the fluorescence intensity recovered to
92 +0.9%, which reflected the necessity of the T;s treatment
again. Most of the non-specifically adsorbed Au-DNA complexes
were removed by T;s treatment, which made the fluorescence
intensity recovered, and reduced the error of the results. The
complexes of Au-DNA-MCs with different concentrations of MCs,
ranging from 10~ to 2.5 pug/L were incubated on the Ab-GO
surfaces for MCs detection. As the concentration of MCs increased,
the quenching effect became more dominant, resulting in the
gradually reduced fluorescence intensity, shown in Fig. 5B and C.
The more MCs molecules existed, the more Au NPs were linked
onto the Ab-GO surface, and the FRET phenomenon was more
significant, leading to the decrease of fluorescence intensity.
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The average relative fluorescence intensities were measured at
each concentration of MCs, and the corresponding quenching
efficiencies were calculated as 24 +2.5%, 29+ 1.7%, 41+ 1.2%,
47 +4.7%, 53 +2.1%, and 68 + 2.4%, respectively for MC-LR, and
26 + 1.0%, 32 + 0.6%, 42 + 4.1%, 47 + 0.2%, 55 + 1.9%, and 66 + 1.8%
for MC-RR. Given that the threshold of quenching efficiency would
be more than 50% to recognize the MCs molecules (Liu et al., 2010),
the calculated limit of detection (LOD) is 0.5 pg/L for MC-LR and
0.3 pg/L for MC-RR, which are comparable with the results obtained
in SWNT-paper method (Xu et al., 2009), nonseparation electro-
chemical enzyme immunoassay (Zhang et al., 2007), and the carbon
nanohorn analysis (Ju et al., 2010).

According to WHO requirements, the content of MC-LR in the
drinking water should be less than 1 pg/L, and the LOD mentioned
above could fulfill this level. This GO based fluorescence biosensor
was also used to simulate MCs detection in polluted water samples.
Different concentrations of MCs standard solution were added to
the lake water samples (South Lake in Changchun, China) without
any other treatment. Fig. 6A and B displayed the laser scanning
confocal fluorescence images and the relative fluorescence intensity
of different concentrations of MCs in the lake water. The results of
the fluorescence quenching of both MC-LR and MC-RR were similar
with those in ultrapure water, and the quenching efficiency in lake
water was slightly larger (about 4%), which was probably caused by
the disturbance of other substances in lake water.

To demonstrate the specificity of MCs detection on this
biosensor, we performed the detection of shellfish poisons (STX,
NEO) following the same procedure as the detection of MCs.
Shellfish poisons are another type of toxin produced by cyano-
bacteria. The concentrations of the toxins used in our experiment
were all 1 pg/L, and the fluorescence images and intensities were
displayed in Fig. 6C. The unmatched toxins, STX and NEO, did not
cause the fluorescence quenching and showed a similar level of
fluorescence intensities to the negative control. This high speci-
ficity came from the specific interaction between MCs and their
antibodies. The antibody used here was specific for Adda group,
the conservative part of MCs, which made it possible to detect the
total content of MCs in water samples and could meet the
requirement of specific MCs detection in polluted water.

4. Conclusions

In summary, we demonstrated that the FRET phenomenon
between GO array and Au NPs could be utilized as a high-sensitive
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Fig. 5. The laser scanning confocal fluorescence images and relative fluorescence intensity (F) compared to the fluorescence intensity of the pristine GO (Fy) of (A) pristine
GO and contract steps, (B) and (C) different concentrations of MCs measured in the GO based fluorescence biosensor, as 10~4, 10-3, 1072, 10~ 1, 1, and 2.5 pg/L. The
fluorescence intensity difference between pristine GO and the negative control (NC) is about 8%.
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Fig. 6. The laser scanning confocal fluorescence images and relative fluorescence intensity of MCs detection in lake water samples (A) and (B), and the comparison with
shellfish poison, STX and NEO, (C). All other conditions were the same as those in Fig. 5. The fluorescence intensity difference between GO and NC is about 6%.

biosensor for trace microcystins’ detection to ensure water safety.
AFM experiments were used to monitor each step of the biosensor
fabrication. Well defined fluorescence quenching signals from MC-
LR and MC-RR were obtained in experimental ultrapure water as
well as lake water. The LOD of MC-LR and MC-RR were 0.5 and
0.3 pg/L, respectively, which meet the requirement of WHO guide-
line. This MCs biosensor showed great selectivity and has almost no
response to other toxins, such as STX and NEO. This technique is
very versatile and can be easily applied to other harmful toxins in
water pollution.
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