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In this work, a new platform for effective sensing cysteine (Cys) was developed based on fluorescence
resonance energy transfer (FRET) between FAM-tagged single-stranded DNA (FAM-ssDNA) and graphene
oxide (GO). Due to the noncovalent assembly between FAM-ssDNA and GO, fluorescence quenching of
the FAM took place because of FRET. This method relied on the competitive ligation of Ag* by Cys and
“cytosine-cytosine” (C—C) mismatches in a FAM-labeled DNA strand of the self-hybridizing strand. At
first, enough amount of Ag* was introduced to bind “C-C” mismatches and form double-stranded DNA
(dsDNA), which had weak affinity to GO and kept FAM away from GO surface. However, the presence of Cys
removed Ag* away from “cytosine-Ag*-cytosine” (C-Ag*-C) base pairs, leading to the formation of ssSDNA
again and FRET, and then fluorescence of the FAM-ssDNA was efficiently quenched. The fluorescence
intensity decrease was found to be proportional to the increase of concentration of Cys in both aqueous
buffer (2-200 nM) and human serum (5-200 nM), and the sensitivity of the proposed method towards
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Cys was much higher than that of other reported assays for Cys.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Graphene has attracted ever-increasing attention because
of its special physical and chemical properties as a novel
two-dimensional nanomaterial [1-4]. This single-layer carbon
nanomaterial is as thick as only one carbon atom, but possesses
a large two-dimension plane, where almost all of the carbon atoms
are in sp? hybridization and consequently this structure makes it
rich in 7 electrons [5]. Due to this distinct feature of graphene, dye-
labeled single-stranded oligonucleotides could be easily adsorbed
onto it by m-7 stacking interactions between nucleotide bases
and graphene, leading to FRET caused by the shortened distance
between dye and graphene and the immediate quenching of flu-
orescence of dye-tagged ssDNA [6-15]. Therefore, quantitative
fluorescent detection of DNA has been realized relying on this
phenomenon and single base mismatch was distinguished success-
fully in this way [6]. The unique structure of graphene has made
it more efficient when applied in sensing multiple molecules, for
example, simultaneous quenching of multiple DNA probes labeled
with different fluorophores could be achieved to sense multiple
DNA targets [7]. In order to improve the water-solubility, graphene
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is usually oxidized before using in fluorescence analysis [6-15].
Oxidized graphene, with many oxidation functional groups, includ-
ing carboxyl group, hydroxyl group and so on, has exhibited its
superiority in many analytical methods [8,10]. Up to now, GO has
showed excellence as efficient quenching agent in fluorescence-
based methods of quantitative detection of biological molecules
and metal ions [8-15], ranging from thrombin, ATP, to heavy metal
ions such as Hg2*, Ag* and so forth. These previously reported works
showed that GO had its incomparable superiorities in low cost,
short assay time, low background and high sensitivity.

Some metal ions are able to selectively react with some
mismatched base pairs [16-21]. In this way, metal ions and
mismatches can form some kinds of special base pairs. For
example, a strong interaction exists between Hg2* and thymine
bases, and then HgZ* offsets the thymine-thymine mismatch to
form “thymine-Hg2*-thymine” (T-Hg2*-T) base pairs [16]. Sim-
ilarly, Ag* has been found to selectively bind cytosine and form
“cytosine-Ag*-cytosine” (C-Ag*-C) base pairs [17]. Even though
many metal ion-based sensors have been established, current
research interests and many works are still focused on these kinds
of special bases, especially in the field of developing new sensors
and methods [18-21].

Cys, a member of the commonly-seen amino acids in body, syn-
thesized from methionine and serine in blood, plays a vital role in
nutrition in human body. However, it is unstable and can be easily
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Scheme 1. Schematic representation of fluorescent detection of Cys on GO platform
by using Ag* as the mediator.

changed into cystine. Cys has important physiological functions,
such as anti-oxidation, anti-aging and detoxification [22,23]. Cys
deficiency could be involved in many syndromes, such as edema,
lethargy, liver damage, muscle and fat loss, slowed growth, and skin
lesion [24]. Therefore, it is meaningful to develop new methods to
detect Cys due to its important role in human body.

Numerous methods have been developed to detect Cys, includ-
ing electrochemical analysis [24-26], chromatography [27] and
colorimetric assay [22,28-30]. As a highly sensitive, rapid and
non-destructive technique, fluorescence analysis has also been
extensively utilized for Cys determination [31,32]. Herein, we
report a novel FRET-based method for Cys built on GO platform.
Scheme 1 shows the illustration of fabrication of the assay for Cys
on GO. AFAM-labeled Ag* specific oligonucleotide, rich in cytosine,
was employed as the fluorescent probe in sensing targets. The con-
formation of the probe changed from random coil ssDNA to straight
stiff dSDNA with “C-Ag*-C” base pairs followed by the addition of
Ag* [33]. However, the state of DNA changed again when Cys was
subjected to the sensing system, because Cys could move Ag* away
from the “C-C” mismatches with its active sulfhydryl group [34].
In this work, the excellent quenching performance of GO was com-
bined with Ag*-mediated base pairs “C-Ag*-C” to sensitively and
selectively detect Cys. When FAM-labeled DNA probe was in the
state of random coil ssDNA, FRET from FAM-ssDNA to GO occurred,
because the distance from the energy donor FAM to the energy
acceptor GO was shortened by - stacking interactions between
nucleotide bases and GO, but when the DNA probe was in forma-
tion of dsDNA, the energy donor FAM was far away from the surface
of GO and FRET disappeared. So at first, the introduction of enough
amount of Ag* led to a large degree of fluorescence recovery, then
Cys was applied to move Ag* away to make the fluorescence of the
probe quenched, and the degree of fluorescence quenching was
closely related to the amount of added Cys. Compared with other
reported methods, the proposed method has some advantages of
simple instrument, low background and high sensitivity both in
aqueous buffer and serum.

2. Materials and methods
2.1. Materials
(5'6-FAM-CTCTCTTCTCTTCATTTTTCAACACAACACAC-3’), FAM-

labeled Ag*-specific oligonucleotides, were purchased from Sangon
Biotech (Shanghai, China) Co. Ltd. and purified by HPLC. AgNOs,

Cys and other 21 inspected species (including the other 19 com-
monly used amino acids, cystine and glutathione) were of analytical
grade and prepared with ultrapure water from a Millipore system
(18.2 ML resistivity). Tris-(2-carboxyethyl) phosphine (TCEP) was
added in the Cys stock solution to activate the sulfhydryl group
before the experiments [35]. Human serum was obtained from
Zhongnan Hospital in Wuhan (Hubei, China). All the experiments
were carried out in HEPES buffer (10 mM HEPES, 50 mM NaNOs, pH
7.4).

2.2. Instrumentation

The morphology of GO was characterized by a JEM-2100 trans-
mission electron microscope (TEM) operated at 200 kV. A confocal
laser micro-Raman spectrometer (HR800UV, JOBIN YVON) was
used to obtain the Raman spectra of GO with excited line being set
at 633 nm. Subsequently, FT-IR spectrum of GO was collected with
a Nicolet 5700 Fourier transform infrared spectrometer. Finally,
fluorescence spectrometer (F-4600, Hitachi Co. Ltd., Japan) with
a Xenon lamp excitation source was employed to record fluores-
cence spectra. The excitation was set at 493 nm and the emission
was monitored at 520 nm.

2.3. Preparation of GO

GO was prepared from graphene powder based on Hummer's
method with some modifications [8,36,37]. Generally, 3 g graphene
powder was mixed into a hot solution consisting of concen-
trated 12mL H,SO0y4, 2.5gK,5,0g, and 2.5g P,0s. This mixture
was allowed to react for 5h, then diluted gradually with 0.5 L
deionized water and kept at 80 °C for 12 h. After the mixture was fil-
trated, washed with water and dried overnight at 60 °C, the powder
obtained was added into 120 mL concentrated H,SOy, followed by
the gradual addition of 15 g KMnO4 under continuous stirring in ice
bath. The mixture was stirred at 40°C for 0.5h and 90°C for 1.5h,
respectively. Subsequently, the mixture was diluted with 250 mL
water and reacted for 0.5h at 105°C, followed by the addition
of 0.7 L water and 20 mL of 30% H,0, after stirring for 2 h. After-
wards, the above mixture was filtrated and washed with diluted
HCI (Vyc1/Vwater = 1:10) and water several times, respectively. For
further purification, the obtained GO powder was dialyzed in GO
dispersion to remove the residue, and then exfoliated under son-
ication for over 4h (120W). Finally, the obtained solution was
centrifuged to remove the unexfoliated graphite oxide and get the
homogeneous GO suspension (0.5 mg/mL).

2.4. Fluorescence spectra measurements

2.4.1. Selection of optimal Ag* concentration

FAM-ssDNA solution (500 nM) was incubated for 5 min at 90 °C
and then cooled down slowly to the room temperature. Different
volumes (0-150 L) of Ag* solution (1 M) were mixed with 20 pL
500 nM of FAM-ssDNA in 1.5 mL test tube respectively, and differ-
ent volumes of HEPES buffer were added to make each solution
985 L, then these mixtures were allowed to react for 0.5 h at 30°C.
After that, 15 pL GO aqueous solution (0.5 mg/mL) was added into
each mixture to make the final volume 1 mL and kept at 30°C for
10 min. Finally the fluorescence spectra were measured at room
temperature.

2.4.2. Assay for Cys in aqueous buffer

FAM-ssDNA solution (500 nM) was incubated for 5 min at 90 °C
and then cooled down slowly to the room temperature. 150 pL
Ag" solution (1 wM) was mixed with 20 wL 500 nM of FAM-ssDNA
in 1.5mL test tube and incubated for 0.5h at 30°C, followed by
addition of 15 L GO solution (0.5 mg/mL) and reaction for 10 min,
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then different volumes (0-200 p.L) of Cys (1 wM) were transferred
into the above system and reacted for over 2 h, finally appropriate
aliquot of HEPES buffer was introduced to make each reaction solu-
tion 1 mL. After that, the fluorescence measurements were done
at room temperature. To confirm the selectivity of the method
towards Cys, the other 21 inspected species at the concentration
of 1 wM instead of 150 nM Cys were used to react with above sys-
tem and performed in the same way. All the above experiments
were conducted in HEPES buffer (10 mM, 50 mM NaNOs, pH 7.4).

2.4.3. Detection of Cys in serum

20 L FAM-ssDNA (500nM) was incubated with 150 pL Ag*
solution (1 wM) for 30 min at 30 °C, and reacted for 10 min after the
addition of 15 wL GO solution (0.5 mg/mL). Later, 10 pL of human
serum was mixed in the above solution. Subsequently, different
volumes (0-200 L) of 1 wM of Cys were transferred into the above
system and reacted for over 2 h, finally appropriate aliquot of HEPES
buffer was introduced to make each reaction solution 1mL, and
then fluorescence spectra were monitored at room temperature.

3. Results and discussion
3.1. Characterization of single-layer GO

GO was synthesized according to the Hummer’s method with
some modifications. To confirm the successful formation of GO
sheet, the as-prepared GO was characterized by TEM. As shown
in Fig. 1A, the sheet width of GO was approximately 0.3-0.5 pm
exhibiting relatively narrow size distribution. The chemical struc-
ture of GO was determined by both FT-IR and Raman spectroscopy.
The Raman spectrum measured with a confocal laser micro-Raman
spectrometer was demonstrated in Fig. 1B, two main Raman peaks
reflected the characteristics of GO. The strong Raman peak at
1591 cm1, the G band, indicated the vibration of carbon atoms in
the form of sp? hybridization and mainly caused by the unoxidized
carbon atoms in the GO plane. The other strong peak at 1334cm™!,
the D band, was considered as the vibration of carbon atoms in the
form of sp® hybridization, which could be attributed to the oxi-
dized carbon atoms in GO structure. As the Raman spectra were
consistent with what was discussed in a previously reported liter-
ature [8], it was possible that we had successfully prepared GO in
this work. The existence of sp? hybridized carbon atoms provided
an opportunity for the adsorption of dye-labeled ssDNA onto the
surface of GO by the m—1r stacking interactions and FRET between
dye and GO. In addition, the information of successful synthesis
of GO was further provided by a Nicolet 5700 FT-IR spectrome-
ter. The FT-IR spectra was shown favorably in Fig. 1C: the broad
and intense peak at 3400cm~! represented the O—H stretching
vibration, while the peak at 1732cm™! attributed to the stretch-
ing vibration of C=0, the peak at 1624 cm~! indicated the vibration
of the unoxidized graphene skeleton C=C and the absorbed H,O0,
the peaks at 1379cm~! and 1228 cm~! were caused by C—OH, the
coupling vibrations of O—H in-plane bending and C—O stretching,
and the peak at 1061 cm™! indicated the C—O stretching vibra-
tion. This FT-IR result was also well in agreement with a literature
that reported recently [36]. It could be concluded from the FT-
IR spectrum that some hydrophilic groups such as —OH, —COOH
were acquired, which made GO water-soluble and dispersed well
in water.

3.2. FRET between FAM-tagged ssDNA and GO

GO is a kind of nanomaterial with wide two-dimensional sur-
face and favorable water solubility. Owing to the -1 stacking
interactions between nucleotide bases and GO, FAM-labeled ssDNA
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Fig. 1. High resolution transmission emission microscope (HRTEM) image of as-
prepared GO (A), Raman spectra of GO (B), and FT-IR spectrum of GO (C).
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Fig.2. (A)Fluorescence spectra of before (curve a)and after (curve b) GO (7.5 pg/mL)
quenched 10 nM FAM-labeled ssDNA, and the change of fluorescence intensity after
addition of Ag* (100nM) (curve c). (B) Fluorescence spectra of FAM-ssDNA/GO
(10nM/7.5 pg/mL) in the absence (curve a) and presence (curve b) of Cys (150 nM)
after reacted with Ag* (150nM), and the fluorescence change of FAM-ssDNA/GO
(10nM/7.5 pg/mL) with Cys (150 nM) addition (curve c). All these fluorescence spec-
tra were carried out in HEPES buffer (10 mM, 50 mM NaNOs, pH 7.4) at 25°C. The
fluorescence was excited at 493 nm, and given in normalized form.

was absorbed rapidly when approached the surface of GO. There-
fore, the fluorescence of FAM was efficiently quenched due to FRET
between FAM and GO. The fluorescence of 10 nM FAM-ssDNA was
quenched at least 90% by 7.5 jg/mL GO (Fig. 2A, curve b), compared
with the original intensity (Fig. 2A, curve a), indicating the strong
quenching effect of GO on the fluorescence of dye. The FAM-ssDNA
we used was rich in cytosine, which could capture Ag* by forming
“C-Ag*-C” base pairs. In the presence of 100 nM Ag*, the random
coil ssDNA changed its conformation to rigid dsDNA, thus weaken-
ing the - stacking interactions between DNA nucleotide bases
and GO due to the hydrophilic force of the phosphoric skeleton
in dsDNA, finally leading to the recovery of fluorescence (Fig. 2A,
curve c). In this way, 150 nM Ag* was used as the mediator to obtain
a strong fluorescence at first (Fig. 2B, curve a). However, the bind-
ing affinity of Ag* for Cys was much stronger than that for “C-C”
mismatches [29,30], and therefore Cys would remove Ag* from the
“C-Ag*-C” complex by working with its active sulfhydryl group and
thus dsDNA switched to ssDNA again. Hence, the addition of 150 nM
Cys led to the occurrence of FRET and the fluorescence quenching
of FAM-ssDNA (Fig. 2B, curve b). In order to prove that the presence
of Cys would not directly affect the fluorescence of FAM-ssDNA, a
control experiment was given that only 150 nM Cys was introduced
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Fig.3. (A)Fluorescence emission spectra of 10 nM FAM-ssDNA after incubation with
different concentrations of Ag* (a-g: 0nM, 10nM, 30nM, 60nM, 90 nM, 120nM,
150nM) and then mixed with GO (7.5 wg/mL). (B) The fluorescence intensity at
520nm changed against Ag* concentration. The fluorescence spectra was excited
at 493 nm, and given in normalized form. All were in HEPES buffer (10 mM, 50 mM
NaNOs, pH 7.4) at 25°C.

after the addition of GO, and the result indicated that Cys made no
contribution to the system when Ag* was absent (Fig. 2B, curve c),
which implied that Ag* was essential as the mediator.

3.3. Optimization of concentration of Ag*

It's important to carefully optimize the concentration of Ag* as
this is crucial in the detection of cysteine. Too low concentration
of Ag* could lead to narrower detection range of cysteine, while
too high of it, having excess free Ag* to bind to cysteine preced-
ingly, would result in a lack of sensitivity in Cys determination. In
this regard, the optimization of Ag* concentration was performed
(Fig. 3). As could be seen in Fig. 3A, the fluorescence intensity
increased gradually with the increasing concentration of Ag*, and
a platform of fluorescence intensity was observed when the con-
centration of Ag* reached 150 nM (Fig. 3B). Therefore, an optimized
concentration of 150 nM Ag* was chosen in the experiments.

3.4. Quantitative analysis of Cys in aqueous buffer

As shown in Fig. 4, a new sensitive assay for Cys was suc-
cessfully designed. The fluorescence intensity was dependent
on the concentration of Cys over a range of 2-200nM when the
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Fig. 4. (A) The normalized fluorescence spectra of 10 nM FAM-ssDNA upon incuba-
tion with 150 nM Ag* and mixed with GO (7.5 pg/mL), then reacted with a series
of concentrations of Cys (a-k: 0nM, 2 nM, 5nM, 8 nM, 10 nM, 20 nM, 30 nM, 60 nM,
120nM, 150 nM, 200nM). (B) Calibration curve for Cys detection in buffer, data
were presented as average +sd from three independent measurements. All these
experiments were operated at 25°C and the fluorescence excitation and emission
wavelengths were 493 nm and 520 nm, respectively.

concentration of Ag* was set at 150nM. Fig. 4B showed that the
fluorescence intensity deceased rapidly as the concentration of
Cys increased from 2 nM to 10 nM (R, =0.997). However, it existed
another linear relationship (R, =0.995) when the concentration of
Cys changed from 10 nM to 200 nM, where the fluorescence inten-
sity decreased more slowly as the Cys concentration increased.
The reason for this phenomenon was probably that FAM-labeled
DNA in the state of random coil single strand was corresponding
rare when Cys was less than 10nM in the system, and the vast
plane structure of GO could strongly adsorbed these random
coil single-strand FAM-DNA onto its surface as soon as possible,
which attributed to the weak adsorption competition among these
free FAM-ssDNA; When Cys exceeded 10nM in the system, free
FAM-DNA in the state of random coil single strand became much
more, adsorption competition among them became more intense,
so the fluorescence changed more slowly as the Cys concentration
increased. This method could be applied to detect as low as 2nM
Cys in aqueous buffer, and the linear detection range was wide,
ranging from 2 nM to 200 nM. From this perspective, the proposed
method towards Cys has its own uniqueness compared with some
recently reported ones [24-26,29-31,38-40], that is, the present
method is more effective to detect Cys down to trace levels.

Fig. 5. Selectivity of GO-based method for Cys. A Cys concentration of 150 nM was
tested, while the concentration of other 21 inspected species was 1 M.

3.5. Selectivity of the method towards Cys

For determination of Cys in biological samples, the main inter-
ference of other SH-containing compounds may come from cystine
and glutathione, because they always coexist with cysteine [23].
The results displayed in Fig. 5 showed that neither cystine nor
glutathione influenced the detection of Cys in biological samples.
Furthermore, the effects of the other 19 commonly used amino
acids should be taken into account. Typically, under optimum
experimental conditions, the Cys detection system was incubated
with 150 nM Cys and 1 wM other 19 amino acids in HEPES buffer,
respectively. As shown in Fig. 5, comparing with the blank system,
the fluorescence of the system for the other 19 commonly used
amino acids changed very little, while a significant fluorescence
decrease was observed for Cys. This suggests that the binding affin-
ity of Ag* to a “C-C” mismatch site appears to be much stronger than
that to all amino acids except for Cys. The results have thus clearly
illustrated the specificity of the method for Cys.

3.6. Detection of Cys in complex human serum matrix

A set of more meaningful Cys determination with the method
was conducted in spiked human serum, which aimed at inves-
tigating the ability of the method used in complicated matrix.
Serum is a recognized complicated biological matrix, which is sim-
ilar with plasma without fibrinogen or other clotting factor. The
present method not only responses effectively to Cys in aqueous
buffer, but also shows its excellent analytical efficiency in human
serum. A standard addition method was used to sense Cys in 100-
fold diluted human serum. As shown in Fig. 6A, the fluorescence
intensity decreased as the Cys concentration increased in human
serum, and it exhibited a good linear correlation between fluores-
cence intensity and Cys concentration over the range of 5-200 nM
(R=0.992) (Fig. 6B). Serum brought a lot of complex matrix to our
system, especially many kinds of proteins. These complicated mate-
rials in serum stabilized the fluorescence strength in some way and
on the other hand, they might also participate in the nonspecific
adsorption competition with each other onto the GO surface. All
these reasons led to a comprehensive result that the fluorescence
intensity quantitatively decreased with the concentration increase
of Cys, and as low as 5nM Cys in serum was determined. About
240-360 wM cysteine exists in healthy blood plasma [38,39], and
our method could be used for detecting 2 nM in buffer and 5nM
in serum, suggesting that the proposed method has great potential
for diagnostic purposes.
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Fig. 6. (A) The normalized fluorescence emission spectra of FAM-ssDNA/Ag*/GO
(10nM/150nM/7.5 pg/mL) in the presence of different concentrations of Cys (a-i:
0nM, 2nM, 5nM, 10 nM, 30 nM, 60 nM, 90 nM, 150 nM, 200 nM) in 100-fold diluted
human serum. (B) Calibration curve for Cys detection in serum, data were presented
as average + sd from three independent measurements. Except for the addition of
100-fold diluted human serum, all other experimental conditions were performed
the same as in buffer.

Several methods [23,32,38-40] for Cys detection have also been
applied in serum, but few of them were able to accomplish quan-
titative analysis of Cys in serum, or complex separation process
was needed. Therefore, the present method towards Cys based on
GO has significant advantages over the others, such as convenient
operation, no separating steps, and moreover the highest sensitiv-
ity was exhibited in this method, in which as low as 5 nM Cys was
detectable in serum.

4. Conclusion

In summary, a novel platform for determination of Cys based
on fluorescence quenching of FAM-ssDNA by GO has been con-
structed. In the absence of Cys, the FAM-labeled DNA was in the
state of dsDNA owing to Ag* binding to “C-C” mismatches in the
DNA sequence, and FAM was far away from the surface of GO.
When Cys existed in the system, Ag* was efficiently extracted from
dsDNA, leading to the formation of ssDNA, which assembled onto
the GO by -1 stacking interaction and then FRET from FAM to GO

appeared. Through the ingenious use of the outstanding electro-
chemical properties of GO, the proposed method has been applied
to detect Cys with high sensitivity and good selectivity in both
aqueous buffer and human serum. Therefore, the method towards
Cys thus developed shows its potential use in Cys-related clinical
diagnosis and research.
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