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Glutathione-functionalized graphene quantum dots as
selective fluorescent probes for phosphate-containing
metabolites†

Jing-Jing Liu,a Xiao-Long Zhang,a Zhong-Xiao Cong,a Zhi-Tao Chen,ab

Huang-Hao Yang*a and Guo-Nan Chen*a
Bright blue fluorescent glutathione-functionalized graphene

quantum dots (GQDs@GSH) were prepared by a one-step pyrolysis

method with a fluorescence quantum yield as high as 33.6%.

Futhermore, the obtained GQDs@GSH can be used as a probe to

estimate the ATP level in cell lysates and human blood serum.
Introduction

Recently, graphene has received much attention because of its
unique electronic, optical, mechanical, and thermal pro-
terties.1,2 A wide variety of biosensors based on graphene have
been developed for detection of nucleic acids, proteins, toxins
and small molecules.3–8 It has been reported that the
morphology of graphene sheets, including their size, shape, and
thickness, can effectively determine their properties.9–12 For
example, the graphene sheets with lateral dimensions less than
one hundred nanometers, generally called graphene quantum
dots (GQDs), assume numerous novel chemical and physical
properties due to the quantum connement and edge
effects.10,13 GQDs show considerably low toxicity, high stability,
excellent solubility, stable photoluminescence and good
biocompatibility, thus making them promising in photovoltaic
devices, biosensing and imaging.14 Because of their great
scientic and technological interests, recent advances have
been made in the development of effective strategies to prepare
GQDs.12,15–24 Generally, approaches for synthesizing GQDs can
be classied into two main groups: top-down and bottom-up
methods. The top-down methods are primarily based on the
cutting of larger graphene sheets. The bottom-up approaches
nology for Food Safety of the MOE, Fujian

Detection Technology for Food Safety,

ring, Fuzhou University, Fuzhou 350108,

; gnchen@fzu.edu.cn; Fax: +86 591

ne Bureau, Fuqing, Fujian, 350300, P. R.

tion (ESI) available. See DOI:
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involve the synthesis of graphene moieties containing a certain
number of conjugated carbon atoms.25 However, most of these
methods involve complex processess, severe synthetic condi-
tions and low product yield, and the corresponding quantum
yields are very low. Thus, the simple synthetic route to GQDs
with high quantum yields is still desired.

A pyrolysis method is one of the most simple and efficient
methods for preparing GQDs. However, the corresponding
uorescence quantum yields of as-prepared GQDs are low.12,24

Herein, we present a simple method to prepare GQDs with high
uorescence quantum yields by a one-pot pyrolysis reaction,
using citric acid (CA) and glutathione (GSH) as starting mate-
rials. GSH is a tripeptide consisting of glutamate, cysteine, and
glycine.26 The use of GSH in synthesis has two advantages over
the previous methods: increasing the uorescence quantum
yield and improving the biological compatibility of GQDs. The
prepared glutathione-functionalized graphene quantum dots
(GQDs@GSH) show excellent uorescence properties, and the
uorescence quantum yield of the GQDs@GSH was about
33.6%. Moreover, a novel uorescence sensor for phosphate-
containing metabolites was proposed based on the intense
uorescence of GQDs@GSH.

Phosphate anions, which include nucleoside pyrophos-
phates, inorganic pyrophosphates, and phosphoproteins, hold
a unique position in nature, as they take part in almost all
metabolic processes.27,28 Nucleoside pyrophosphates are wide-
spread in living cells and play pivotal roles in various biological
events.29 For example, adenosine triphosphate (ATP) is known
not only as a universal energy source but also as an extracellular
signaling mediator in many biological processes.30 In addition,
it has also been used as an indicator for cell viability and cell
injury.31 The concentration of ATP in cells and human blood is
at the millimolar level, which is much higher than that of other
phosphate-containing metabolites.32 Due to the signicant
roles in biological systems of the phosphorylated species,
considerable efforts have been devoted to development of rapid
and convenient determination systems for them. These include
luciferase assay, electrochemistry, high-performance liquid
This journal is ª The Royal Society of Chemistry 2013
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chromatography (HPLC), and uorescence.33–37 Among these
methods, uorescence methods are of great interest in detec-
tion of phosphorylated species due to their high sensitivity and
rapid response.

Herein, we propose a uorescence “off-to-on” mechanism of
GQDs@GSH for the assay of ATP. Since ATP is the major
phosphate-containing metabolite in cell lysates and blood
serum, the proposed sensing assay can be used to rapidly esti-
mate the levels of phosphate-containing metabolites in cell
lysates and blood serum. The level of ATP in the cell lysates can
be potentially used as an indication of cell viability and cell
metabolic activity, and the change in the ATP level in the blood
serum may be used as an indicator of disorders.

Materials and methods
Reagents and materials

Citric acid was purchased from TCI (Japan). Glutathione and
adenosine triphosphate (ATP) were obtained from Sigma-
Aldrich Chemical Co. (USA). Iron(III) chloride hexahydrate
(FeCl3$6H2O) was purchased from Sinopharm Chemical
Reagent Co., Ltd (China). Human gastric cancer cell line
MGC803 was purchased from Shanghai Cell Bank, Chinese
Academy of Sciences (China). Human blood serum was kindly
provided by Fuqing Entry-Exit Inspection and Quarantine
Bureau (China). Other reagents were of analytical grade and
used as received. Milli-Q ultrapure water was used in all
experiments.

Preparation of GQDs@GSH

Briey, 0.5 g of citric acid was rst mixed with 0.15 g of gluta-
thione, and then the mixture was put into a 5 mL beaker and
heated to 240 �C using a heating mantle. About 2 min later, the
mixture was liquated. Subsequently, the color of the liquid was
changed from colorless to pale yellow, and then brown in 10
min. Then, the liquid was dissolved into Milli-Q ultrapure
water. The resultant GQDs@GSH solution was puried by silica
gel column chromatography with 0.01 M HCl solution as the
developing solvent. The puried GQDs@GSH solution was
stored in the dark at room temperature.

The sensing procedure

The sensing solution was prepared by mixing GQDs@GSH and
aqueous FeCl3 for 15 min at room temperature. The nal
concentration of GQDs@GSH and FeCl3 was 2 mg mL�1 and
0.125 mM, respectively. And then, different concentrations of
ATP (50 mL) were incubated with the sensing solution (200 mL)
for 30 min at room temperature. Subsequently, the uorescence
intensity of the incubated solution was measured at 425 nm
with excitation at 346 nm.

Analysis of cell lysates

The MGC803 cell was used in this study. Cells were grown in
RPMI-1640 (Gibco) plus 10% fetal bovine serum (FBS, Gibco).
Cells were grown at 37 �C in a humidied atmosphere con-
taining 5% CO2 (in air). MGC803 cells were removed from the
This journal is ª The Royal Society of Chemistry 2013
substrate by trypsinization, washed twice with 0.1 M PBS, and
pelleted at 2000 rpm for 10 min at 4 �C. The density of the cells
(1.1� 106 cells per mL) was counted with a hemocytometer. Cell
lysate samples were prepared using methods as previously
described.38 In brief, the cells were resuspended in a cold
CHAPS lysis buffer (10 mM Tris–HCl, pH 7.4, 1 mM MgCl2,
1 mM EGTA, 0.1 mM PMSF, 0.5% CHAPS and 10% glycerol) by
pipetting at least three times and incubated in ice for 30 min to
thoroughly lyse the cells, and then centrifuged for 20 min
(12 000 rpm, 4 �C). The supernatant was ash frozen and stored
at �80 �C.

Aliquots of 50-fold diluted cell lysates (45 mL) were spiked
with different concentrations of ATP (5 mL). The spiked samples
were then incubated with the sensing solution (200 mL) for 30
min at room temperature. Subsequently, the uorescence
spectra were recorded.
Analysis of human blood serum

Aliquots of 100-fold diluted human blood serum (45 mL) were
spiked with different concentrations of ATP (5 mL). The spiked
samples were then incubated with the sensing solution (200 mL)
for 30 min at room temperature. Subsequently, the uorescence
spectra were recorded.
Instrumentations

Transmission electron microscopy (TEM) measurements were
performed using a Hitachi-7650 (Japan) at an acceleration
voltage of 80 kV. Atomic force microscopic (AFM) images were
taken using a Nanoscope III A multimode atomic force micro-
scope (Veeco Instruments, USA) in tapping mode to simulta-
neously collect height and phase data. The X-ray photoelectron
spectra (XPS) were recorded on a Thermo-VG Escalab 250. UV-
vis absorption spectra were measured using a SH-1000 Lab
microplate reader (Corona Electric, Hitachinaka, Japan) at room
temperature. Raman spectra were acquired on a Renishaw inVia
Raman microspectrometer. Fluorescence spectra were collected
by using a Hitachi F-4600 uorometer (Hitachi Co. Ltd., Japan).
The time-resolved uorescence decay was performed on an
Edinburgh FLS920 spectrouorometer (Edinburgh, UK) with a
340 nm LED as the excitation source.
Results and discussion
Structural characterizations of GQDs@GSH

GQDs@GSH were prepared by a one-pot pyrolysis of CA and
GSH at 240 �C. Fig. 1 shows the TEM images, XPS spectra and
Raman spectra of GQDs@GSH. The diameters of GQDs@GSH
were mainly distributed in the range of 6–10 nm (Fig. 1a). The
topographic heights of GQDs@GSH were mostly between 2 and
3 nm, corresponding to 3–5 graphene layers (Fig. S1 in the ESI†).
XPS measurements were carried out to probe the composition
of GQDs@GSH. As seen in Fig. 1b, the XPS survey spectra of the
GQDs@GSH show a predominant graphitic C 1s peak at ca.
284 eV, and an O 1s peak at ca. 532 eV. Moreover, a S 2p peak at
ca. 164 eV and a N 1s peak at ca. 400 eV can also be observed in
the survey spectra of GQDs@GSH. This conrms the successful
Nanoscale, 2013, 5, 1810–1815 | 1811
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Fig. 1 (a) TEM images of GQDs@GSH. (b) XPS spectra of GQDs@GSH. (c) High-
resolution C 1s peaks of GQDs@GSH. The peaks 1, 2, and 3 correspond to C]C/
C–C in aromatic rings, C–N (O), and COOH groups, respectively. (d) Raman spectra
of GQDs@GSH.

Fig. 2 The optical properties of GQDs@GSH. (a) UV and fluorescence spectra of
GQDs@GSH. The inset shows the fluorescence photo of GQDs@GSH aqueous
solution under UV irradiation. (b) Fluorescence emission spectra for the
GQD@GSH at different excitation wavelengths.
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modication of GQDs with GSH by a one-pot pyrolysis reaction.
The atomic percentage of N and S in GQDs@GSH was found to
be 4.9% and 1.51%, respectively. The high-resolution C 1s
spectrum of GQDs@GSH (Fig. 1c) shows that there are three
peaks at 284.5, 286.0 and 288.5 eV, corresponding to C]C/C–C
in aromatic rings, C–N (O), and COOH groups, respectively.
Raman spectroscopy was also performed to characterize the
GQDs@GSH, as shown in Fig. 1d. The Raman spectrum of the
GQDs@GSH exhibits the characteristic G band at 1595 cm�1

and D band at 1365 cm�1. The relative intensity of the
“disorder” D-band and the crystalline G-band (ID/IG) for as-
produced GQDs@GSH in this work is 0.82.
Optical properties

To further explore the optical properties of the GQDs@GSH, UV-
vis and uorescence absorption spectra were studied (Fig. 2).
From the UV-vis absorption spectra of the GQDs@GSH (Fig. 2a),
a typical absorption peak at ca. 346 nm was observed, which is
almost the same as that of the maximum excitation peak of
GQDs@GSH. Subsequent uorescence characterization indi-
cated that the GQDs@GSH can emit strong blue uorescence
under excitation at 365 nm with a UV lamp (Fig. 2a, inset). As
shown in Fig. 2b, GQDs@GSH exhibit an excitation-dependent
uorescence behavior. When the excitation wavelength changes
from 300 to 380 nm, the uorescence peak correspondingly
shis from 407 to 430 nm. The most intense uorescence from
the GQDs@GSH appears under 346 nm excitation and has a
maximum at 425 nm. This excitation-dependent uorescence
behavior was extensively reported in uorescent carbon-based
nanomaterials, and it may result from optical selection of
differently sized GQDs and surface defects of GQDs.39 The
quantum yield at 346 nm excitation was calculated to be
�33.6% by using quinine sulfate as the standard.

The high uorescence quantum yield may be attributed to
the amination reaction between the amine group of GSH and
1812 | Nanoscale, 2013, 5, 1810–1815
the epoxy and carboxylic groups of GQDs. As we know, the epoxy
and carboxylic groups usually act as non-radiative electron–hole
recombination centers, which leads to the non-emissive prop-
erty of GQDs.40,41 When the amination reaction occurred, the
number of non-radiative electron–hole recombination centers
will be reduced, and hence the efficient emission of GQDs will
be improved. Apart from the bright uorescence, the
GQDs@GSH also possess high stability. Even aer being kept
for 6 months in air at room temperature, they still exhibit a
transparent appearance and strong uorescence.
Establishment of the uorescence sensing method for ATP

The strong uorescence of the GQDs@GSH was found to be
quenched in the presence of Fe3+. As shown in Fig. 3, the uo-
rescence of GQDs@GSH gradually decreased and was eventually
switched off when the concentration of Fe3+ in the solution was
higher than 0.125 mM. Since GSH can function as a ligand that
chelates with Fe3+, the quenching effect may have been
primarily caused by the effective electron transfer that occurs
from GQDs@GSH to Fe3+.

Besides Fe3+, the effects of 6 other kinds of metal ions
including Cu2+, Mg2+, Zn2+, Hg2+, Ca2+, and Pb2+ on the uo-
rescence response of GQDs@GSH were investigated. The result
in Fig. S2 (in the ESI†) shows that only Fe3+ brought marked
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Fluorescence emission spectra of GQDs@GSH (2 mgmL�1) in the presence
of various concentrations of Fe3+ (0, 0.1, 0.125, and 0.15 mM).
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uorescence change to GQDs@GSH, while other kinds of metal
ions did not cause apparent changes.

It is well known that phosphate ions have a high affinity for
iron ions through Fe–O–P bonds.42,43 Therefore, phosphate-
containing molecules were expected to act as complexing agents
for Fe3+, and hence the quenched uorescence of the
GQDs@GSH by Fe3+ can be basically recovered in the presence
of phosphate-containing molecules. It is worth mentioning that
multiphosphates show higher affinity for Fe3+ than mono-
phosphates. This may be attributed to the multiple ligands of
multiphosphates.37 On the basis of these properties, a rapid,
sensitive sensing method based on the uorescence change of
GQDs@GSH was developed for the detection of phosphate-
containing molecules. Scheme 1 illustrates the “off-to-on”
mechanism of GQDs@GSH for the assay of phosphate-con-
taining molecules.
Kinetic and time-resolved uorescence decay assays

The kinetic behavior of the present phosphate-containing
molecule detection system was studied by monitoring the
uorescence intensity as a function of time, as shown in Fig. S3
(in the ESI†). Curve a shows the time-dependent uorescence
quenching of GQDs@GSH in the presence of Fe3+. The chela-
tion process was a fairly rapid process. It reached equilibrium in
Scheme 1 Schematic illustration of the sensing process for phosphate-con-
taining molecules based on a GQD@GSH–Fe3+ probe.

This journal is ª The Royal Society of Chemistry 2013
5 min. Curve b shows the uorescence restoration of
GQDs@GSH–Fe3+ in the presence of ATP as a function of
incubation time. The formation and release of the ATP–Fe3+

complex from GQDs@GSH was relatively slow and needed
almost 15 min to reach the equilibrium.

To better understand the uorescence mechanism, the time-
resolved uorescence decay of GQDs@GSH at different condi-
tions was studied. Decay proles are shown in Fig. S4 (in the
ESI†). GQDs@GSH alone have a lifetime of about 7.60 ns, while
a decrease of lifetime of 4.05 ns was observed in the presence of
Fe3+. This result reveals that the quenching mechanism of
GQDs@GSH by Fe3+ was a dynamic quenching mechanism.
However, in the presence of Fe3+ and ATP, the lifetime of
GQDs@GSH is increased from 4.05 ns to 6.45 ns. All these
results indicate that Fe3+ can quench the uorescence of
GQDs@GSH and then are disassociated from GQDs@GSH by
the phosphate ions through the strong interactions.
Sensitivity of the sensing system

To ensure the presented system can be used for sensitive
quantication of ATP, the uorescence responses induced by
ATP at different concentrations were evaluated. Fig. 4a shows
the uorescence-emission spectra of the system upon the
addition of different concentrations of ATP. As shown in Fig. 4b,
Fig. 4 (a) Fluorescence emission spectra of GQD@GSH–Fe3+ (2 mg mL�1) in the
presence of different concentrations of ATP (0, 25, 50, 100, 250, 500, 1000, 2500,
and 5000 mM). (b) The relationship between [(F� F0)/F0] and the concentration of
ATP. F0 and F are fluorescence intensities without and with ATP, respectively. The
inset shows a linearity relationship in the concentration range from 25 to 250 mM.

Nanoscale, 2013, 5, 1810–1815 | 1813
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Fig. 6 Fluorescence emission spectra of GQD@GSH–Fe3+ (2 mg mL�1) in the
presence of 100-fold diluted human blood serum spiked with different concen-
trations of ATP (0, 10, 25, and 50 mM). Inset: the relationship of the relative
fluorescence intensity versus the standard addition of ATP into 100-fold diluted
human blood.
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a dramatic increase in the uorescence intensity was observed
as the concentration of ATP was increased from 25 mM to
5000 mM. Meanwhile, the inset of Fig. 4b clearly represents the
linear relationship between uorescence enhancement factors
[(F � F0)/F0] and the concentration of ATP in the range of 25–
250 mM. The regression equation is Y¼ 0.022� X� 0.3558, with
a correlation coefficient (R2) of 0.9983, where Y and X denote the
uorescence enhancement factors and ATP concentration,
respectively. The detection limit was estimated to be 22 mM (3s/
S, in which s is the standard deviation for the blank solution,
n ¼ 8, and S is the slope of the calibration curve).

Real sample assay

The applicability of the proposed “off-to-on” mechanism of
GQDs@GSH for the assay of ATP in real samples was further
evaluated. We applied a standard addition method to estimate
the concentrations of ATP in cell lysates and human blood
serum. A series of ATP at concentrations of 0, 10, 25, and 50 mM
were spiked into 50-fold diluted cell lysates or 100-fold diluted
human blood serum. These samples were then incubated with
GQDs@GSH–Fe3+ before uorescence measurement. All these
results are shown in Fig. 5 and 6. It was found that the present
approach provides a linear response to ATP spiked into cell
lysates (Fig. 5), and the regression equation is Y ¼ 5.773 � X +
372.196, with a correlation coefficient (R2) of 0.9949. A similar
response was also obtained for ATP spiked into human blood
serum (Fig. 6), and the regression equation is Y ¼ 2.108 � X +
159.19, with a correlation coefficient (R2) of 0.9958. By using the
standard addition method, we estimated that the concentration
of ATP in the cell lysates and human blood serum is 3.22 and
7.55 mM, respectively. The estimated value in cell lysates agrees
with the normal level of ATP between 2 and 10 mM in cells.44 As
mentioned above, the concentration of ATP is much higher
than that of other phosphate-containing molecules.32 Thus, we
considered that ATP would mainly be responsible for the uo-
rescence turn-on effect in the sensing approach, so that the
proposed approach can be used to assess the cell viability and
the health conditions of individuals.
Fig. 5 Fluorescence emission spectra of GQD@GSH–Fe3+ (2 mg mL�1) in the
presence of 50-fold diluted cell lysates spiked with different concentrations of ATP
(0, 10, 25, and 50 mM). Inset: the relationship of the relative fluorescence intensity
versus the standard addition of ATP into 50-fold diluted cell lysates.
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Conclusions

In summary, we developed a facile pyrolysis approach for the
preparation of GQDs@GSH with a uorescence quantum yield
as high as 33.6%. The employment of GSH not only increased
the uorescence quantum yield of GQDs, but also improved the
biological compatibility of GQDs. Fe3+ can quench the uores-
cence of GQDs@GSH by electron transfer and then are dis-
associated from GQDs@GSH by the phosphate ions through the
strong interactions, so that the uorescence turns on. On the
basis of the uorescence “off-to-on” mechanism of
GQDs@GSH, we proposed a simple method for the assay of
phosphate-containing molecules. As to ATP, a sensitive detec-
tion limit of 22 mM was obtained. In addition, since ATP is the
major phosphate-containing metabolite in cell lysates and
blood serum, the proposed sensing approach was successfully
applied to estimate the ATP level in cell lysates and human
blood serum, and subsequently assessed the cell viability and
the health conditions of individuals.
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