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Magnetic graphene oxide-supported hemin as peroxidase probe
for sensitive detection of thiols in extracts of cancer cells
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a b s t r a c t

Magnetic graphene oxide (GO)–hemin probes containing disulfide bonds are simply and effectively
synthesized through amide reaction to covalently link magnetic particles to GO surface and π–π stacking
interaction between hemin and GO to immobilize hemin on GO. Based on the strong nucleophilicity of
sulfhydry, we have developed a colorimetric detection system for thiols by using glutathione (GSH) as a
model analyte. Upon the introduction of GSH to the fabricated magnetic particle (MP)-GO–hemin probes,
the disulfides can be readily reduced by thiols, resulting in the release of GO–hemin hybrids to solution.
Due to the existence of hemin on GO surface, the released GO–hemin that has the intrinsic peroxidase-
like activity can catalyze the oxidation of ABTS2� by H2O2 to form the colored radical product ABTS � � .
A broad linear dynamic range of 10�10 M to 10�6 M GSH is achieved with a detection limit of
8.2�10�11 M (3s). Moreover, the new probe is successfully applied to the detection of non-protein
thiols and protein thiols in the extracts of Ramos cells, which shows favorable correlationship with the
results obtained by electrochemical method. In addition, the MP-GO–hemin probe can detect non-
protein thiols in Ramos extracts as low as 500 cells. In this assay, the prepared MP-GO–hemin conjugates
are thoroughly characterized by SEM, AFM, UV–Vis, FT-IR, and Raman spectroscopy.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Graphene with a one-atom thickness and two-dimensional
plane structure has attracted considerable attention due to its
unique physical, chemical, and mechanical properties (Georgakilas
et al., 2012). Graphene is typically synthesized by mechanical
cleavage or chemical methods (Guo and Dong, 2011). Particularly,
using graphene oxides (GO) as the starting material to produce
graphene provides an economic and efficient method for bulk
production (Chen et al., 2012). GO can be well-dispersed in
aqueous solution due to a rich variety of surface defects and
abundant hydrophilic groups on its surface, such as hydroxyl,
epoxide and carboxylic groups. As a novel fascinating material,
graphene or GO shows many advantages, such as large specific
surface area, excellent thermal conductivity, high electrical mobi-
lity, great mechanical strength, and low production cost, which

has been widely used in synthesizing nanocomposites and fabri-
cating microelectrical devices (Chung et al., 2013). Recently, GO
which can be easily modified has been actively pursued in
biotechnology (Huang et al., 2013; Parlak et al., 2013). For example,
GO based magnetic composites have been used for drug delivery,
biomedical engineering, and biomolecules detection (Shen et al.,
2010; Yang et al., 2011, 2009). Moreover, noncovalent functiona-
lization make GO as a perfect substrate to support molecular with
improved catalytic activity and stability (Yang et al., 2010). The
deposition of porphyrin on GO was achieved through π–π stacking
interaction, which can take advantage of both superior properties
of GO and the functionalizing molecules (Xu et al., 2009). As the
active center of heme-protein, hemin (iron protoporphyrin) has
been reported to conjugate with GO to act as a highly active
biomimetic oxidation catalyst for bioassay (Deng et al., 2013; Guo
et al., 2011; Xue et al., 2012).

Low molecular weight thiols are widely distributed in tissues
and cells, which play a significant role in metabolism and celluar
homeostasis (Zhang et al., 2004). Tripeptide glutathione
(γ-L-glutamyl-L-cysteinylglycine, GSH), the most predominant
and abundant cellular thiol, plays a crucial role in living organisms
which can be found within human cellular system (Hwang et al.,
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1992; Yi et al., 2009). The reduced form, GSH, can be rapidly
oxidized to its dimeric form GSSG in response to oxidative stress
within cells (McMahon and Gunnlaugsson, 2012). Therefore, the
altered level of intracellular GSH or the GSH/GSSG ratio has
become an important indicator in monitoring the overall health
of cells and their ability to protect cells against oxidative damage.
So far, various analytical methods have been developed for the
detection of thiols and thiol-containing peptides, including HPLC
(Amarnath et al., 2003), mass spectrometry (Huang and Chang,
2007), electrochemical assay (Pacsial-Ong et al., 2006; Wang et al.,
2008), and optical sensor (Wei et al., 2013a, 2013b; Yang et al.,
2013; Zong et al., 2013). Recently, fluorescent probes containing
S–S bond or Se–N bond were successfully synthesized for deter-
mination and imaging of celluar thiols with high sensitivity and
selectivity (Pires and Chmielewski, 2008; Tang et al., 2007; Wen
et al., 2011). However, these probes were often suffered from
complicated synthesis and purification, high cost, photobleaching,
and nonspecific signals caused by light excitation. Alternatively,
design of simple and sensitive probe for thiols detection still needs
to be developed. Moreover, example of convenient and accurate
colorimetric method for thiols detection has been scarce reported
(Liu et al., 2013; Ma et al., 2012; Yuan et al., 2013). In this assay,
magnetic graphene oxide–hemin probes containing disulfide
bonds are simply and effectively synthesized for colorimetric
detection of thiols in vitro and in the extracts of Ramos cells with
high sensitivity.

2. Experimental

2.1. Chemicals and apparatus

Glutathione (GSH) was purchased from Solarbio Co., Ltd (Beij-
ing, China). Graphene oxide (GO) was obtained from Beijing DK
Nano Technology Co., Ltd. (China). S-2-pyridylthio cysteamine
hydrochloride was purchased from Toronto Research Chemicals
Inc. (Canada). Hemin, 2,20-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) disodium salt (ABTS2�), 2-[4-(2-hydroxyethyl)-1-piper-
azinyl]ethanesulfonic acid (HEPES) were ordered from Aladdin
Chemistry Co. Ltd (China). Thiol modified magnetic particles (MPs)
(3–4 μm) were obtained from BaseLine ChromTech Research

Centre (Tianjin, China). Double-distilled, deionized ultrapure
water was used in all experiments. All regents were of analytical
grade and used without further purification.

2.2. Preparation of MP-GO–hemin composites

First, 50 mL of thiol-modified MPs were reacted with 100 mL of
S-2-pyridylthio cysteamine hydrochloride solution for 2 h, which
were washed with 0.01 M PBS buffer (pH 8.0) twice for further use.
At the same time, 200 mL of GO suspension (450 mg/mL) was
activated by 2 mL of EDC (400 mg/mL) and 2 mL of NHS (320 mg/mL)
for 1 h. And then, the –COOH activated GO was added to the above –

NH2-coated MPs, followed by incubation overnight with gentle
shaking at room temperature. Finally, 1 mL of hemin-methanol
solution (5.0 mM) was added. The mixture was stirred mildly for
3 h to allow the conjugation between hemin and GO. The resulting
MP-GO–hemin composites were magnetically washed three times
with 0.01 PBS and then re-dipersed in Tris buffer (pH 7.4).

2.3. Characterization

Fourier transform infrared (FT-IR) spectra were performed on a
Bruker Tensor 27 FT-IR spectrometer (Bruker Optics, Inc., Billerica,
MA). Scan electron microscopy (SEM) and atomic force microscopy
(AFM) images were collected on a JSM-6700F microscope (HITA-
CHI, Japan) and a Benyuan Nano-Instruments CSPM-5500 (Beijing,
China), respectively. Raman spectra were conducted with a Reni-
saw Invia Raman spectrometer RamLab-010. The UV–Vis absor-
bance measurements were performed on a Cary 50 UV–Vis
spectrophotometer (Varian, USA).

2.4. GSH assay

A 800 mL of different concentration of GSH in 0.01 M PBS buffer
(pH 7.0) was added to the above prepared MP-GO–hemin compo-
sites. After reaction for 30 min at 25 1C in dark, the suspension and
washings from MPs were combined through magnetic separation
to a total volume of 1 mL. The resulting solution containing the
released GO–hemin conjugates was reacted with 400 mL of ABTS2�

(10 mM), 600 mL of H2O2 (7.5 mM) in a buffer solution consisting of

Scheme 1. Fabrication of MP-GO–hemin probe containing disulfide bonds for GSH detection.
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HEPES (25 mM), KCl (20 mM) and NaCl (200 mM) (pH 7.4) at 25 1C
for 20 min. The UV–Vis absorbance was recorded in the wave-
length from 390 nm to 480 nm. For the detection of intracellular
thiols in the extracts of Ramos cells, the samples were prepared
according to Tang et al. (2007)'s work, which were analyzed as
described above.

3. Results and discussion

3.1. Principle of the assay

In this assay, a novel MP-GO–hemin probe containing a
disulfide bond is effectively synthesized through amide reaction
to covalently link magnetic particles to GO surface and π–π
stacking interaction between hemin and GO to immobilize hemin
on GO, which is successfully applied to colorimetric detection of
thiols by using GSH as a model analyte. Scheme 1 depicts the
fabrication of magnetic particle (MP)-GO, the immobilization of
hemin on GO, and the colorimetric analysis of GSH. First, thiol-
modified MPs are treated with S-2-pyridylthio cysteamine
hydrochloride to obtain functionalized MPs with disulfide bonds
and amino group at the end. At the same time, GO is activated
with EDC and NHS, whose carboxylic groups are further reacted
with the amino groups of the as-prepared MPs to synthesize the
MP-GO conjugates. Then hemin is immobilized on the surface of
GO through π–π stacking interactions. The excess hemin can be
easily removed through magnetic separation. In the presence of
GSH, the disulfide bonds can be reduced and cleaved, resulting in
the release of GO–hemin from MPs to solution. After magnetic
separation, the supernatant containing the released GO–hemin
composites have the intrinsic peroxidase-like activity that can
catalyze the oxidation of 2,20-azino-bis(3-ethylbenzothiazoline)-
6-sulfonic acid (ABTS2�) by H2O2 to produce the colored ABTS � � ,
thus providing an amplified colorimetric readout signal for the
detection of GSH. In comparison with other methods for thiols
detection, the major advantage of the proposed strategy is that
the magnetic probes can significantly facilitate the preparation.
During the fabrication and purification procedures, the excess GO
and hemin can be easily removed by magnetic separation. In
addition, the large surface area-to-volume ratio of MPs provides
high binding capacity, which enhances the assay sensitivity.
Moreover, the magnetic probe can significantly simplify the
analysis procedures. After reaction with thiols, the released
GO–hemin hybrids can be easily collected via magnetic field.
Thus, MPs used in the present strategy play important roles in
not only simplifying the experimental operation but also increas-
ing the sensing efficiency. In addition, this method has the
advantage of rapidity. After fabricating the MP-GO–hemin probe,
it takes only 30 min to reaction with samples and 20 min to
UV–Vis measurement.

3.2. Characterization of MP-GO composites

The SEM is used to investigate the morphology characteristics
of GO and MP-GO conjugates. From Fig. 1a, the unmodified GO
displays a wrinkle paper-like structure that has a smooth surface
without any folds, indicating its good solubility. After the deposi-
tion of MPs on GO through amide reaction (–COOH group on GO
and –NH2 group on MPs), SEM image shows that MPs are loaded
on a part of GO due to the large specific surface area of GO (Fig. 1b).
In addition, the introduction of MPs into the dispersion of GO
sheets inhibits the formation of a stacked graphitic structure. As a
functional “spacer”, MPs increase the distance between the gra-
phene sheets, which ensure both faces of GO are accessible to
further immobilize hemin and the high specific surface area of
MPs is remained (Shen et al., 2010). As a powerful and nondes-
tructive tool to characterize carbonaceous materials, Raman spec-
tra are also applied to investigate GO and the formation of MP-GO
conjugates. As shown in Fig. 1, the Raman spectrum of GO displays
two peaks at �1594 cm�1 and �1350 cm�1, which is corre-
sponded to the vibration of the sp2-bonded carbon atoms (G
band) and vibration of carbon atoms with dangling bonds in plane
terminations of disordered graphite (D band), respectively (Jiang
et al., 2012; Wei et al., 2013a,2013b). After the formation of MP-GO
composites, the intensity ratio of D over G band (ID/IG) (0.87) is
lower than that of GO (0.99), indicating that more sp2 domains are
formed during the conjugation. Therefore, the MP-GO composites
are successfully synthesized as expected.

3.3. Characterization of hemin-functionalized GO and its conjugation
with MPs

The morphology and thickness of GO and hemin-functionalized
GO are investigated by AFM studies. GO aqueous solution is first
deposited onto a mica substrate from an aqueous solution to
determine the thickness of the selected GO flakes, which is then
immersed into the hemin-methanol soultion to ensure the absorp-
tion of hemin on GO. From Fig. 2a, the height of GO sheets is
�0.73 nm, which is comparable to that of typical monolayer well-
exfoliated graphene sheets (Guo et al., 2011). After absorption of
hemin, AFM studies show that the mean thickness of the same GO
flakes is determined to be �1.27 nm (Fig. 2b). In comparison with
the unmodified GO, the �0.54 nm increment in the thickness can
be attributed to the functionalization of hemin on GO sheet
surfaces. Since the thickness of a single hemin molecular is
0.2 nm and hemin could be located on both sides of the GO layer,
it is reasonable to suggest that a monolayer of hemin molecules
absorbs onto GO sheet (Guo et al., 2011; Xue et al., 2012).

The successful synthesis of GO–hemin conjugates is also con-
firmed by UV–Vis spectra (Fig. 2c). For the GO dispersion (curve a),
the maximum absorption at 230 nm is assigned to the π–πn transi-
tion of the aromatic C¼C bonds and the shoulder at 290–300 nm is

Fig. 1. SEM and Raman spectra of (a) GO and (b) MP-GO composites.
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corresponded to the n–πn transition of C¼O bond. For hemin
solution (curve b), a strong absorption peak at 396 nm and a group
of weak peaks between 500 nm and 700 nm are attributed to the
Soret band and Q-bands, respectively. The GO–hemin suspension
(curve c) displays a broad absorption at 251 nm that should be the
corresponding GO. In addition, in comparison with the Soret band of
free hemin solution, a stronger band at 421 nm is also observed,
which is assigned to the Soret band of hemin that undergoes a large
bathochromic shift of 25 nm. All these results indicate the existence
of the π–π interactions between GO and hemin and strongly confirm
that hemin molecules are successfully attached onto GO surface (Guo
et al., 2011; Xue et al., 2012). Moreover, FT-IR spectra are used to
characterize the fabrication of MP-GO–hemin conjugates (Fig. 2d). As
shown in curve a, the peak at 1714 cm�1 is corresponding to C¼O
stretch of –COOH on GO surface, which disappears with the
appearance of a new characteristic peak at 1636 cm�1 due to the
formation of –COO� after interacting with NH2-MPs (curve b),
implying that MPs are covalently linked to GO surface via amide
reaction (Jiang et al., 2012). After further reacting with hemin to form
the MP-GO–hemin conjugates (curve c), the characteristic peaks of
hemin (curve d) can be observed, confirming the successful immo-
bilization of hemin on GO.

3.4. Optimization of conditions

The influences of the working pH, the concentration of hemin
in GO, the incubation time and the reaction temperature on GSH
detection were investigated. As shown in Fig. 3a, GSH was
dissolved to a series of PBS buffers with pH from 5.5 to 9.0 to
a concentration of 1.0�10�8 M, which then reacted with solid

MP-GO–hemin probe. The relative UV–Vis absorbance increases
when pH ranges from 5.5 to 7.0, which then decreased from 7.4.
Therefore, the PBS with pH 7.0 was selected for the best UV–Vis
response on the reaction of MP-GO–hemin and GSH. In addition,
the concentration of hemin to fabricate MP-GO–hemin probe was
investigated. From the results of Fig. 3b, for the detection of
1.0�10�8 M GSH, as the concentration of hemin increases from
0.1 to 5.0 mM the relative UV–Vis absorption increases, which
almost reaches saturation from 5.0 mM. Thus, we use 5.0 mM hemin
to prepare the MP-GO–hemin conjugates.

From Fig. 3c, after the treatment of 1.0�10�8 M GSH with the
fabricated MP-GO–hemin probe for 0 min, 10 min, 20 min, 30 min,
1 h, 2 h, and 3 h at 25 1C in dark, respectively, the UV–Vis signal
increase with reaction time and then levels off from 30 min. Thus,
30 min was selected as the optimum incubation time for GSH
detection. Moreover, a series of temperature-changing assays were
carried out in the absence and presence of 1.0�10�8 M GSH for
30 min at 25 1C, 37 1C, 45 1C, and 60 1C in dark, respectively. As
observed from Fig. 3d, the optimum temperature occurs at 25 1C,
which could be attributed to the stability of GSH.

3.5. Effect of GO and GSH on the UV–Vis system

It has been reported that GO has an intrinsic peroxidase-like
activity, which is strongly dependent on pH, temperature, and
H2O2 concentration (Qu et al., 2011; Song et al., 2010; Sun et al.,
2013). For example, GO can catalyze the reaction of peroxidase
substrate 3,3,5,5-tetramethylbenzidine (TMB), in the presence of
H2O2 to produce a colorimetric signal under the optimum condi-
tions of pH 4.0 at 35 1C and 150 mM H2O2 (Song et al., 2010). In our

Fig. 2. AFM morphology of (a) GO and (b) GO–hemin conjugates. Inset: the profile analysis of the heights indicated by the arrows. (c) UV–Vis absorption spectra of GO
dispersion, hemin solution, and GO–hemin suspension. (d) FT-IR spectra of GO, MP-GO, MP-GO–hemin, and hemin.
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assay for the ABTS2�–H2O2–hemim detection system, the pH,
temperature, and H2O2 concentration are pH 7.4, 25 1C, and
7.5 mM, respectively. Under these conditions, a range of GO
concentrations from 0.1 mg/mL to 5 mg/mL were tested (Fig. 4a).
For the fabrication of MP-GO–hemin conjugates, the concentration
of GO is 450 mg/mL. Thus, it can be seen that GO has no influence
on this assay. In addition, the samples of GO, hemin, GO–hemin,
and GSH/GO–hemin at the same concentrations of each compo-
nent (GO, 450 mg/mL; hemin, 5.0 mM; GSH, 1.0 mM) were detected
by ABTS2�–H2O2 system (Fig. 4b). Even the concentration of GSH
as high as 1.0 mM, the UV–Vis signal induced by GSH/GO–hemin is
comparable to that of GO–hemin or free hemin, indicating that
GSH has no influence on the UV–Vis detection system.

3.6. Sensitive and specific detection of GSH

After investigating GO and GSH have no influence on the
ABTS2�–H2O2 UV–Vis detection system and optimizing the experi-
mental conditions, the prepared MP-GO–hemin probe is applied to
GSH analysis by colorimetric technology. After treating the hemin–
GO-MPs with different concentrations of GSH for 30 min, the suspen-
sion and washings containing the released GO–hemin conjugates are
collected by magnetic separation, which are then subjected to
UV–Vis detection. As shown in the UV–Vis spectra (Fig. 5a), the
maximum absorption wavelength of the colored product ABTS� is
seen at �419 nm, which is used for quantitative analysis of GSH.
As the concentration of GSH increases, the UV–Vis signal increases

Fig. 3. The influences of (a) pH, (b) the concentration of hemin to fabricate MP-GO–hemin probe, (c) incubation time and (b) reaction temperature on GSH detection. The
concentration of GSH is 1.0�10�8 M. The other conditions are the same as those in Section 2.

Fig. 4. UV–Vis spectra in response to the ABTS2�–H2O2 system reacted with (a) different concentrations of GO, and (b) GO, hemin, GO–hemin, and GSH/GO–hemin with the
same concentrations of each component (GO, 450 mg/mL; hemin, 5.0 mM; GSH, 1.0 mM). The conditions of ABTS2�–H2O2 detection system are the same as that in Section 2.

S. Bi et al. / Biosensors and Bioelectronics 57 (2014) 110–116114
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correspondingly. The relationship between relative UV–Vis absor-
bance (ΔA) and concentrations of GSH in logarithmic scales is
obtained with the GSH concentration changed in the range from
1.0�10�10 M to 1.0�10�6 M (Fig. 5b). ΔA is calculated by A–A0,
where A0 and A are the UV–Vis absorbance without and with target
GSH, respectively. It should be noted that it has been reported that the
coverage of hemin on GO is 19–20% (Guo et al., 2011; Song et al.,
2013). Thus, it cannot be simply considered that each GSH molecular
liberates a hemin molecular to show a linear relationship between
GSH concentration and relative UV–Vis absorbance. The kinetic of
hemin catalyzed colorimetric system for bioanalyts detection is
similar to the reported works (Tao et al., 2013; Teller et al., 2009;
Weizmann et al., 2006). The regression equation is expressed as
ΔA¼0.0135(lgC)2þ0.3311logCþ
2.0325 with a correlation coefficient (R2) of 0.9970 (n¼5). The limit of
detection (LOD) was calculated to be 8.1�10–11 M by using 3s
criterion (the slope of linear calibration curve was obtained when
the concentration of GSH from 1.0�10�10 M to 1.0�10�7 M), which
is more sensitive than or comparable to other related sensors for GSH
detection (Table S1). To investigate the in vitro stability of the MP-
GO–hemin probe, after stored at 4 1C for one month, the UV–Vis
signal obtained by measuring 1.0�10�9 M GSH is similar to that
obtained by freshly fabricated probes. In addition, the relative
standard deviation (RSD) obtained by 1.0�10�9 M GSH is 4.2% for
seven measurements, indicating the good stability and reproducibility
of the fabricated probe for GSH assay.

The effect of diverse biorelevant analytes on GSH detection is
further investigated for control experiments. It has been reported
that metal ions, macro-like metal (such as Mg2þ , Ca2þ , Kþ , Naþ)
and trace-like metal (such as Zn2þ , Cu2þ , Fe3þ , Cd2þ) widely exist
in cell, tissue, and body fluid, which play important roles in human
physiology and pathology (Fan et al., 2012; Luo et al., 2003). In
order to demonstrate the practicability of prepared MP-GO–hemin
probe for GSH detection in real sample assay, the effect of diverse
biorelevant analytes including metal ions, bioamines, and biologi-
cal antioxidants is investigated on GSH detection. From the results
of Fig. S1, in comparison with the UV–Vis signal generated by GSH,
the interferences can be ignored when the synthesized probe is
used to detect other analytes. Thus, the proposed assay success-
fully accomplishes qualitative, quantitative and selective detection
of GSH.

In addition, the reactivity of the prepared MP-GO–hemin probe
with thiol-containing analytes is investigated, showing that the
MP-GO–hemin probe containing disulfide bonds is more sensitive
to protein thiols than non-protein thiols. To further evaluate the
applicability of this method in clinical analysis, intracellular non-

protein thiols and protein thiols in the extracts of Ramos cells
(human Burkitt's lymphoma cells) are examined. It has been
demonstrated that there is no cell cytotoxicity of MP-GO–hemin
on cells for intracellular thiols detection. The thiols concentrations
in 104 Ramos cells obtained by the present method are in good
agreement with those determined by electrochemical method
(Wang et al., 2008) with the relative deviation of 7.4% for non-
protein thiols detection and 4.5% for protein thiols detection,
indicating our detection method compares favorably with electro-
chemical method for the detection of thiols in the extracts of
Ramos cells. In addition, the MP-GO–hemin probe can detect non-
protein thiols in Ramos extracts as low as 500 cells (see supporting
information for details).

4. Conclusion

In summary, a novel MP-GO–hemin probe containing a dis-
ulfide bond is developed for the analysis of thiols in vitro and in
the extracts of Ramos cells. On the basis of π–π stacking interac-
tion between hemin and GO to fabricate the peroxidase probe and
strong nucleophilicity of sulfhydry to cleave S–S bond, the pro-
posed strategy achieves the detection of standard solution of GSH
in the linear range from 1.0�10�10 M to 1.0�10�6 M with a
detection limit of 8.2�10–11 M (3s) and good specificity. Signifi-
cantly, the new probe is successfully applied to non-protein thiols
and protein thiols detection in extracts of Ramos cells as low as
500 cells. This assay is easy operation and cost-effective, which not
only offers a new technique for thiols detection, but also opens a
new field for the application of graphene in biotechnology,
biosensors and medicine.
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Fig. 5. (a) UV–Vis spectra in response to different concentrations of GSH: 0 M, 10–10 M, 10�9 M, 10�8 M, 10�7 M, 10�6 M. (b) Corresponding calibration curve of the relative
UV–Vis absorbance (ΔA) versus various concentrations of GSH. ΔA is calculated by A–A0, where A0 and A are the UV–Vis absorbance without and with target GSH,
respectively. The error bars represent the standard deviation for three replicates.
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