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Biochemical and biomedical applications of graphene are critically dependent on the interaction between
biomolecules and the nanomaterial. In this work, we developed a graphene-based signal-ampliﬁcation
nanoprobe by combining anti-immunoglobulin G (anti-IgG) and horseradish peroxidase (HRP) with graphene
oxide (GO). The structure and function of HRP in the nano-interface of GO were ﬁrstly investigated, which
demonstrated that the enzyme retained 78% of its native activity and 77% of its native α-helix content. HRP and
anti-IgG were then co-adsorbed onto GO to form bifunctional nanoprobes. The nanoprobes provide both
improved binding ability and signal-ampliﬁcation ability. Comparing with conventional bioconjugates such as
enzyme-linked antibody, co-adsorption could avoid chemical conjugation between biomolecules, keeping their
bioactivity well. As an example for their application, the nanoprobes were used to obtain ampliﬁed signals in a
sandwich-type immunoassay for cancer marker, instead of conventional colorimetric conjugates. This approach
provided a detection limit of 10 pg/mL alpha-fetoprotein (AFP), which was much more sensitive than
conventional enzyme-linked immunosorbent assay (ELISA) methods. The easily fabricated GO-based nanoprobes have the potential to become universal probes for molecular diagnostics.
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Graphene, an atomic single-layer of graphite, has been intensively studied in the past years because of its unique electronic,
optical, thermal and mechanical properties (Novoselov et al.,
2004; Zhang et al., 2005; Avouris et al., 2007; Balandin et al.,
2008; Lee et al., 2008; Castro Neto et al., 2009; Bonaccorso et al.,
2010; Schwierz, 2010). Graphene oxide (GO), the water-soluble
derivative of graphene, has been used in the ﬁelds of sensing,
electric devices (Yun et al., 2009a, 2009b), and biology (Geim,
2009; Wang et al., 2011). However, few studies were focused on
the changes of biofunctionalized GO, although the interaction of
biological molecules (e.g., proteins and nucleic acids) with this
planar nanomaterial is critical for its use in biosensor, drug
delivery, and related biological applications (Sun et al., 2008; He
et al., 2010; Wang et al., 2010, 2011). So it is very important for the
design of optimal biomolecule–GO hybrid structures to assess and
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understand the potential changes of biomolecular structure and
function upon interfacing the biomolecules with the twodimensional nanomaterials (Niemeyer, 2001).
Early diagnosis of cancer is very important for cancer therapy but
still remains challenges facing scientists all over the world (Kitano,
2002). Accurate detection of protein biomarkers is critical but difﬁcult
in early diagnosis of cancers because there is only trace protein
biomarker in serum of early cancer patients (Welsh et al., 2001;
Wilson and Nock, 2003; Ludwig and Weinstein, 2005). Usually,
traditional methods such as enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay (RIA), ﬂuorescence immunoassay (FIA),
are used to detect these cancer markers. However, these techniques cannot meet the needs for higher detection sensitivity as
earlier diagnosis becomes more and more important (Yu et al.,
2006; Zhang et al., 2007). There have been great advances in
nano-ampliﬁcation technologies, yet most of them suffered from
obstacles such as complicated assembly processes, insufﬁcient
surfaces of some nanomaterials, and lack of stability of biofunctionalized nanomaterials (Giljohann and Mirkin, 2009; Song et al.,
2010; Zhang et al., 2011). For example, in order to efﬁciently
immobilize enzymes on nanomaterial's surfaces, complicated and
labored work was required to ﬁrstly modify the substrate surfaces
(Lin et al., 2004; Lee et al., 2006). Zero-dimensional nanomaterials
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such as gold nanoparticles often could not meet the requirement for
nano-based signal-ampliﬁcation because of their limited surfaces,
especially when enzymes and large biomolecules such as immunoglobulins need to be co-assembled on one nanoparticle (D. Li et al.,
2008; J. Li et al., 2008; Sperling et al., 2008; Giljohann et al., 2010).
One-dimensional nanomaterials such as carbon nanotubes often could
not offer uniformly sized nanostructures and become instable after
surface biological functionalization (Wang et al., 2004; Yu et al., 2006;
Wan et al., 2011; Zhang et al., 2011). Therefore, fabricating simple and
cost-effective functional nanoprobes for high-sensitive biosensors still
remains challenging. Herein, we have tried to use two-dimensional GO
to fabricate nanoprobes for signal ampliﬁcation and develop a prototype optical biosensing platform for high-sensitive detection of cancer
markers. We ﬁrstly evaluated both the structure and function of GO
assembled with horseradish peroxidase (HRP). The GO-HRP was
characterized by atomic force microscopy (AFM), kinetic analysis and
circular dichroism (CD) spectroscopy. Then, we fabricate multifunctional nanoprobes by coassembling HRP and goat anti-rabbit immunoglobulin G (anti-IgG) onto the GO surface. The nanoprobes were
used to detect alpha-fetoprotein (AFP), the conﬁrmed biomarker of
liver cancer. The protocol of the study was designed as Scheme 1. The
prototype biosensing platform has a detection limit of 10 pg/mL for
AFP. Importantly, since the anti-IgG can react with rabbit polyclonal
antibodies for any antigen, the platform has a potential to become
powerful tools for the detection of most of target proteins.

2. Experimental
2.1. Materials
HRP (lyophilized, 99%), bovine serum albumin (BSA), Tween 20
and anti-IgG labeled with HRP (anti-IgG-HRP) were purchased
from Sigma-Aldrich. TMB substrate was purchased from Neogen.
AFP polyclonal antibody and monoclonal antibody were purchased
from R&D Systems (Minneapolis, MN, USA), anti-IgG, AFP were
purchased from Fitzgerald (Acton, MA, USA). Antigens and

antibodies were dissolved in phosphate buffered saline (PBS,
0.01 M PB, 0.14 M NaCl, 2.7 mM KCl, pH 7.0) unless otherwise
noted. The washing buffer was PBST (0.5% Tween in 0.1 M PBS
buffer). Bichinchoninic Acid (mBCA) assay reagents used for protein
concentrations determination were purchased from Pierce Biotechnology, Inc. (Rockford, IL). GO was synthesized from the
natural graphite powder by using the modiﬁed Hummer's method
(Hummers and Offeman, 1958; He et al., 2010).
2.2. Instruments
Centrifugation was operated using Centrifuge himac-CF 16RX
(Hitachi, Japan). The circular dichroism (CD) spectroscopy was
measured by using Chirascan spectropolarimeter (Applied
Photophysics). HRP activity was measured by using a microplate
reader (Tecan GENios). The morphology of GO was characterized
using AFM (Nanoscope IIIa Digital Instrument, USA).
2.3. Preparation of GO-protein conjugates
200 mL GO (0.5 mg/mL) were mixed with different amounts of
HRP in phosphate buffer (50 mM, pH 7.0), and the mixture was
shaken on an Eppendorf platform shaker for 4 h at 300 rpm at
room temperature. After incubation, the mixtures were centrifuged at about 10,000 rpm and the supernatant was removed and
then fresh buffer was added. Typically, ﬁve times of centrifugation
and washing were repeated to remove unbound enzyme. All
supernatants were collected and used for protein content determination using the mBCA assay. The amount of enzyme loaded
onto the GO was obtained by measuring the difference in the
concentration of enzyme in solution before and after exposing it to
the dispersion of GO in buffer. To prepare the GO-based probe
(anti-IgG-GO-HRP), 200 mL GO (0.5 mg/mL) were mixed with
different amounts of HRP and anti-IgG in 0.1 M PBS, and the
mixture was shaken on an Eppendorf platform shaker for 10 h at
300 rpm at room temperature. Next, 50 mL of 5% BSA solution was
added to passivate the surface of GO for 1 h. After incubation, the
mixtures were centrifuged at about 10,000 rpm and the supernatant was removed. The ﬁnal deposition was suspended in 500 mL
of 0.1 M PBS and stored at 4 1C for further use.
2.4. Determination of HRP activity
The activity of HRP was measured using TMB as the substrate.
HRP catalyzes the TMB substrate to form a soluble product whose
concentration can be quantiﬁed by measuring its absorbance at
595 nm.
2.5. Circular dichroism spectroscopy
The secondary structure of HRP and the GO-HRP conjugates
was monitored by CD spectroscopy. The far-UV CD spectra (200–
250 nm) of the native and immobilized enzymes were recorded at
20 1C using cylindrical quartz cuvettes with a 1 mm path length. In
all measurements, the protein concentration was 50 mg/mL. CD
spectra of the GO (50 mg/mL) were recorded under the same
condition as a control. At least three CD spectra were acquired
for each sample. The spectra were then averaged and the α-helix
content was calculated on the basis of the mean residue ellipticity
at 222 nm (⦵222).
2.6. Detection of AFP with GO-based probe

Scheme 1. Schematic of GO-based probes and the biosensing platform for cancer
markers. (a) The assembly of GO-HRP conjugates; (b) the assembly of anti-IgG-GOHRP conjugates; and (c) the immunosensing conﬁguration for the detection of AFP,
using GO-based probes.

First, a 96-well was coated with capture antibody (200 mL,
10 mg/mL in PBS). The plate was incubated at room temperature
overnight, followed by washing with PBST wash buffer. Then the

H. Xu et al. / Biosensors and Bioelectronics 50 (2013) 251–255

plate was blocked by adding 300 mL of blocking buffer (1% BSA in
PBS, pH 7.4) to each well. After incubation for another 2 h at 37 1C,
the plate was washed three times with PBST wash buffer. Next,
100 mL of AFP was added into each well at different concentrations
(0, 1, 101, 102, 103, 104, 105 pg/mL). The plate was incubated at 37 1C
for 2 h, followed by washing with PBST wash buffer for three
times. After that, 100 mL of detection antibody (polyclonal antibodies of AFP) were added to each well. The plate was incubated at
37 1C for another 2 h, followed by washing with PBST wash buffer
for three times.
Then, 100 mL of anti-IgG-HRP conjugates or anti-IgG-GO-HRP
(GO based probe) were added to each well. The plate was again
incubated at 37 1C for 2 h, followed by washing with PBST wash
buffer for three times. Finally, 100 mL TMB was added into each
well, and the plate was incubated at room temperature for 20 min.
Then, 100 mL stop solution was added to each well to stop the
reaction. The optical density of each well was determined immediately at 450 nm.
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The strategy to prepare GO-HRP conjugate was designed as
Scheme 1a. HRP was directly adsorbed onto GO to form GO-HRP
conjugate. Then BSA was added to passivate the surface of GO. The
structure of GO-HRP conjugates was characterized by AFM. The
morphological changes between chemically synthesized GO and
GO-HRP conjugates were shown in Fig. 1. As shown in Fig. 1a, the
height of bare GO sheet was about 1 nm, which demonstrates a
single layer thickness of the sheet of GO (Dong et al., 2009). After
the HRP was adsorbed onto the surface of GO, the height was
increased to about 10 nm (Fig. 1b). The 9 nm increase in height for
the GO-HRP conjugate is consistent with the average thickness of a
monolayer of the major coating component on each side of ∼1 nm
GO (Yu et al., 2006), demonstrating that HRP was adsorbed on
both sides of GO.

and high stability. To determine the amount of HRP adsorbed onto
the GO, mBCA assay reagents were employed. The adsorption of HRP
onto GO was shown in Fig. S1, with a maximum loading amount of
about 600 mg HRP/mg GO. The amount of HRP adsorbed onto the GO
was much more than previous work (Zhang et al., 2010) and was
comparable to the method covalent attachment of the HRP to singlewalled carbon nanotubes (SWNTs) (Asuri et al., 2007). The HRP
(pI¼ 7.2) has a net positive charge at pH 7.0 and the GO sheets are
negatively charged in aqueous solutions with the pH scale ranging
from 4 to 11 (D. Li et al., 2008; J. Li et al., 2008; Park and Ruoff, 2009;
Tung et al., 2009; Zhang et al., 2010). Therefore, in the phosphate
buffer of pH 7.0, HRP spontaneously is immobilized onto GO without
using any cross-linking reagents mainly due to the electrostatic
interactions between positively charged HRP and the negatively
charged GO (Zhang et al., 2010). In addition, the hydrophobic
interaction between GO and biomolecules was found in the
previous works (He et al., 2010; Zhang et al., 2012). Thus, the highefﬁciency enzyme loading onto the large planar surface of GO is
ascribed to the cooperative interaction of the electrostatic and
hydrophobic interaction between HRP molecules and GO (Zhang
et al., 2010, 2012).
To assay the activity of HRP after adsorbing onto the surface of
GO, the standard kinetic assays were carried out. As shown in
Fig. S2, the absorbance at 595 nm increased with time for both
native HRP and GO-HRP conjugates. Although the catalysis activity
of native HRP to TMB is higher than GO-HRP conjugate in some
degree, we found that the HRP retained a high percentage (78%) of
its native solution activity at the time of 100 s.
We then used CD spectroscopy to assess the secondary structure changes of HRP after its adsorbing onto the surface of GO. To
quantify the α-helix content of enzyme, we measured the mean
residue ellipticity at 222 nm. Fig. S3 shows CD spectra of native
HRP, GO-HRP conjugates, and GO. Bare GO did not show any peak.
HRP adsorbed onto GO retains about 77% of its native α-helix
content, which is similar to the method of covalent attachment of
HRP onto SWNTs (Asuri et al., 2007). The high retention of its
structure and function upon adsorption makes this conjugate a
potential signal ampliﬁcation probe for biodetection.

3.2. The properties of GO-HRP conjugate

3.3. The assembly and structure of anti-IgG-GO-HRP probes

To apply GO-HRP conjugates to practical use, it is necessary to
achieve high HRP loading mounts to GO, near native catalytic activity

To apply the GO-based probe for biodetection, anti-IgG was coadsorbed with HRP onto the GO to bind to detection antibody via

3. Results and discussion
3.1. The assembly and structure of GO-HRP conjugates

Fig. 1. AFM images of the bare GO (a), GO-HRP conjugates (b) and anti-IgG-GO-HRP conjugates (c). The scale bar was 300 nm.
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Fig. 2. (a) Dose–response curves for AFP detection, using GO-based probes and commercial anti-IgG-HRP conjugates (data were collected from at least three independent
sets of experiments). (b) Speciﬁcity assay for AFP detection using GO-based probes. The concentration of AFP (positive control) is 10 pg/mL, while the concentration of PSA
and CEA (negative controls) is 10 ng/mL. The error bars represented the standard deviation of three independent measurements.

antigen–antibody binding. As shown in Fig. 1c, after anti-IgG and
HRP was co-assembled onto the surface of GO, the height was
increased to about 20.6 nm. The 19.6 nm increase in height for the
anti-IgG-GO-HRP conjugate is consistent with the size of immunoglobulins (Silverton et al., 1977; Droz et al., 1994), demonstrating that anti-IgG was adsorbed on both sides of GO. HRP was not
visible in the AFP image because it was submerged in anti-IgG
molecules due to its much smaller size than the (Scheme 1b)
As the amount of anti-IgG adsorbed on GO is very important for
the binding to antibodies, we investigated the performance of
different GO-based probes by varying the amount of anti-IgG
exposed to GO. As shown in Fig. S4, the absorbance signals
increased gradually with the amount of anti-IgG exposed to GO,
and became constant at 400 μg anti-IgG per mg GO (MVR: 20 μg/mL).
Thus, we choose 20 μg/mL as the optimum amount. As a hydrophobic protein, anti-IgG's high-efﬁciency loading onto GO is
mainly ascribed to the hydrophobic interaction between anti-IgG
molecules and GO.
To improve the binding activity and signal ampliﬁcation capability of the anti-IgG-GO-HRP probes, optimization of anti-IgG/
HRP ratio and the concentration of GO was performed. GO loading
with different anti-IgG/HRP ratio were prepared and then their
performances were measured. Then the concentration of GO was
optimized. We found that the optimized concentration of GO,
HRP, and anti-IgG was 250 mg/mL, 100 mg/mL and 20 mg/mL,
respectively.

ampliﬁcation efﬁciency of the GO-based probes. The AFM image
had demonstrated that proteins were assembled onto the surface
of the GO to form a monolayer on its both sides (Fig. 1c). Based on
the size of anti-IgG (10–15 nm in diameter) and HRP (8–10 nm in
diameter) and their concentration in the preparation of GO-based
probes, there would be approximately 300 anti-IgG molecules and
1500 HRP molecules on a 300 nm  500 nm GO sheet. Importantly,
the combination of both binding and catalysis capabilities
increases the signal ampliﬁcation efﬁciency of the GO-based
probes. We believe that much higher sensitivity could be achieved
by obtaining more detailed optimized conditions. Moreover, the
low standard deviations also indicate that the GO-based probe has
good reproducibility.
To test the speciﬁcity of the GO-based probe, we carried out a
speciﬁcity assay for AFP detection (Fig. 2b). Carcinoembryonic
antigen (CEA) and prostate-speciﬁc antigen (PSA), known as
certiﬁed cancer markers in clinical diagnostics, were used herein
to act as negative controls. We found that 10 pg/mL AFP could be
detected very clearly, while the signal resulting from 10 ng/mL
negative samples showed no signiﬁcant difference to the blank
control sample. The results indicated that AFP molecules could be
detected even in the presence of interfering protein markers
present with a more than 103-fold greater concentration in the
samples. Actually, the good speciﬁcity should be ascribed to both
of the speciﬁc binding between monoclonal antibodies and cancer
markers and the speciﬁc binding between anti-IgG and monoclonal antibodies.

3.4. A prototype biosensing platform for Cancer markers
For practice use of GO-based probes, we designed a prototype
biosensing platform for the detection of cancer marker proteins
(Scheme 1c). AFP, the biomarker of liver cancer was detected,
using a GO-based probe incorporated with a sandwich immunosensing conﬁguration which involved a capture antibody and a
detection antibody to form a “sandwich” type complex with a
marker protein. The GO-based probe was used to bind to detection
antibodies. In the presence of TMB, HRP catalyzes the substrate to
produce optical signals. As a control experiment, anti-IgG-HRP
conjugate with the same concentration was used to bind to
detection antibodies instead of the GO-based probe.
Fig. 2a shows the comparison between the GO-based biosensing platform and conventional ELISA. The detection limit of 10 pg/mL
can be achieved by using GO-based probe while conventional
ELISA by using anti-IgG-HRP could only detect AFP at about
100 pg/mL, indicating the GO-based biosensing method is 10 times
more sensitive than the conventional ELISA for AFP detection. The
high sensitivity may be attributed to the increased signal

4. Conclusion
We have demonstrated that GO can be used for the preparation
of enzyme conjugates with high active-enzyme loadings per unit
weight of the material. High-efﬁciency loading of enzymes onto
the GO surface was conﬁrmed by the characterization using
standard kinetic assays and CD spectroscopy, demonstrating that
the enzymes retained their native activity and 3D structure after
adsorbing onto GO. Furthermore, we have demonstrated the
fabrication of GO-based probes and their use for a highly sensitive
detection of AFP. The results showed that our GO-based probes
have a detection limit of 10 pg/mL, superior to conventional HRP
conjugates. Also, our GO-based nanoprobes showed good speciﬁcity to interfering proteins even in very high concentration.
Especially, the method for the preparation of GO-based probe
was simple and cost-effective. More importantly, the probe has
the potential to become a universal probe for the optical detection
of most protein markers because their monoclonal detection
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antibodies could be recognized by novel probes with appropriate
anti-IgG molecules. Also, it can be used for electrical detection
methods such as electrochemical biosensors and ﬁeld-effect transistor biosensors. We believe that the probe holds promise to
become an available tool for molecular diagnostics and proteomics
in the future.
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