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Graphene as a star among two-dimensional nanomaterials has attracted tremendous research interest in
the field of electrochemistry due to their intrinsic properties, including the electronic, optical, and me-
chanical properties associated with their planar structure. The marriage of graphene and electrochemical
biosensors has created many ingenious biosensing strategies for applications in the areas of clinical di-
agnosis and food safety. This review provides a comprehensive overview of the recent advances in the
development of graphene based electrochemical biosensors. Special attention is paid to graphene-based
enzyme biosensors, immunosensors, and DNA biosensors. Future perspectives on high-performance
graphene-based electrochemical biosensors are also discussed.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Two-dimensional (2D) nanomaterials have been employed in
recent years to develop biosensing devices because of their special
electronic, optical and mechanical properties (Chen and Chatter-
jee, 2013; Putzbach and Ronkainen, 2013; Pumera, 2012, 2010).
Specifically, among the reported 2D nanomaterials, graphene has
emerged as the most powerful nanomaterial for diverse applica-
tions (Chen et al., 2015). Graphene refers to a sheet of sp2-bonded
carbon atoms arranged into a rigid honeycomb lattice, exhibiting
one of the highest mechanical strength among all materials, ex-
traordinary electron transfer capability and excellent thermal
conductivity (Lawal, 2015; Goenka et al., 2014; Liu et al., 2012c;
Premkumar and Geckeler, 2012; Nguyen and Berry, 2012; Xiang
et al., 2012; Pumera et al., 2010; Dresselhaus and Araujo, 2010;
Geim, 2009; Li and Kaner, 2008). Due to its tremendous unique
properties, graphene holds great promise for a broad range of
applications, such as energy storage (e.g. fuel cells, batteries and
supercapacitors) and biological applications. Its high specific sur-
face area and the ease of functionalizing its surface can accom-
modate highly active probes and targets of interest, which is
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favorable for developing a novel bio-interface for biosensing
(Vashist and Luong, 2015; Ping et al., 2015; Fang and Wang, 2013;
Liu et al., 2012c; Pumera, 2010). Moreover, the recently successful
synthesis of graphene nanosheets via various protocols and the
integration of graphene with different nanomaterials, such as
metals, metal oxides, and quantum dots, could provide abundant
opportunities for developing novel biosensors with enhanced
performance (Mao et al., 2013). An attractive synergy effect could
be obtained accordingly. For example, graphene can be decorated
with metal nanoparticles (NPs) to achieve a notable increase in
electron transfer rate when it is applied on an electrical device,
resulting the significant improved performance of electrochemical
biosensors (Ambrosi et al., 2014; Walcarius et al., 2013; Du et al.,
2012; Kamat, 2010). Recent frontier research on the rational design
of functional graphene nanocomposites, coupled with electro-
chemical analytic methods, has led to advances in electrochemical
applications. Among these works, graphene have been used to
analyze various inorganic and organic analytes in the biomedical
and environment applications, including glucose (Shan et al.,
2010), cysteine (Wu et al., 2012), proteins (Lu et al., 2012), bio-
markers (Yang et al., 2011a), DNA (Premkumar and Geckeler, 2012;
Lv et al., 2010), heavy metal (Wang et al., 2011a), etc. Our group
has synthesized a series of graphene-based nanomaterials that
have been used to develop and fabricate advanced biosensors with
promising performance for bioanalytical applications (Wang et al.,
2014d, 2010; Tang et al., 2010).
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Scheme 1. Schematic illustration of electrochemical biosensors based on graphene
nanomaterial, in which enzyme-based biosensors, genosensors and im-
munosensors, are demonstrated.
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This review summarizes recent advances in electrochemical
biosensors based on graphene based nanomaterials over the past
three years. Enzyme-based biosensors, genosensors, and im-
munosensors are then mainly discussed (Scheme 1). In addition,
we also point out the challenges and future perspectives related
to the material design and development of graphene-based
biosensor.
2. Granphene-based electrochemical enzymatic biosensors

2.1. Graphene-based electrochemical enzymatic biosensors for glu-
cose detection

The third generation of glucose biosensors, which takes ad-
vantage of direct electron transfer (DET) in enzymatic reaction
catalysis, has been intensively studied for decades and continues
to be developed (Wang and Yao, 2012). The direct electrochemistry
of glucose oxidase (GOx) refers to DET between the electrode
surface and the enzyme active site in the absence of a mediator.
Recently, graphene hybrid with various nanomaterials, such as
metal chalcogenides (Yu et al., 2014a; Ramakrishna Matte et al.,
2010), metal oxides (Dong et al., 2012a), and polymer (Salavagione
et al., 2011), were prepared and investigated as the third genera-
tion of glucose biosensors. Electrons cross the long tunneling
distance through enzymes, thereby achieving direct GOx electro-
chemistry on graphene-modified electrodes (Zhang et al., 2015a,
2014d; Bai et al., 2013b, 2012; Huang et al., 2013a; Gu et al., 2012;
Liu et al., 2011; Zhou et al., 2010). The favorable electron transfer
kinetics and high sensitivity are originated from the good con-
ductivity and large surface area of graphene favoring for im-
mobilization of GOx. The use of electrochemically reduced gra-
phene has been reported for the construction of a glucose bio-
sensor using the same strategy (Liang et al., 2013). In this work, the
unique graphene nanostructures were fabricated by electro-
chemical reduction. The conductivity of graphene was significantly
meliorated when the oxygen-containing groups were eliminated
during the reduction reaction. The carboxylic acid groups re-
mained to immobilize GOx. One pair of well-defined redox peaks
was obtained.

Graphene quantum dots (GQDs) are a successful example of a
graphene nanomaterial that is used to construct novel electro-
chemical sensors (Razmi and Mohammad-Rezaei, 2013). The pro-
cess refers to the modification of GQDs and the surface im-
mobilization of GOx, which results in a wide linear glucose re-
sponse (5–1270 mM), low detection limit (1.73 mM) and high sur-
face coverage of GOx (1.8�10�9 mol cm�2). The resulting DET is
attributed to the large surface-to-volume ratio, excellent bio-
compatibility and abundant hydrophilic edges and planes of GQDs,
which enhance the enzyme immobilization on the electrode sur-
face. In a pioneering work, mesocellular graphene foam (MGF) was
easily synthesized and conveniently used for the immobilization
and direct electrochemistry of GOx. A continuous crystal lattice
was observed throughout the mesoporous network, and the por-
ous nanostructure exhibited high conductivity, an ultra-large
surface area (2581 m2 g�1), and high pore volume (5.53 cm3 g�1)
and facilitated electron transfer (Wang et al., 2014c). In another
report, a fiber-like graphene nanostructure was easily created
through homogeneous dispersion with polyaniline (PANI) through
ultrasonication (Xu et al., 2014). The homogeneous dispersion of
graphene and PANI yielded a fiber-like structure that effectively
encapsulated GOx. A reversible redox process of GOx was ob-
served. This type of biosensor exhibited a high amount of GOx
loading on graphene electrodes and a remarkably heightened
electron transfer rate, 2.6 s�1. Generally, the large surface-to-vo-
lume ratio of graphene contributes to high amounts of GOx
loading (Yang et al., 2013f; Zhu et al., 2010; Geim, 2009). Moreover,
a series of specific graphene nanomaterials, including graphene/
chitosan, graphene/carbon nanotube (CNT), graphene/ion liquid
and graphene/Nafion, offer great opportunities to create more
complexly functional nanostructures and novel glucose biosensors
(Li et al., 2015; Cao et al., 2013b; Hui et al., 2013; Chen et al., 2012c;
Zhang et al., 2011).

The integration of polymers with graphene has been in-
tensively investigated because it improves the sensitivity of glu-
cose biosensor due to its unique structural and compositional
sophistication of the nanocomposites. (Park et al., 2015; Ruan
et al., 2013; Claussen et al., 2012). In comparison with other gra-
phene-based nanomaterials, the large surface area endows poly-
mer-dispersed graphene with enhanced mass transport and high
GOx loading. Chitosan, which is a unique class of inorganic poly-
mer with low density, high porosity, high surface area, and su-
perior physical and chemical properties, is often combined with
graphene to obtain a functional nanostructure for enhancing the
performance of glucose biosensors (Liu et al., 2015b; Song et al.,
2014; Zhong et al., 2012). Currently, Kang et al. (2009) reported a
pioneering work on utilizing graphene–chitosan nanocomposite
film to fabricate glucose biosensors, providing stable dispersion of
graphene and a large range of functionalities. The favorable na-
nostructure accelerated the heterogeneous electron transfer be-
tween the electrode surface and GOx, yielding a rate of 2.83 s�1.
This glucose biosensor also exhibited a broad linear glucose re-
sponse from 0.08 to 12 mM, with detection limit as low as
0.02 mM. Other polymers were also explored to incorporate with
graphene nanomaterial, endowing the new functionalities of gra-
phene/polymer nanocomposites. The creation of polymer-capped
graphene nanocomposites using poly(diallyldimethylammonium
chloride) (PDDA) as the electrode material has aroused significant
attention (Yu et al., 2014b). GOx was immobilized on the surface of
modified electrodes through strong electrostatic interaction
(Fig. 1). The unique microstructure exhibited highly specific elec-
trocatalytic activities toward glucose in the presence of ascorbic
acid (AA) and uric acid (UA). Kong et al. (2014) successfully de-
veloped an easy to use and sensitive glucose biosensor based on
graphene@PANI nanocomposite along with the covalent adsorp-
tion of GOx on a screen-printed carbon electrode (SPCE). The na-
nocomposites are extremely high in porosity, yielding a fantastic



Fig. 1. Schematic illustration of construction of GOD/Au NPs/G/MWCNTs nano-
composites, in which polymer capped graphene nanostructure was used to im-
mobilize GOx and homogeneously load Au NPs. Reproduced from Yu et al. (2014b)
by permission of Elsevier Science Ltd.
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surface structure on the nanometer scale. The current signal dur-
ing GOx-glucose reaction was measured using differential pulse
voltammetry (DPV). This enzyme-modified SPCE coupled with a
paper disk enables glucose determination with lower volumes of
reagents and samples and an easier operation procedure in com-
parison with traditional methods, holding great promise for glu-
cose analysis in commercial areas (Fig. 2).

In addition, another attractive approach to the construction of
glucose biosensors was to harness graphene's properties through
incorporation with various functional materials, such as metal/
metal oxide/metal chalcogenide NPs. The introduction of these
functional materials attracted great attention because of the sy-
nergistic contribution to enhancing the conductivity and accel-
erating electron transfer, thus improving the electrochemical
performance in glucose biosensing. As a pioneering work, Kavitha
et al. (2012) successfully fabricated a uniform graphene–ZnO na-
nosheet to establish a biosensing platform for achieving DET of
GOx. The graphene–ZnO nanosheet was synthesized by the in situ
generation of ZnO NPs onto graphene at relatively low tempera-
ture. The graphene/ZnO nanosheets display high surface areas and
excellent electrical conductivity. Native enzyme configuration was
realized on the electrode surface and DET was achieved between
activity site of GOx and the electrode surface. Jang et al. (2012)
illustrated the synthesized TiO2-graphene nanocomposite elec-
trode for enzyme capture, on which DET of GOx was efficiently
achieved. The results showed that TiO2 NPs were encapsulated
into graphene nanosheets and the morphology of TiO2-graphene
Fig. 2. Schematic representation of the fabrication and assay procedure of the paper-bas
Science Ltd.
nanocomposites was spherical structure. TiO2 NPs exhibited
strikingly high biocompatibility for GOx. A high current response
for glucose up to 8 mM was observed. Wang et al. (2011b) suc-
ceeded in immobilizing GOx in a mixture containing graphene and
CdS nanocomposites. The excellent biocompatibility of the gra-
phene–CdS matrix and its special physicochemical properties were
favorable for high sensitivity. The presence of CdS nanocrystal in
the graphene-based matrix not only offered a biocompatible mi-
crostructure but also accelerated electron transfer between the
active site of the enzyme and the electrode surface. Recently, a
series of graphene/metal NPs based biosensors were also ad-
vocated to exploit the synergistic effect of graphene and metal NPs
(e.g. Au NPs (Shan et al., 2010), Pt NPs (Wu et al., 2009), Pd NPs (Lu
et al., 2011a; Zeng et al., 2011), and Ag NPs (Lu et al., 2011b)) to
enhance electron transfer in glucose determination. It is antici-
pated that graphene/metal based NPs will not only pave a new
route to host enzyme for developing enzyme based biosensor but
also broaden other electrochemical applications.

Though all of the previous studies achieved well-defined redox
peaks for the direct electrochemistry of GOx, the hypostasis of DET
of GOx on glucose determination has not been clearly investigated
because of the presence of oxygen. The third generation of glucose
biosensor is rigorously oxygen exclusive whereas the first gen-
eration amperometric glucose biosensor is not. To clarify this
problem, Liang et al. (2015) systematically investigated the signal
transduction of DET and enzyme activity in glucose biosensor
based on GOx self-assembled on the graphene modified electrode.
The evidence of DET of GOx in glucose detection on the GOx-
graphene hybrid-modified electrode, two well-defined redox
peaks of direct GOx electrochemistry, was obtained. The reactions
related to the electrochemical determination of glucose and the
enzymatic activities of GOx on the graphene modified electrodes
were fully investigated. However, as those GOx molecules parti-
cipating in DET lacked enzymatic activity toward glucose, DET
cannot be identified as the essential mechanism point of glucose
determination in GOx-graphene based biosensors. With oxygen
consumption due to the mediated enzymatic oxidation of glucose,
the biosensor can perform sensitive detection of glucose in an air-
saturated solution. The remarkable enhancement of redox peaks
relies on the net drop in biosensor current ascribed to the decrease
in O2 reduction current and increase in H2O2 reduction current.
Moreover, GOx adsorbed on a graphene surface was hardly able to
maintain the enzyme activity in a biosensor, which indicated that
graphene would significantly decrease the average enzymatic ac-
tivity of GOx (Fig. 3). A similar loss of enzyme activity of GOx
adsorbed on nanomaterial-modified surfaces, such as CNT (Woo-
ten et al., 2014; Goran et al., 2013; Liang et al., 2013) and Au NPs
ed glucose biosensor. Reproduced from Kong et al. (2014) by permission of Elsevier



Fig. 3. Schematic illustration of GOx adsorbed on the surface of electroreduced
graphene oxide (ERGO) modified GCE. Reproduced from Liang et al. (2015) by
permission of Elsevier Science Ltd.
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(Seehuber and Dahint, 2013), have also been reported previously
(Table 1).
2.2. Graphene-based electrochemical enzymatic biosensors for hy-
drogen peroxide detection

Considerable attention has been aroused in recent decades in
the rapid and accurate quantitative detection of H2O2, which has
practical uses in chemical and biological analysis and in clinical
Table 1
Graphene-based glucose biosensors.

Graphene modified electrode Linear range (LOD)

Graphene platelet/GOx 2–22 mM
Reduce graphene/GOx/Nafion 10–500 mM
Reduce graphene sheet/GOx 1–10 mM
GQDs/GOx 5–1270 μM
Reduced carboxyl graphene/GOx 2–18 mM
MGF/GOx 1–12 mM
Graphene/PANI/Au NPs/GOx 0.004–1.12 mM
Polymeric ionic liquid/graphene/GOx 0.8–20 mM
Graphene/CNT/GOx 1–8 mM
Graphene/Nafion/GOx 2–14 mM
Graphene/Au NPs/GOx 0.02–2.26 mM
Polydopamine/Graphene/GOx 0.001–4.7 mM
C-PPy/Graphene/GOx 1–100 μM
Polymer/Graphene/Pt NPs 0.01–50 mM
Chitosan/Prussian blue/graphene/GOx 0.025–3.2 mM
Chitosan/Reduced Graphene/GOx 1–10 mM
Graphene/Chitosan/GOx 0.08–12 mM
Graphene/PDDA/GOx 0.3–2.1 mM
Graphene/PANI/Au NPs/GOx 0.2–11.2 mM
Graphene/ZnO/GOx 1–10 mM
Graphene/TiO2/GOx 0.1–8 mM
Graphene/CdS/GOx 2–16 mM
Graphene/Au NPs/chitosan/GOx 0.2–4.2 mM
Graphene/Pt/chitosan/GOx 0.15–4.2 mM
Graphene/Pd/Nafion/GOx 0.01–5 mM
Graphene/Pd/chitosan/GOx 0.001–1.0 mM
Graphene/SiO2/Ag NPs/GOx 0.1–0.26 M
diagnostics and environmental protection. Recently, graphene
nanomaterials have played a pivotal role as a key part of electro-
chemical biosensor systems because of their promising perfor-
mance and superior analytical principles to other conventional
types. Specifically, graphene's large surface area and high con-
ductivity can produce a synergistic effect between catalytic activity
and biocompatibility. A wide variety of graphene-based electro-
chemical biosensors have been explored in H2O2 detection. For
example, as shown in Fig. 4, graphene capsule, which served as
carrier for HRP, was designed to detect H2O2 in human serum.
Compared with other reports, the results exhibited fair stability,
reproducibility and good selectivity under interference, indicating
promising potential for medical analysis (Fan et al., 2015). A super-
molecular assembly enzymatic functional graphene-based bio-
sensor was fabricated using HRP/cyclodextrin to detect H2O2 (Lu
et al., 2013). The adamantine-modified HRP interacted with func-
tionalized graphene nanostructures in aqueous solution by host-
guest supramolecular chemistry, which improved the electro-
chemical performance for H2O2 detection. They found that the
functionalized graphene nanostructures exhibited better con-
ductivity and faster electron rate in comparison to the original
graphene nanosheets. This innovative nanostructure presented
excellent performance in catalytic applications in clinical diag-
nostics, environmental monitoring and other biosensing areas. An
enzymatic electrochemical biosensor based on a graphene nano-
platelet–titanate nanotube composite was designed and synthe-
sized by a hydrothermal method and exhibited sensitive H2O2

detection in a relatively wide potential range, with a high recovery
rate compared with previous sensors (Liu et al., 2014b). A con-
venient and extremely high-sensitivity electrochemical enzymatic
detection platform for H2O2 was fabricated on a glass carbon
electrode (GCE) through HRP peptide amide bonding with GQDs
immobilized onto the electrode surface (Muthurasu and Ganesh,
2014). The GQD-modified electrode was utilized as a biocompa-
tible platform for HRP immobilization, yielding a HRP/GQD bio-
sensor with good electrocatalytic performance toward H2O2. The
detection range is 1.0–100 mM with the detection limit down to
Sensitivity Reference

20 mM Liu et al. (2011)
3.33 mM Gu et al. (2012)
100 mM Zhang et al. (2014d)
1.73 μM Razmi and Mohammad-Rezaei (2013)
0.02 mM Liang et al. (2013)
0.25 mM Wang et al. (2014c)
0.6 μM Xu et al. (2014)
0.267 mM Zhang et al. (2011)
1 mM Chen et al. (2012c)
0.04 mM Hui et al. (2013)
4.1 μM Cao et al. (2013b)
0.1 μM Ruan et al. (2013)
1 nM Park et al. (2015)
0.03 μM Claussen et al. (2012)
0.01 mM Zhong et al. (2012)
0.1 mM Song et al. (2014)
0.02 mM Kang et al. (2009)
4.8 mM Yu et al. (2014b)
0.1 mM Kong et al. (2014)
0.1 mM Kavitha et al. (2012)
10 mM Jang et al. (2012)
0.7 mM Wang et al. (2011b)
0.18 mM Shan et al. (2010)
0.6 mM Wu et al. (2009)
1 mM Lu et al. (2011a)
0.2 mM Zeng et al. (2011)
4 mM Lu et al. (2011b)



Fig. 4. Schematic diagrams for the biosensor fabrication and determination of H2O2. Reproduced from Zhou et al. (2012b) by permission of Elsevier Science Ltd.
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530 nM.
Furthermore, noble metals are considered promising electro-

chemical candidates to improve the performance of electro-
chemical applications because of their synergistic effects. A H2O2

biosensor was investigated based on DET of sarcosine oxidase on a
graphene–chitosan–Ag NP-modified electrode (Zhou et al., 2012b).
The high sensitivity originates from DET of the enzyme, resulting
from the large specific surface area and good conductivity of gra-
phene nanomaterials. Layer-by-layer assembly of hemoglobin-Au
NPs with graphene-modified electrodes was employed to design a
sensitive and selective H2O2 biosensor. The Au–graphene nano-
composites can be used as a biocompatible matrix for HRP im-
mobilization and can yield a HRP/Au/graphene biosensor with
high sensitivity and precise detection of H2O2 in human serum and
with great potential for the direct electrochemical detection of
different analytes (Zhang et al., 2014b). On this basis, graphene
conjugated with flower-like ZnO and Au NPs was also fabricated to
develop a H2O2 biosensor (Xie et al., 2013). These nanocomposites
combined with hemoglobin served as an effective biosensing
platform exhibiting fast response toward H2O2 with good sensi-
tivity and a wide linear response range.

2.3. Graphene-based electrochemical enzymatic biosensors for
NADH detection

NADH, which is an important coenzyme in all living cells and a
redox carrier in metabolic processes, participates in several hun-
dred enzymatic reactions. The electrochemical oxidation of NADH
often involves the fabrication of dehydrogenase-based biosensors.
Recently, graphene-based electrochemical biosensors have been
developed that achieve excellent electrocatalytic activity toward
NADH (Gasnier et al., 2013; Teymourian et al., 2013). The gra-
phene-induced self-assembly of peptide nanowires has been used
to develop an electrochemical biosensor for NADH and enhance
the electronic conductivity of the bio-structure remarkably (Li
et al., 2013b). This graphene-based NADH biosensor displayed high
sensitivity, thereby holding great promise for the NADH analysis in
various fields. An electrochemical NADH biosensor fabricated with
a graphene paste electrode has been employed to selectively cat-
alyze the electrooxidation of different analytes, including NADH,
without any interference by surface passivation (Gasnier et al.,
2013). This biosensor outperformed other electrochemical NADH
biosensors because it integrated the excellent electrocatalytic ac-
tivities of graphene, its unique properties in interacting and in-
corporating with biomolecules and its short preparation time
successfully.
Conductive polymer-modified electrodes have been applied in

biosensors for many years. A NADH biosensor has used the electro-
deposition of ERGO and polythionine (PTH) on a GCE to form a
nanocomposite film (Li et al., 2013c). This nanocomposite film was
applied as a transducer to improve the electrocatalytic oxidation of
NADH and also used to construct a dehydrogenase-based am-
perometric biosensor. The synergistic effect of this nanostructure
could enhance the electrocatalytic activity for detection.

Gai et al. (2014) developed a novel electrochemical NADH
biosensor using N-doped graphene. N-doped graphene exhibited
highly similar properties to NADH dehydrogenase and thus effi-
ciently catalyzed NADH oxidation. In addition, N-doped graphene
served as a DET shuttle from NADH to the electrode surface be-
cause of its extremely high conductivity. With low background
current, this graphene material improved the selectivity and sen-
sitivity of the biosensor for NADH determination.

2.4. Other interests

Several novel electrochemical detection protocols and strate-
gies based on graphene have been advanced for other enzyme-
based biosensors during this past three years. Sun et al. (2013)
reported a graphene and TiO2 nanorods modified electrode for
direct electrochemistry of hemoglobin, one important substance
for transporting oxygen in blood. Typically, hemoglobin was im-
mobilized in the graphene–TiO2 nanocomposite to improve elec-
tron transfer rate between active site of hemoglobin and the
substrate electrode. This biosensor exhibited excellent electro-
catalytic activity for the reduction of trichloroacetic acid in the
concentration range from 0.6 to 20 mM. Using these advantages, a
high sensitive nitric oxide (NO) biosensor was introduced based on
hemoglobin, achieving quantitative measurements of NO con-
centration to overcome the disadvantages of existed NO biosensor
(Wen et al., 2012). Hemoglobin was immobilized in the chitosan–
graphene and surfactant hexadecytrimethylammonium bromide
nanocomposite on electrode surface, which was utilized to quan-
titatively measure NO. A graphene–copper sulfide nanocomposite
modified electrode was utilized for electrochemical analysis of
hemoglobin. Graphene and copper sulfide nanocomposite was
synthesized by hydrothermal method. Hemoglobin was im-
mobilized on the electrode surface to obtain this biocompatible
biosensing platform (Shi et al., 2015). DET of hemoglobin and en-
hanced electron transfer were realized. The enzyme kinetics was
also analyzed to accurately measure the kinetic constant. This
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electrochemical assay could also be used to analyze varieties of
interests. Jiang et al. (2014) reported graphene–gold hybrids on
electrochemical detection of nitrite. Through the optimization of
the arrangement of graphene–gold hybrids and the hemoglobin,
this biosensing architecture exhibited a superior output signal
performance with a low detection limit down to 10 nM. Chen et al.
(2012a) summarized abundant different methods of graphene
oxides (GO) fabrication with desirable and specific nanostructure
along with the technology of electrodes modification for electro-
chemical biosensor. In the past two years, several researches
successfully extended to GO in the exploration of different kinds of
electrochemical biosensors. In a typical GO based electrochemical
biosensing system, GO was combined with Au nanocluster by so-
nication to modify electrode surface (Ge et al., 2012). Then L-cy-
steine could be oxidized on the GO modified electrode. This direct
determination of free reduced L-cysteine in real samples has
achieved abroad linear detection range from 0.05 to 20 mM and an
extremely low detection limit of 0.02 mM without distinct inter-
ference from metal ions, nucleotide acid and amino acids. In an-
other work, a GO-graphene based functionalized nanocomposite
was developed for the determination of herbicide diuron (Sharma
et al., 2013). By in-situ electrochemical synthesis approach, GO-
graphene exhibited electrical and chemical synergies for devel-
oping biocompatible immunosensing platform, resulting in in-
creasing in electrochemical signal response for diuron determi-
nation. Wu et al. (2012) developed an electrochemical biosensor
for selective cysteine detection in serum based on a functional
graphene nanoribbon (GNR) and Nafion nanocomposites. They
found that the presence of GNR enhances the electrochemical
oxidation of cysteine and thus, improves the sensitivity of bio-
sensor, opening a promising use of these materials in nano-level
electrochemical detection.

Electrochemical cytochrome c biosensor is also receiving in-
creasing research attention due to its unique biological properties.
Considerable efforts have been made to expand the design of this
assay with graphene modified electrodes because of the increasing
concern of direct electrochemistry of cytochrome c (Yang et al.,
2013a). A novel bi-protein interphase of cytochrome c and GOx on
graphene modified electrode was claimed to achieve DET between
proteins and electrode with wide linear response range and low
detection limit (Song et al., 2013b). Bi-protein integrated with
PDDA/graphene/Au NPs nanocomposites accelerated electron
transfer via cytochrome c toward electrode. Zhang et al. (2013)
took the advantage of perylene to synthesize perylene–graphene
matrix with good biocompatibility. The resulting composite was
more favorable for immobilization of cytochrome c and DET of
cytochrome c can be easily achieved on the constructed biointer-
face. At the same time, this cytochrome c modified biointerface
showed enhanced electrocatalytic activity toward H2O2 reduction
with detection limit down to 3.5 mM. In another work, graphene
nanosheets-Au NPs hybrid nanocomposites were fabricated under
hydrothermal condition, which was used to encapsulate cyto-
chrome c for electrochemical detection of H2O2 (Song et al.,
2013a). This biosensor can rapidly and sensitively detect H2O2

down to 0.5 mM. Another electrochemical biosensor was fabricated
using graphene modified electrode as support platform for im-
mobilizing cytochrome c (Wang et al., 2012a). This polymer-con-
jugated graphene nanocomposite exhibited excellent biocompat-
ibility and large specific surface area, contributing to the signals
enhancement and the interference reduction. They found that the
graphene nanocomposites benefit the electrocatalytic activities for
redox reaction and the electrochemical performance for the oxi-
dation of H2O2 was also greatly enhanced. Under the optimized
condition, it can detect H2O2 in the range of 0.5–400 mM
sensitively.

Due to its intrinsic properties, graphene nanomaterial has
received significant attentions in the construction of diverse sen-
sing platform for cholesterol detection. Gholivand and Khodada-
dian (2014) developed a selectivity and sensitivity electrochemical
cholesterol biosensing platform using graphene-ionic liquid
modified cholesterol oxidase as sensing layer. Large specific sur-
face area provided by the graphene layer was introduced to im-
mobilize a branch number of enzyme and a sensitive ampero-
metric response to cholesterol was achieved. This bi-enzymatic
cholesterol biosensor presented good reproducibility with low
interference from the coexisting compounds in serum. Graphene/
PVP/PANI induced current amplification was studied in paper-
based cholesterol biosensor, which was designed by electro-
spraying enzyme-graphene/PVP/PANI layer-by-layer film on the
paper based electrodes (Ruecha et al., 2014). This strategy resulted
in the current increase up to 3-fold compared to unmodified
electrode. The increasing current signal was due to the improve-
ment of dispensability of substrate and the increasing electro-
chemical conductivity of electrode, leading to low background
emission and high sensitivity. In addition, Cao et al. (2013a)
adopted an integrated biosensing system to embed cholesterol
oxidase in the graphene–Pt–Pd hybrid nanocomposite. The cho-
lesterol oxidase was successively self-assembled to graphene–Pt–
Pd hybrid nanocomposite with high load amount and superior
biological activity. This fabricated biosensor was further tested
with real food sample, indicating the promising performance to
serve as facile detection tool in food quality analysis.

Further efforts were aimed at integrating biosensors with real
time monitoring and developing advanced electrode nanomater-
ials. For instance, one example of real-time online continuous
glucose and lactate sensing in human serum was described using
the flexible printed electrochemical biosensor (Gu et al., 2014).
This biosensor was constructed by dual-enzyme working electrode
and prepared by modified the electrode surface with graphene
hybrid following with the online micro-detection system. This
biosensor can simultaneously monitor the glucose and lactate
in vivo with little cross-talk. With the similar strategy, a real-time
graphene based electrochemical biosensor for monitoring of ade-
nosine triphosphate (ATP) was constructed utilizing an ATP apta-
mer (ATPA) capture probes profound to flavin adenine dinucleo-
tide (FAD) molecules (Sanghavi et al., 2013). The system could
quantitatively monitor FAD releasing in real time. Moreover, this
device allows various detection units to be built and thereby
forming a smart application, which holds great potential for de-
veloping a real-time analysis system with little cross-talk and low
cost.
3. Graphene-based electrochemical immunosensors

Immunosensors are analytical detection platforms that are
based on measuring antibody–antigen specific conjugation reac-
tions (Wang, 2006). Numerous signal generation protocols have
been developed based on these antibody–antigen interactions.
Immunosensors usually serve as a standard analysis method in
biomedical clinical diagnostics in laboratories, in monitoring en-
vironmental contamination and in determining food safety (Zhang
et al., 2014c; Kang et al., 2013; Li et al., 2010; Zou et al., 2010; Wang
et al., 2008). Electrochemical immunosensors have lately been
considered an important technology among immunoassays be-
cause of their simplicity of use and production, small sample vo-
lume, rapid analysis, high sensitivity and good selectivity (Wan
et al., 2013). Amperometry, potentiometry and electrochemical
impedance spectroscopy (EIS) are the typical electrochemical
techniques used in immunosensors. Furthermore, numerous types
of point-of-care testing applications based on traditional electro-
chemical methods have been conducted (Liu et al., 2014a). For



Fig. 5. Schematic illustration of sandwich immunoassay of phosphor-p53. Reproduced from Xie et al. (2011) by permission of Elsevier Science Ltd.
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example, paper- or microfluidic-based detection platforms have
received considerable attention in immunosensor fabrication
(Yetisen et al., 2013; Yan et al., 2012). In recent years, three review
articles have summarized the use of electrochemical im-
munosensors for point-of-care diagnosis (Liu et al., 2014a; Yetisen
et al., 2013; Wan et al., 2013).

3.1. Graphene-based electrochemical immunosensors for biomarker
detection

The development of reliable, cost-effective, rapid detection for
cancer diagnosis is extremely important because of the prevalence
of the disease and its potential lethality (Taleat et al., 2014; Vilela
et al., 2014; Hasanzadeh et al., 2013). Generally, a biomarker refers
to a measurable indicator of a certain biological disorder. Gra-
phene-based electrochemical immunosensors have been devel-
oped to detect various low-concentration biomarkers, including
carcinoembryonic antigen (CEA), IL-6, human chorionic gonado-
tropin (hCG), and PSA, which are considered well-known bio-
markers due to their unquestionable advantages for the accurate
detection of human disorders. For instance, a new sandwich-type
immuno-protocol for CEA detection was designed using Ag/Au NPs
assembled on graphene as molecular tags. The subsequent current
signal for the detection of CEA from the coupled NPs was gener-
ated at an in situ platform, and promising performance was ob-
tained for the enzyme-free analysis of low-level biomarkers
(Huang et al., 2015). A metallic NP/graphene nanostructure with a
large specific surface area and high electrical conductivity was
synthesized for electrode modification for immunoassays. Speci-
fically, a simple immunoassay with one step construction of gra-
phene/Au hybrid electrode was presented by Zhu et al. (2015b).
This immunosensor relied on the hybridization chain reaction
(PCR) and biotin combined with Au magnetic NPs to achieve high
signal amplification. Benefiting from these factors, it displayed
good linear relationships in the ranges from 0.2 to 800 pg mL�1

for alpha-fetoprotein (AFP), 0.2 to 600 pg mL�1 for CEA, 0.2 to
1000 pg mL�1 for CA125 and 0.2 to 800 pg mL�1 for PSA with
detection limits of 62, 48, 77 and 60 fg mL�1, respectively. In the
electrochemical immunosensors, signals are generated via various
mechanisms and detected electrochemically. According to the
electrochemical detection mechanisms, various important factors
need to be addressed to obtain excellent sensitivity in detection.
Herein, we just focus on the recent advances in graphene modified
biointerfaces, nanomaterials or enzyme-enhanced signal amplifi-
cation which are very important for the development of graphene
based electrochemical immunosensors.
3.1.1. Graphene-based materials as electrode modifiers in develop-
ment of electrochemical immunosensors

The crucial part of accurate analyte determination is to im-
mobilize the desirable antibody or antigen properly on the solid
electrode surface. Graphene, which is characterized by planar
covalent-network solids, not only possesses a large specific surface
area but also exhibits a unique structure: cavities in the wall sur-
face and tunable morphologies and compositions, which are par-
ticularly advantageous for electroanalysis. It has been widely in-
troduced for the immobilization of a series of recognition probes
and for the modification of biosensing interfaces with controlled
unique structures. Significant contributions have been made to the
use of graphene-based 2D materials, which are expected to be
employed in the construction of novel sensing platforms. Com-
pared with electrochemical immunosensors that are modified
with other nanomaterials, graphene-based electrochemical im-
munosensors have attracted more attention because of their pro-
mising performance in biomedical analysis. As one of the most
successful examples, a graphene-based immunosensor was re-
ported to offer well-defined stability and reproducibility in the
electrochemical detection of p53 with a wide linear range (Xie
et al., 2011). The sandwich immunoassay exhibits good perfor-
mance for detecting and screening p53 (Fig. 5). The graphene-
based sensor platform enhances electron transfer and increases
the surface area to carry more captured antibodies simultaneously
than other protocols. After this report, several studies successfully
extended to graphene based nanomaterials in the exploration of
different kinds of electrochemical immunosensors over the past
two years. Zhu and Dong (2014) summarized varieties of electro-
chemical immunosensors using graphene modified electrodes. Wu
et al. (2013a) provided an overview of different methods of gra-
phene fabrication with desirable and specific nanostructures along
with the technology of electrode modification for electrochemical
immunosensors. In the same time, novel fabrication and mod-
ification methods have been developed to synthesize various
graphene-based nanostructures for developing immunosensors
with controlled sizes and shapes. For example, an interleukin-6
electrochemical immunosensor for the detection of interleukin-6
(IL-6) in serum was reported to have a broad detection range and
excellent signal-to-noise ratio (Wang et al., 2014a). With appro-
priate designs, nanocomposites can offer more opportunities for
the surface functionalization and the conductivity and electron
transfer rate enhancements, and thus improve their electro-
chemical performances in electrochemical immunosensor. Re-
cently, various hybrid composites comprised of graphene 2D na-
nomaterials were investigated as novel electrode materials to
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construct novel immunosensing platform. For example, a triple
signal amplification protocol for the sensitive detection of cancer
biomarkers was developed using poly(styrene-co-acrylic acid)
microbeads carrying Au NPs as a tracing tag on the graphene-
modified electrodes to enhance electron transfer (Lin et al., 2012).
The signal was clearly amplified. The excellent analytical perfor-
mance with high sensitivity, convenient operability, and accep-
table reproducibility, stability and accuracy of this novel im-
munosensor offers great opportunities in clinical application.
Using the similar method, a graphene-silica sol–gel modified in-
dium tin oxide (ITO) electrode was employed as the detection
platform in this work. It provided a stable nanostructure for the
immobilization of primary antibody and exhibited a dynamic
working range of 1–40 pg mL�1 with a detection limit down to
0.3 pg mL�1. The sensitivity of this immunosensor was fairly si-
milar to the conventional ELISA method and provided a promising
ultrasensitive assay for early cancer diagnosis. Moreover, it re-
vealed that the electrical activity of graphene depends sig-
nificantly on the active edge sites exposed and the surface to vo-
lume ratio. Furthermore, a wide variety of complex graphene-
based nanomaterials, including magnetic graphene, N-doped gra-
phene, graphene-other carbon material, graphene-noble metal,
graphene-transition metal, graphene-metal oxide nanohybrids
have been prepared for use as advanced electrode materials for
immunosensing applications. Specifically, Lin et al. (2015) devel-
oped an electrochemical immunosensor that used a magnetic
graphene-modified gold electrode as an analytical platform to
determine cancer biomarkers at extremely low concentrations.
This immunoassay is reproducible and easily operated. Moreover,
it simultaneously implements the detection of rapid vascular en-
dothelial growth factor. A similar strategy was further employed to
develop an immunosensor for the direct determination of micro-
RNAs (miRNAs) using a graphene-based platform (Tran et al.,
2013). The high sensitivity of this sensor was represented as the
capability to distinguish two specific RNA–DNA antibodies for re-
cognizing miRNA–DNA heteroduplexes. The low limit of detection
was realized without utilizing any other signal amplification pro-
cess. The sensitive detection of breast cancer biomarker CA 15-3
was performed using an N-doped graphene-based electrochemical
immunosensor (Li et al., 2013a). The detection used a sandwich-
structure immunosensor based on highly conductive graphene-
modified electrodes. High sensitivity was obtained because
N-doped graphene accelerated electron transfer and provided an
extremely high active surface area. The choice of hybridization of
graphene and metal or other carbon materials also influences the
improvement of electrochemical immunosensors significantly.
Other group has also investigated graphene/carbon nanomaterials
for developing electrochemical immunosensors. Liu et al. (2012b)
assembled a uniform CNT/graphene nanocomposite to modify the
electrodes for the ultrasensitive detection of human IgG. This
layer-by-layer assembled nanocomposite was claimed to promote
electron transfer, mass transfer and specific surface area compared
with other nanomaterials. Excellent accuracy was achieved for the
detection of human IgG in serum samples. Metal oxides generally
have poor conductivity, whereas graphene decoration could in-
crease the conductivity and enhance detection signal. Moreover,
metal oxides NPs could provide excellent biocompatible surface to
be beneficial for immobilization of biomolecules, and thus im-
prove the immunosensor performance. For instance, Yu et al.
(2013) fabricated a sensitive label-free immunosensor for kana-
mycin detection using Ag hybridized mesoporous Fe3O4 NPs and
graphene to enhance the electrochemical response. Besides metal
oxides, noble metals were also exploited to integrate with gra-
phene to develop new electrode materials for electrochemical
immunosensors owing to the synergistic contribution among
components. Pt NPs combining with graphene was considered to
be excellent nanomaterials that was used in a wide variety of
biosensing applications due to its high specific surface area and
excellent electrocatalytic effects. Singal et al. (2014) employed Pt
NPs functionalized graphene nanosheets to develop an im-
munosensor for human cardiac troponin I. Pt NPs were adsorbed
onto the functionalized graphene nanosheets by an electrostatic
assembly. The resulted nanocomposite was characterized by good
biocompatibility and high Pt NPs loading properties, which can be
used to immobilize antibody conjugates (Ab2) to serve as elec-
trochemical probes. This platform provided a high surface area for
a uniform distribution of Pt NPs to accommodate more specific
antibodies. Moreover, other types of graphene-based nanomater-
ials were also utilized as advanced electrode materials to design
high-performance immunosensors (Wang et al., 2013c; Chen et al.,
2013b; Wu et al., 2013b; Lin et al., 2013; Tran et al., 2013; Liu et al.,
2012a; Wei et al., 2012; Eissa et al., 2012).

On the other hand, several novel electrochemical label-free
immunosensors using graphene-modified electrodes have been
reported. For instance, a label-free immunosensor for PSA was
proposed using a methylene blue (MB)/graphene-modified elec-
trode (Mao et al., 2012). The inorganic dye, MB, is one superior
electrocatalyst for H2O2 reduction. It provides broad potential for
applying in electrochemical immunosensor owing to their sy-
nergistic effect. The electroactive MB was loaded in the inner pores
of graphene, which possessed good electrochemical behavior due
to their unique surface area and conductivity. Moreover, the
electron mediation of MB between electrodes allows high signal
amplification. A branched label-free electrochemical immune-
platform for the simultaneous detection of two biomarkers was
introduced using a similar strategy (Kong et al., 2013). MB and
Prussian blue (PB) were selected as redox mediators to indicate
different antigens. The essential point is the anti-diffusion of
electron mediators on the different electrode surfaces resulting
from the increasing spatial blocking and impedance from the
formed immune-complex. Liu et al. (2015a) reported a precise and
quantitative detection method for CEA using a monolithic and
macroporous graphene foam-modified electrode. In this method, a
lectin macromolecule monolayer was functionalized on a gra-
phene electrode using in situ polymerized PDA.

3.1.2. Graphene nanosheets as nanocarriers for signal molecules in
electrochemical immunosensors

Given the unique advantages of graphene nanomaterials
mentioned above, it is desirable to accommodate highly active
probes and targets of interest directly to amplify the electro-
chemical detection signal. With the unique advantages of gra-
phene nanomaterials in terms of high biocompatibility, electro-
catalytic activity, and excellent conductivity, it is desirable to
harness their properties in composites through enzyme in-
corporation for use as an appropriate probe, enhancing the sen-
sitivity of immunosensors. The graphene nanosheet plays a critical
role in the construction of an electroactive carrier by enabling
effective covalent bonding with active signal probes via π–π
stacking interactions. Du et al. (2011) first proposed a new ap-
proach for the ultrasensitive detection of p53 based on using en-
zyme loaded graphene nanosheet as label of reporting antibody of
immunoassays. As shown in Fig. 6, excellent sensitivity was
achieved because bio-conjugated HRP and p53 antibody were
linked to the carboxylate groups of functionalized graphene at
extremely high HRP and p53 ratio, whereas the primary antibody
was attached to the Au NP-modified screen-printed carbon elec-
trode through the self-assembly procedure. Upon the completion
of an enzymatic sandwich immunoreaction, the HRP-p53 Ab2-
graphene conjugate was captured on the electrode surface. The
graphene carrier could capture considerable signal elements (HRP)
via hybridization to facilitate interfacial enzymatic electron



Fig. 6. Schematic Illustration of the multienzyme labeling amplification strategy using HRP-p53 Ab2-Graphene conjugate. Reproduced from Du et al. (2011) by permission of
the American Chemical Society.
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transfer, which resulted in further signal enhancement. A detec-
tion limit down to the picomole range and a broad linear detection
range from 0.02 to 2 nM were obtained from this work. Lai et al.
(2013) reported the sensitive detection of clenbuterol by loading
GOx on functionalized GO nanocomposites. Moreover, multi-na-
nomaterial-enzyme hybrids combined with graphene composites
were used to fabricate a novel biointerface and develop an im-
munoassay for the sensitive detection of CEA with a detection
limit as low as 5 ng mL�1 (Jin et al., 2014). This scheme was based
on electrochemical enzymatic redox cycling using HRP as an en-
zyme probe, H2O2 as an enzyme substrate, and magnetic beads
coated with captured antibodies to avoid reducing the con-
ductivity of graphene. High signal amplification was achieved by
enhanced electron transfer between the electrode and the at-
tached enzyme label. Zhang et al. (2014a) developed an enzyme-
modified peptide nanowire-labeled immunoassay to detect hu-
man substance P (SP) in clinical samples with excellent perfor-
mance compared with the standard method. Oxidation current
amplification was achieved by the large number of HRP molecules
attached on the nanowire surface. Because of the heterogeneous
nature of the assay, there is no interference by electroactive sub-
stances or electrode fouling. Zhu et al. (2013a) integrated three
complementary detection strategies for the highly selective and
sensitive identification and quantification of three analytes si-
multaneously using functionalized graphene sheets with redox-
probes as tracers. A GO-based electrochemical enzymatic redox-
cycling assay was developed for the detection of CA-15-3 (Park
et al., 2014). The enzymatic redox cycling combined with si-
multaneous enzymatic amplification and redox cycling combined
with prior enzymatic amplification together provided a high sen-
sitivity with a detection limit of 0.1 U mL�1. A signal amplification
protocol for a human IgG immunoassay has been established using
the unique properties of GO-based composites (Martín et al., 2015;
Haque et al., 2012). This strategy involves poly-layer functional GO
sheets conjugated with HRP label captured antibodies through
covalent bonding, which are multi-labeled to increase the
sensitivity.

Given the unique advantages of graphene nanomaterials, it is
desirable to harness their properties in composites through in-
corporation with various functional nanomaterials. These func-
tional nanomaterials have attracted great interests because of the
synergistic contribution of the components. With the synergistic
effect, the design of novel nanocomposites that provide higher
detection sensitivity compared with enzyme labels has attracted
considerable attention for the development of graphene-based
immunosensors. Graphene hybrid nanomaterials could yield var-
ious exotic properties, depending on their composition, and could
offer significant potential in signal amplification (Han et al., 2013).
Nobel metals, such as Pt, Pd, and Au, exhibit promising con-
ductivity and outstanding catalytic activity, which benefit for
electrochemical biosensing applications. In addition, these na-
noscale noble metals could efficiently prevent the aggregation of
graphene and enhance the electron transfer by serving as elec-
trical nanowires for shortening electron transfer distance. For ex-
ample, an enzyme-free ultrasensitive AFP immunosensor was es-
tablished by combining target-induced hybridization with Pd-
graphene nanocomposites (Qi et al., 2014). The strongly catalytic
enzyme-like element was immobilized on planar graphene na-
nosheets to serve as appropriate probes. Additionally, the Pd NPs
loaded on graphene nanosheets effectively enhanced the in situ
catalytic performance and catalytic electron signal transfer rate.
The electrochemical signal was amplified remarkably. A broad
linear detection range from 0.01 to 12 ng mL�1 with a detection
limit as low as 5 pg mL�1 for AFP was achieved with this approach.
Using a similar strategy, Lin et al. (2014) developed a CEA im-
munoassay using nano-gold induced hybridization of Ag in com-
bination with graphene. Au NP-functionalized carbon foam was
employed to couple with Ag NPs as a signal amplification com-
ponent for the sensitive electrochemical immunosensing of bio-
markers. The proposed method achieved a wide linear range from
0.05 pg mL�1 to 1 ng mL�1 and a detection limit down to
0.024 pg mL�1. A sensitive electrochemical immunosensor based
on the self-catalytic growth of Pt NPs on graphene nanosheets as
conductive bridges was fabricated to amplify the detection signal
of influenza (Yang et al., 2015). Pt-graphene functionalized bio-
conjugates could be captured through a sandwich-like reaction,
and the detection signal was directly amplified from the high local
concentration of 1-naphthol, which was produced in situ from the
hydrolysis of 1-naphthyl phosphate catalyzed by alkaline phos-
phatase (ALP). Such enzyme-like catalytic activity can enlarge the
current signal produced by NPs in solution, resulting in a lower
detection limit and holding great promise for biomarker analysis
in different applications. In addition, this simplified preparative
procedure could be easily achieved because the active signal
probes do not require any additional electroactive substrate. A new
signal amplification strategy based on ionic liquid doped chitosan
matrix and Au NPs-graphene labels has been established with this
essential mechanism and has been applied into sensitive detection
of cancer biomarker, where the antibody labeled with Au NPs-
graphene derivatives probe at the distal end was covalently at-
tached on the matrix surface. A low detection limit, high sensi-
tivity, satisfactory accuracy and selectivity and acceptable stability
were achieved. Shen et al. (2014a) constructed a sensitive im-
munosensor based on dendrimer-functionalized graphene as a
label for the detection of α-1-fetoprotein. Based on the high
electrocatalytic activity of Pt NPs toward oxygen reduction and
methanol oxidation, Xu et al. (2013) developed a novel non-en-
zymatic Pt NP immunosensor with ultrahigh catalytic efficiency.
Moreover, in addition to NPs, outstanding studies of noble metals
with different morphologies, such as nanospheres and nanowires,
have been carried out. Owing to their unique surface structure and
high surface-to-volume ratio, these morphologies have out-
standing ability to functionalize graphene in the construction of
electrochemical biosensors. Tang et al. (2011) used
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biofunctionalized magnetic graphene nanosheets as probes and
multifunctional nanogold hollow microspheres (GHS) as distin-
guishable signal tags for the detection of CEA and AFP in biological
fluids. In combination with graphene, several other high-perfor-
mance immunosensors for the detection of various biomarkers
were designed using enzyme-like NPs (Li et al., 2014b; Ge et al.,
2014; Feng et al., 2014; Park et al., 2014; Shi et al., 2014; Yang et al.,
2013b; Chen et al., 2013b, 2012b; Tan et al., 2013; Cai et al., 2012).
Some polymers, such as chitosan and conducting polymers, could
be combined with graphene, resulting in the improvement of the
sensitivity of analyte detection. Yang et al. (2011a) found that
polymer functionalized graphene nanosheets could be efficiently
employed for the sensitive detection of cancer biomarkers through
labeled amplification. Using the same strategy, Yang et al. (2011b)
demonstrated that the ionic liquid-doped chitosan matrix can ef-
fectively immobilize antibody due to its good biocompatibility and
conductivity. Inspired by pervious researches, considerable efforts
have been made to synthesize quantum dot (QD)-graphene nano-
conjugates, aiming at amplifying the signal for the detection of
cancer biomarkers, such as PSA. The high sensitivity and wide
linear range can be ascribed to the increased loading of QDs on the
graphene sheet, whereas the enhancement of the transduced de-
tection signal is due to the good conductivity of graphene na-
nosheets. Using a similar strategy, Shiddiky et al. (2012) reported a
sensitive detection method for epithelial cell adhesion molecule
using graphene/CdSe QD bionano-conjugates as signal amplifiers.
The method enabled detection limits as low as 100 fg mL�1 in PBS
solution and 1 pg mL�1 in serum samples. Wu et al. (2013b) de-
veloped an immunosensor based on graphene QD signal amplifi-
cation for the detection of two disease-specific biomarkers.

3.1.3. Other graphene-based electrochemical immunosensors for
biomarker detection

The electrochemical field effect (FET) transistor offers an al-
ternative sensing method to detect various analytes, including
ions, protein and biomolecules, which obtained higher sensitivity
and better stability compared with traditional electrochemical
detection methods. FET offers a promising future because it can be
easily designed in accurately quantitative and label-free detection.
Some other obvious advantages, such as improved reaction ki-
netics and less environmental interference to the electrodes have
also been reported. He et al. (2012) designed a graphene-based
FET to reveal the influence of two important factors (flow velocity
and potential drop) for sensitivity. Jang et al. (2015) developed a
highly ion-sensitive FET with clear electrical signal enhancement,
which enables the development of convenient point-of-care de-
vices. This strategy combined ion-sensitive FET with ELISA to
achieve an electrical response generated in the catalytic reaction of
the labeled enzyme. High sensitivity was obtained because the
orientation of the current and the portability of electroactive
species were efficiently controlled by this protocol during the re-
action. Highly sensitive analysis of cancer biomarkers in serum
was conducted with a graphene-based FET using a similar strategy
(Okamoto et al., 2012). Cheng et al. (2014) utilized FET as a pro-
mising method to develop a label-free immunosensor for different
types of tumor biomarkers, where small receptor antigen binding
fragments were immobilized on the graphene-modified platform,
offering high sensitivity and a wider concentration range
(100 pg mL�1 to 1.0 mg mL�1). However, the lack of a band gap in
graphene fundamentally limits its sensitivity in FET.

The development of microfluidic or paper-based electro-
chemical immuno-devices offers great opportunities for rapid
detection, separation of interfering agents and effective measure-
ment. Recently, graphene-based microfluidic immunosensors for
the detection of biomarkers has become a promising area for
point-of-care monitoring and diagnostics. The integration of signal
amplification strategy with a microfluidic immunosensor was
developed for the multiplexed measurement of cancer biomarkers
in serum samples from patients (Wu et al., 2013c). The device was
divided into eight individual lines modified by graphene nano-
materials, and each was extremely sensitive to the specific analyte.
Silica NPs were used as probes to label the signal antibodies. A
positive identification was indicated by the electrochemical cur-
rent signal and was visually compared with the on-chip reference.
Various cancer biomarkers in human samples can be detected due
to reaction variability and product stability. Because ambient
conditions have tremendous influences on accurate analysis, many
attempts have been made to design calibration standards and new
amplification protocols without optimal conditions. Wu et al.
(2014b) improved their graphene-based microfluidic immune-
device by triggering a controlled amplification–by-polymerization
on the immune-device surface and achieved a self-calibrating
system. This novel signal amplification strategy was claimed to
enhance electrochemical signal output significantly to minimize
ambient condition impacts and achieve ultrasensitive detection.
Another notable study reported that vertically aligned ZnO nano-
wire arrays were fabricated on a graphene foam-modified elec-
trode in one microfluidic system to selectively detect the bio-
markers of Parkinson's disease (Yue et al., 2014). An extremely low
detection limit for each analyte was achieved by the modified
electrode because of its high surface area and high selectivity. The
good stability was explained by the high protective ability for the
occupied biomolecules of the graphene foam-modified electrode.
These studies demonstrate that graphene materials will greatly
accelerate research on developing immunoassays for sensitive
detection of biomarkers.

3.2. Graphene-based electrochemical immunosensors for pathogen
detection

Recently, foodborne pathogenic bacteria have become a major
public health concern. Rapid and easily performed detection of
various families of foodborne pathogenic bacteria, such as Es-
cherichia coli O157: H7, has become necessary. Therefore, gra-
phene-based electrochemical immunoassays have attracted con-
siderable attention and have been intensively studied to achieve
such detection. Various strategies have been pursued to develop
nanomaterial-based signal enhancement, benefiting the fabrica-
tion of novel electrochemical immunosensors. For example, label-
free electrochemical immunosensors have been considered as a
promising candidate strategy for the detection of pathogens, such
as the similar protocol in electrochemical immunosensors for
biomarker detection. A label-free electrochemical detection
method for E. coli O157:H7 using Au NP modified free standing
graphene paper as novel affinity agents achieved important ar-
chitectural improvements by using captured antibodies and high
sensitivity for the detection of E. coli. It provided new insight into
the design of flexible immunosensors (Wang et al., 2013c). Qi et al.
(2013) introduced a bio-imprinting technique for label-free ultra-
sensitive and quantitative detection of sulfate-reducing bacteria
(SRB) in the range of 104–108 CFU mL�1 with a similar protocol.
Briefly, multilayer reduced-graphene nanosheets were electro-
deposited along with chitosan on the surface of ITO, followed by
the absorption of SRB and a thin coating layer of chitosan around
the bacteria. This approach can also distinguish other control
strains based on the size and shape differences from other bio-
receptor combinations.

Multiplexed graphene-based electrochemical immunoassays
incorporating different signal amplification strategies can offer
selective and sensitive platforms for measuring various pathogens
simultaneously. Wang et al. (2012b) integrated a dual signal am-
plification detection strategy for the identification and



Table 2
Graphene-based immunosensors.

Analyte Graphene modified electrode Detection range Reference

CEA PdCu/graphene nanosheet 0.01–12 ng mL�1 Cai et al. (2012)
PB/graphene nanosheet 0.5–60 ng mL�1 Chen et al. (2013b)
Thionine/graphene 0.6–80 ng mL�1 Feng et al. (2014)
Au NPs/graphene/thionine 0.1–1�109 fg mL�1 Han et al. (2013)
Ag/Au NPs/graphene 10–1.2�105 pg mL�1 Huang et al. (2015)
Au/MB/graphene 5–60 ng mL�1 Jin et al. (2014)
MB/graphene nanosheet 0.5–80 ng mL�1 Kong et al. (2013)
Au/MCF/graphene 0.05–1000 pg mL�1 Lin et al. (2014)
Graphene foam 0.1–750 ng mL�1 Liu et al. (2015a)
Graphene nanosheet/Au 0.01–200 ng mL�1 Tang et al. (2011)
HRP/graphene/polymer 0.01 ng mL�1 Wu et al. (2014b)
Au/Nafion/graphene sheet 0.01–50 ng mL�1 Zhu et al. (2013a)
Au/graphene/HCR 0.2–600 pg mL�1 Zhu et al. (2015b)

AFP Graphene/FET 0.0001–1 μg mL�1 Cheng et al. (2014)
Graphene/SWCNT 0.1–100 ng mL�1 Lin et al. (2013)
Pd/graphene 0.01–12 ng mL�1 Qi et al. (2014)
HRP/graphene 1–100 ng mL�1 Shen et al. (2014a)
HRP/graphene/polymer 0.01 ng mL�1 Wu et al. (2014b)
Au/Nafion/graphene sheet 0.016–50 ng mL�1 Zhu et al. (2013a)
Au/graphene/HCR 0.2–800 pg mL�1 Zhu et al. (2015b)

p53 HRP/functional graphene 0.02–2 nM Du et al. (2011)
HRP/graphene 0.2–10 ng mL�1 Xie et al. (2011)

β-lactoglobulin Organic film/graphene 0.001–100 ng mL�1 Eissa et al. (2012)
CA-153 Silica NPs/graphene 0.001–200 U mL�1 Ge et al. (2014)

N-doped graphene 0.1–20 U mL�1 Li et al. (2013a)
PtFe alloy/graphene 0.002–40 U mL�1 Li et al. (2014b)
Graphene/ITO 0.1–10 pg mL�1 Park et al. (2014)
HRP/graphene/polymer 0.05 ng mL�1 Wu et al. (2014b)

E. coli O157:H7 Au NPs/graphene/PEDOT 7.8�10–7.8�106 CFU mL�1 Guo et al. (2015)
PolyG/graphene 1 pM Wang et al. (2012b)
Au NPs/graphene 1.5�102–1.5�107 CFU mL�1 Wang et al. (2013c)

SRB Graphene/chitosan 1�104–1�108 CFU mL�1 Qi et al. (2013)
IgG Poly(BMA)/R-graphene 700 fg mL�1 Haque et al. (2012)

PANI/graphene 9.7 pg mL�1 Lai et al. (2014)
Reduced graphene 1–500 ng mL�1 Liu et al. (2012b)
Fc/Au/graphene 1–300 ng mL�1 Wang et al. (2013a)
PtNDs/graphene 0.001–10 ng mL�1 Xu et al. (2013)
Au NPs/graphene/ion liquid 0.2–500 ng mL�1 Yang et al. (2011b)

Troponin 1 Pt/graphene 0.01–10 ng mL�1 Singal et al. (2014)
IL-5 Ion/ALP/graphene 0.001–10 ng mL�1 Jang et al. (2015)
IL-6 Au/Si/graphene sol–gel 1–40 pg mL�1 Wang et al. (2014a)
MMP-9 PDA/GNR 10-5–103 ng mL�1 Shi et al. (2014)
MMP-2 Au NPs/N doped graphene 0.0005–50 ng mL�1 Yang et al. (2013b)
MCU1 MB/poly ABA/graphene 1–12 ppb Taleat et al. (2014)
IgM Au/Fe3O4/graphene 0.0375–18 AU mL�1 Jiang et al. (2013)
Clenbuterol PB/functional graphene 0.5–1000 ng mL�1 Lai et al. (2013)
PSA Fe3O4/graphene 0.01–40 ng mL�1 Li et al. (2011)

Au/poly microbead/graphene 0.0005–0.5 ng mL�1 Lin et al. (2012)
Graphene/MB/chitosan 0.05–5 ng mL�1 Mao et al. (2012)
QDs/graphene sheet 0.005–10 ng mL�1 Yang et al. (2011a)
Au/graphene/HCR 0.2–800 pg mL�1 Zhu et al. (2015b)

Vascular endothelial growth factor Au/Magnetic graphene 31.25–2000 pg mL�1 Lin et al. (2015)
HSP Graphene/FET 2.3 nM Okamoto et al. (2012)
EpCAM CdSe QDs/graphene 1–500 fg mL�1 Shiddiky et al. (2012)

QDs/Si/graphene Wu et al. (2013b)
Ache QDs/graphene 0.3–300 ng mL�1 Wang et al. (2008)
Kanamycin Graphene/Nafion/thionine/Pt 0.01–12 ng mL�1 Wei et al. (2012)

Ag/Fe3O4/graphene sheet 0.05–16 ng mL�1 Yu et al. (2013)
Shewanella Ag NPs/graphene/Au NPs 7�7�107 CFU mL�1 Wen et al. (2014)
Cysteine GNR/Nafion 0.025–500 mM Wu et al. (2012)
Influenza Pt/CeO2/graphene 0.001–1 ng mL�1 Yang et al. (2015)
Parkinson's disease ZnO/graphene foam 1 nM Yue et al. (2014)
Substance P (SP) Fc/Au NPs/graphene 0.015 ng mL�1 Zhang et al. (2014a)
APE1 Au NPs/graphene 0.1–80 pg mL�1 Zhong et al. (2014)
PDGF Graphene/SWCNT 0.02–45 nM Bai et al. (2012)
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quantification of pathogenic bacteria based on bio-barcode labels
as a natural bio-receptor with a low detection limit at the pico-
molar level. These amplification and viability assays employed a
bio-barcode as a recognition probe in a label-free electrochemical
immunosensor. Guo et al. (2015) successfully developed a multi-
plexed immunoassay for the detection of E. coli O157:H7 using a
sulfonated graphene (SG)-poly-(3,4-ethylenedioxythiophene)
(PEDOT)-Au nanocomposite-modified electrode with a corrected
linear response from 10 to 106 CFU mL�1 and saturation at
3.4�10 CFU mL�1 under optimal conditions. They fabricated an
immunoassay array by the immobilization of HRP-anti-E. coli onto
the electrode surface to form a sandwich-like system via specific



Y. Song et al. / Biosensors and Bioelectronics 76 (2016) 195–212206
identification. In another work, an Ag NP-enhanced strategy has
been optimized to enable the specific detection of the pathogenic
bacteria Shewanella oneidensis in human saliva, showing a linear
response from 7 to 7�107 CFU mL�1 (Wen et al., 2014). Graphene
was used as a base layer for the conjugation of antibodies. The
conjugates binding on the target produced an enhanced immune-
recognition response by the reduction of silver ion in the presence
of hydroquinone.

3.3. Other interests

Multiplexed graphene based electrochemical immunosensors
have been investigated and fully reviewed for other clinical or
point-of-care use recently (Li et al., 2014a; Zhong et al., 2014), such
as multiplexed NPs based electrochemical immunosensors (Yang
et al., 2013f) and multiplexed protein detection and translation of
cancer diagnostics (Rusling, 2013).

An ultrasensitive graphene based HRP-PANI immunoassay for
quantitative analysis of human IgG was investigated to achieve
wide linear detection range and high detection sensitivity with
completely excluded conventional interference from dissolved
oxygen (Lai et al., 2014). Graphene modified electrode surface was
employed to enhance electron transfer, resulting in signal ampli-
fication. HRP modified gold NPs was utilized as tracing tag to label
on the capture antibodies. Wang et al. (2013a) designed one low-
cost, rapid and highly stabile immunoassay that realizes simulta-
neous detection of different biological analyses. Graphene mod-
ified electrodes were utilized to provide large surface area and to
accelerate electron transfer at electrode surface. High sensitivity
with low concentration sample was obtained because this gra-
phene based immunosensor chose ferrocene (Fc) derivatives as the
label. This work offers great potential on sensitive and selective
detections of several biological targets, including tumor bio-
markers and human IgG. Bai et al. (2012) proposed a sandwich-
like graphene based electrochemical biosensor for simultaneously
sensitive detection of multiple analytes based on dual signal am-
plifiers. Namely, single-wall carbon nanotubes (SWCNT) and gra-
phene nanosheets were chosen as two different carriers for redox
probes. This biosensor was fabricated via bienzyme modified re-
dox probes-graphene nanocomposites as the tracer label for sec-
ondary aptamers through sandwiched assay. The biosensor can
simultaneously respond to multiple targets in the sample by in-
tegrated with different redox active substrates. Liu et al. (2012b)
reported one easy protocol for IgG immunoassay using layer-by-
layer assembly of graphene and CNT. Monoclonal anti-IgG anti-
bodies were conjugated onto graphene-CNT assembled interface.
The excellent selectivity and low signal to noise ratio is attributed
to accelerated electron transfer, mass transfer, and increased spe-
cific surface area. Organic–inorganic-poly-thionine-Au–Fe3O4 NPs
with heterostructure's were synthesized to label an advanced
multiplexed graphene-based immunosensor to enhance the re-
duction ability toward H2O2. The sensitivity was greatly improved
due to the good conductivity and biocompatibility of the in-
tegrated Au–Fe3O4 NPs and graphene sheet (Jiang et al., 2013).

Considerable attempts have been made to develop and improve
graphene based electrochemical immunosensors. Low cost, rapid
and accurate detection of various analytes has been achieved re-
cently. Besides these achievements, the simultaneous detection of
multiple targets in complex samples still remains unsolved; and
the integration of graphene based electrochemical immunoassay
into different analytical devices remains to be eye-caught in clin-
ical point-of-care analysis (Table 2).

4. Graphene-based electrochemical genosensors

Genosensors have advanced greatly over the past three years
with better performance and higher sensitivity. Among the nu-
merous nucleic acid assay methods, electrochemical DNA sensors
hold promising potential for DNA analysis and sequencing (Zhao
et al., 2014; Liu et al., 2012c). Graphene and graphene-based na-
nocomposites exhibit several advantages and exceed other elec-
trode materials in the catalytic oxidation of the four DNA bases by
their exposed edge-like planes (Vashist and Luong, 2015; Wang
et al., 2013b). Significant contributions have been made to the
synthesis of various graphene-like nanomaterials, which are ex-
pected to be employed in the construction of novel sensing plat-
forms for the sensitive and selective detection of DNA bases, nu-
cleotides, single-stranded DNA (ssDNA), and double-stranded DNA
(dsDNA) (Gao et al., 2014a; Chen et al., 2012a; Akhavan et al.,
2012).

The large specific surface area of graphene nanomaterials could
provide an excellent platform for immobilizing related DNA base
rings via π–π stacking interactions. The main principle of elec-
trochemical DNA biosensors is based on specific hybridization
between the probe DNA and the target DNA. The ssDNA, which is
used as the probe DNA, is immobilized onto the electrode surface
by covalent interaction or physical adsorption to hybridize to the
complementary target DNAs. The post-hybridization electro-
chemical signal will be monitored by an electrochemical work-
station for the change in the conductivity and interfacial property
of the electrode caused by the hybridization.

4.1. Graphene-based electrochemical genosensors for nucleic acid
assay

4.1.1. Graphene-based electrochemical genosensors for DNA
detection

Label-free biosensors have aroused significant attention for the
construction of diverse electrochemical DNA sensing platforms
due to their simplicity and sensitivity. To overcome the limitation
of label-free technique, various electroactive materials can be in-
troduced to functionalize the graphene modified onto the elec-
trodes. Guo et al. (2013b) took advantage of the electroactive dye
Azophloxine (AP), a negatively charged water-soluble dye with a
large planar aromatic surface, to construct a novel ultrasensitive
electrochemical DNA biosensor. The attachment of AP on the
graphene surface prevented the agglomeration of graphene while
endowing the graphene with excellent electroactive properties.
This label-free sensor has achieved a detection limit as low as
4.0�10�16 M and has provided great potential for investigating
single nucleotide polymorphisms (SNPs). Besides, Signal indicators
such as thionine and MB are usually used to functionalize gra-
phene to produce a high response signal (Chen et al., 2013a; Zhu
et al., 2012).

Electrochemical impedance spectroscopy (EIS), a newly
emerged high-sensitivity analysis, has attracted substantial re-
search interest because it not only provides label-free detection of
gene sequences but also exhibits high sensitivity with low back-
ground. EIS allows analyses of both resistive and capacitive prop-
erties for electrode attachment, such as DNA and RNA. Hu et al.
(2012a) demonstrated a simple and label-free electrochemical
assay for DNA hybridization using undecorated GO as the sensing
platform. The adsorbed ssDNA consists of an immobilization se-
quence and a probe sequence, and only the probe sequence cap-
tures the target ssDNA to form double helical DNA in the presence
of the target. EIS was chosen to monitor the interfacial property
changes. Sun et al. (2012b) designed an electrochemical DNA
biosensor based on a carboxyl-functionalized GO for the detection
of gene sequences related to vibrio parahaemolyticus. Poly-L-lysine
was used to modify the electrode to form a poly amino acid film
which exhibits good stability and reproducibility due to the pre-
sence of multiple functional groups. To avoid unwanted defects to
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graphene and preserve its integrity and the electronic structure
various aromatic organic molecules have been conjugated to the
graphene sheet via π-stacking interaction. Hu et al. (2012b) de-
corated graphene with positively charged N, N-bis-(1-aminopro-
pyl-3- propylimidazol salt)-3,4,9,10-perylene tetracarboxylic acid
diimide (PDI). The PDI facilitates ssDNA immobilization by the
electrostatic interaction between its imidazole rings and the
phosphate backbone of ssDNA, leaving the DNA bases available for
efficient hybridization. Zhang et al. (2014a, 2104b, 2140c, 2014d,
2014e) and Luo et al. (2013) fabricated 1-aminopyrene-graphene
and tryptamine-graphene hybrids by π-stacking to construct DNA
sensors with high sensitivity and selectivity.

Benvidi et al. (2014) designed a novel label-free biosensor for
the sensitive detection of specific ssDNA Amelogenin (AMEL) gene,
a marker of sex determination, using a reduced graphene oxide
(RGO)-modified GCE. As ssDNA is adsorbed on graphene mainly
due to non-covalent interaction between the rings in DNA bases
and the hexagonal cells of graphene, the adsorption may be dis-
turbed after hybridization.

Signal amplification is another necessary element to enhance
the sensitivity of biosensors and to enable gene analysis in real
samples. Despite of the unique advantages of graphene, it is de-
sirable to manipulate their properties via coupling with various
functional materials to perform a synergistic contribution to signal
amplification (Zhu et al., 2015a; Wu et al., 2014a). Recently, various
hybrid graphene nanocomposites have been prepared and em-
ployed as electrocatalysts in genosensors. For example, Au NPs
with different morphology have been designed in DNA-based
electrochemical sensors. Sun et al. (2012a) presented an electro-
chemical DNA biosensor for a Listeria monocytogenes assay using
an electrochemically reduced graphene/Au NP nanocomposite-
modified carbon ionic liquid electrode (CILE) as the platform.
Govindhan et al. (2015) synthesized an Au NP/RGO nanocomposite
to fabricate a sensing platform for a NADH assay through the
in situ electrochemical reduction of GO and Au3þ with a 100%
usage of the precursors. The prepared sensor was further utilized
to detect NADH in human urine samples. Rasheed and Sandhyar-
ani (2014) fabricated an easy DNA biosensor for the ultrasensitive
detection of the BRCA1 gene using a “sandwich” detection strategy
in which the capture probe (DNA-c) and Au NP-linked reporter
probe (DNA-r) DNAs hybridized to the target probe DNA (DNA-t).
The oxidation of Au NPs was monitored by cyclic voltammetry and
chronoamperometry, and a detection limit of 1 fM was achieved,
which is lower than reported for other types. In another work,
poly(amidoamine) dendrimer (PAMAM) with graphene core
(GG1PAMAM) was synthesized and was immobilized on the Au
transducer surface (Zhang et al., 2015a, 2015b; Jayakumar et al.,
2012). Au nanoparticles then decorated the GG1PAMAM and used
for electrochemical DNA hybridization sensing. Furthermore, Au
NPs electrodeposited onto the electrodes not only increase elec-
trical conductivity but also improve the electrochemical response
in biosensing (Wang et al., 2012c). Similarly, Huang et al. (2014)
also constructed a DNA biosensor based on Ag NPs/poly-
dopamine@graphene nanocomposite film for ssDNA assay.

Conducting polymer nanomaterials are also exploited as ex-
cellent candidates for electrode materials to fabricate electro-
chemical DNA biosensors because of their unique and controllable
chemical and electrical properties (Yoon and Jang, 2009). To sim-
plify the operation of constructing a biosensor, one-step electro-
chemical synthesis of the reduced graphene oxide (RGO) has been
reported. Jiao's group has proposed several electrosynthesis
methods for fabricating polymer- and RGO-based biosensors. They
proposed a one-step synchronous electrosynthesis of poly(xan-
thurenic acid)-RGO nanocomposite, which promotes the electron
transfer ability of the electrode and furnishes a synergistic effect
between RGO and poly(xanthurenic acid). The resultant sensing
platform could sensitively recognize its target DNA using the
classical indicator of [Fe(CN)6]3�/4� and achieved a detection limit
as low as 4.2�10�15 mol/L (Yang et al., 2013b). Subsequently, they
further presented the direct and freely switchable detection of
target genes through the one-step electrochemical synthesis of
RGO/poly(m-aminobenzenesulfonic acid) (PABSA) nanocompo-
sites via the pulse potentiostatic method. Moreover, the electro-
chemical reduction of RGO was performed during the resting
period of the electropolymerization of PABSA (Yang et al., 2013c).
In another study, they utilized the self-redox signal of sulfonated
PANI, significantly enhanced by GO, for direct DNA impedance
detection. The self-redox signal of the resulting nanocomposite
was attributed to the abundant sulfonic acid groups of sulfonated
PANI. Compared with the outer classic impedance probe
[Fe(CN)6]3�/4� , the inner impedance value of sulfonated polyani-
line (SPANI) increased remarkably (Yang et al., 2013a). To evaluate
the effect of morphology of the sensor substrate on DNA detection
sensitivity, Yang et al. (2014) prepared graphene-based PANI na-
nocomposites with different morphologies as a model to compare
their DNA sensing behaviors. According to the results of their re-
search, vertical arrays exhibited the highest sensitivity by about
two orders of magnitude.

Among a variety of DNA signal transducers, DNA sandwich
assays have expanded from fluorescence assays to electrochemical
assays (Shen et al., 2014b). The detectable electrochemical signals
are produced by the signal probes modified with electrochemical
or redox labels when the target binding brings them proximal to
the electrode. However, a redox label can only transfer minority
electrons to or from the electrode surface, which hinders the
sensitivity of a DNA sandwich assay. To address this issue, enzyme-
based signal amplification for DNA sandwich assays has been ex-
tensively explored. Enzymes such as HRP, ALP and GOx are well-
known substitutes for the redox label and provide steady re-
cognition and signal amplification. Using HRP/carbon spheres
(CNS) as tracers, Dong et al. (2012a, 2012b) designed an ultra-
sensitive electrochemical DNA biosensor based on an electro-
chemically reduced GO/Au NP-modified electrode. They found that
this hetero-nanostructure improved the conductivity, and the
signal was significantly amplified due to the compositional sy-
nergy. Contrary to Dong's work, Wang et al. (2013a, 2013b, 2013c)
developed a DNA sensor based on Au NPs-single-walled carbon
nanohorn (SWCNH) composite modified glassy carbon electrode.
Carboxylic GO was chosen as a carrier to load the porphyrin-based
mimic as well as trace label for biosensing, which showed greatly
enhanced peroxidase activity toward o-phenylenediamine (o-PD)
oxidization in the presence of H2O2, leading to improved sensi-
tivity for electrochemical biosensing. Recently, Esteban-Fernández
de Ávila et al. (2015) designed a disposable electrochemical DNA
sensor based on carbonxymethylcellulose-RGO modified screen-
printed carbon electrodes. HRP was used to catalyze the redox
mediator, tetramethylbenzidine (TMB), and the substrate, H2O2, for
the detection of the p53 tumor suppressor gene.

In addition to the contribution of HRP in the enzyme-based
sandwich assay, ALP was another candidate for the sandwich as-
say. Wang et al. (2014a, 2014b, 2014c, 2014d) modified the GCE
through layer-by-layer assembly of graphene-chitosa-polyaniline
to propose a biosensor for the detection of BCR/ABL fusion gene
from real samples.

Peptide nucleic acid (PNA) is an analog of DNA and was first
used as a fluorescent probe to detect target DNA or RNA in a GO-
based assay method by Zhang's group (Guo et al., 2013a; Park
et al., 2013). Because of its neutral character, suitable distance
between the nucleobases, rigid amido bonds, highly flexible ami-
noethyl linkers, and intramolecular hydrogen bonding, PNA has
been further developed into a PNA-functionalized Si NW-RGO FET
biosensor for DNA detection (Cai et al., 2014). The RGO FET
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biosensor was able to distinguish complementary DNA from one-
base mismatched DNA and non-complementary DNA. This sensor
received significant interest because of its high quenching effi-
ciencies and ultrasensitivity, with detection limit as low as 100 fM,
which is one order of magnitude lower than previously reported
values. In another article, Zhang's group investigated a highly
sensitive and selective strategy for DNA detection using electro-
chemically reduced GO as nanocarriers and PNA as a signal am-
plification protocol (Du et al., 2013).

Solid-state nanopores have emerged as single-molecule sen-
sors and could potentially be used to rapidly sequence DNA mo-
lecules. Graphene has overcome the challenge for fabricating the
nanopores in insulating membranes as thick as 15 bases which
typically made it difficult for the devices to read individual bases,
at 0.335 nm thick. Traversi et al. (2013) demonstrated a nanor-
ibbon transistor to create a sensor for DNA translocation. Si-
multaneously, Schneider et al. (2013) demonstrated a novel
scheme to prevent DNA-graphene interactions by blocking the
strong nonspecific hydrophobic interactions between DNA and
graphene based on a tailored self-assembled monolayer. They
found that ssDNA was detected in graphene nanopores with ex-
cellent nanopores durability and reproducibility. Freedman et al.
(2013) detected long and short DNA using nanopores with gra-
phitic polyhedral edges and found that the ssDNA translocated
much more slowly, allowing the detection of extremely short
fragments. Puster et al. (2013) fabricated a GNR nanopores sensor
for DNA detection to avoid electron beam-induced damage.

4.1.2. Graphene-based electrochemical genosensors for miRNA
detection

Using an enzyme-based nucleic acid sandwich assays, Yin et al.
(2012) developed an ultrasensitive electrochemical platform for
miRNA detection based on graphene/Au NP-modified GCE for
locked nucleic acid (LNA)-integrated MB probes and multi-
functionally encoded DNA-Au NPs-LNA bio bar codes coupled with
HRP for signal amplification (Fig. 7). The 5′-end of the MB was
complementary to the target miRNA, whereas its 3′-end was
Fig. 7. Chronoamperometry determination of miRNA hybridization through three steps o
Ltd.
complementary to LNA-integrated DNA in DNA-AuNPs-LNA bio
bar codes. To improve the sensitivity of polymer/graphene sensors
and decrease the background signal, Tran et al. (2013) reported a
conducting polymer/RGO-based electrochemical biosensor to de-
tect two different miRNAs. Cross-hybridization experiments illu-
strated that a significant current increase occurred only in the
presence of complementary target DNA. In addition to the miRNA
assay through classical hybridization, an original approach based
on the specific recognition of antibodies and DNA–RNA hybrids
with steric hindrance led to a decrease in current.

4.1.3. Graphene-based electrochemical genosensors for adenosine
detection

Gao et al. (2014b) developed a sensitive electrochemical bio-
sensor for the detection of adenine and guanine based on porous
structure films of over-oxidized polypyrrole/graphene (PPyox/GR).
The permselective polymer coatings play a significant role in de-
creasing background current and increasing the electroactive
surface area of graphene. This sensor exhibited a linear working
range of 0.06–100 mM and 0.04–100 mM and a low detection
limit of 0.02 μM and 0.01 μM for adenine and guanine, respec-
tively. Unlike assays based on capture probe-immobilized elec-
trodes, Sanghavi et al. (2013) presented a double-surface compe-
titive assay that was free of wash steps and enabled the real-time
quantitative monitoring of ATP over a five-log concentration range.
This recognition strategy was based on an ATPA capture probe that
bound to electroactive FAD with a weaker affinity and utilized
graphene and Au NPs to enhance electron transfer and sensitivity.
The current signal response can be monitored based on the release
of FAD. This real-time monitoring method can be extremely useful
for the detection of miRNAs expressed in different cancer types.

4.2. Graphene-based electrochemical genosensors for metal ions
detection

Metal ions, including Cu2þ , Hg2þ , Agþ and Kþ , are important
to human health and the detection of metal ions in biological
f amplification. Reproduced from Yin et al. (2012) by permission of Elsevier Science



Fig. 8. Sketch map of the sensing strategy for mercury detection. Reproduced from
Zhang et al. (2015a, 2015b) by permission of the American Chemical Society.
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systems are very important (Gao et al., 2014a). Zhang et al. (2015a,
2015b) constructed a biosensor which Au NPs was electro-
deposited onto the electrodes to modify the electrode coupled
with graphene. Three ssDNA probes were immobilized onto the
electrode, namely a 10-mer thymine-rich DNA probe, a 29-mer
guanine-rich DNA probe and a 22-mer thymine-rich DNA probe,
for attomolar Hg2þ detection (Fig. 8). Tang et al. (2014) reported a
label-free electrochemical sensor for Hg2þ detection based on the
Table 3
Graphene-based electrochemical genosensors.

Analyst Graphene modified electrode

ssDNA GCE/PLLy/Graphene/ssDNA probe
GCE/Graphene/ssDNA probe
GCE/ERGO/PNA probe
GCE/Graphene/AP/ssDNA probe
SiNW /RGO/PNA probe
GCE/PXa-ERGO/ssDNA probe
Au/Graphene/Au NPs/ssDAN probe
GCE/ERGO/Au-ssDNA probe
GCE/GO/AuNPs-ssDNA probe
Au/PAMAM/Graphene/Au/ssDNA probe
GCE/Graphene/Pdop/AgNPs-ssDNA probe
GCE/Graphene/thionine/ ssDNA probe
GCE/Graphene/TRA/ssDNA probe
GCE/Graphene/PDI/ssDNA probe
GCE/Graphene/1-aminopyrene/ssDNA probe

Damaged DNA GCE/Graphene/MB-FAM
BRCA1 gene GCE/Graphene/ssDNA probe
AMEL gene GCE/RGO/ssDNA probe
hly gene CILE/Graphene/Au NPs/ssDNA
BCR/ABL fusion gene GCE/GS-CS/PANI/Au NPs/hairpin DNA probe
PML/RARA fusion gene CPE/GO/SPAN/ssDNA
AdenineGuanine GCE/PPyox/Graphene

ATP GPE/Graphene/Au NPs/ATPA/FAD
miRNA GPE/Graphene/Den Au/MB probe
NADH GCE/RGO/Au NPs
8-OH-dG GCE/Graphene/ssDNA probe
Hg2þ GCE/RGO-CS/T-rich DNA probe

GCE/Graphene/AuNPs/P1,P2,P3 DNA probe
Thrombin GCE/AuNPs/TBAI
Glucose GCE/Graphene
specific T–Hg2þ–T cooperation and HAuCl4/NH2OH reaction.

4.3. Graphene-based electrochemical detection of DNA damage

DNA damage may be caused by interactions with chemical or
physical agents from the environment or normal metabolic pro-
cesses inside the cell. DNA mutation and tumor generation occur if
the damage cannot be repaired in a timely manner. Various types
of sensors have been developed for the identification and quan-
tification of DNA damage products. Zhou et al. (2012a, 2012b) re-
ported a hairpin molecular beacon tagged with carboxyfluorescein
in combination with GO as a quencher reagent to detect DNA
damage by chemical reagents. Four compounds, chlorpyrifos-me-
thyl (CM), mandelieaeids (MA), phenylglyoxylieaeids (PGA) and
epoxystyrene (SO), were studied as models to evaluate the da-
maging effect. The base 8-hydroxy-2′-deoxyguanosine (8-OH-dG)
is the most abundant oxidative product of DNA and is also con-
sidered to be a biomarker of oxidative DNA damage. Jia et al.
(2015) prepared a ssDNA electrochemical biosensor based on
functionalized graphene nanosheets for the detection of 8-OH-dG.
The biosensor was further utilized to detect 8-OH-dG in real urine
and serum samples by using uricase to eliminate interference from
uric acid.

4.4. Other interests

Pt NPs (Xie et al., 2012), magnetic NPs (Tiwari et al., 2015;
Teymourian et al., 2013) were incorporated with graphene for
fabrication of electrochemical biosensors. Sometimes, multiply
nanomaterials were integrated for a highly sensitive biosensor. Xie
et al. (2012) proposed a complex graphene/Pd NPs/Au/hemin/G-
quadruplex-based biointerface, which was also rationally designed
to fabricate aptamer sensors, achieving the sensitive detection of
thrombin. Yuan et al. (2013) fabricated a dendrimer
Detection range (LOD) Reference

1�10�6–1 μM (16.9 pM) Sun et al. (2012b)
1�10�6–1 μM (11 pM) Hu et al. (2012a)
1�10�6–10 μM (54.6 pM) Du et al. (2013)
1�10�3–10 pM (0.4 fM) Guo et al. (2013b)
(100 fM) Cai et al. (2014)
1�10�7–100 μM (4.2 fM) Yang et al. (2013d)
0.025–1.25 nM (8.33 pM) Niu et al. (2013)
1�10�5–0.1 pM (5 aM) Dong et al. (2012b)
(100 fM) Wang et al. (2012c)
1�10�9–1 mM (1 pM) Jayakumar et al. (2012)
1�10�9–100 mM (3.2 fM) Huang et al. (2014)
1�10�9–0.1 mM (0.126 pM) Zhou et al. (2012a)
1�10�9–0.1 mM (0.52 pM) Zhang et al. (2014e)
1�10�6–1 μM (0.55 pM) Hu et al. (2012b)
0.01–10 nM (0.45 pM) Wang et al. (2013b)
– Zhou et al. (2012a)
(1 fM) Rasheed and Sandhyarani (2014)
1�10�5–10 fM (0.0032 aM) Benvidi et al. (2014)
1�10�6–1 μM (0.29 pM) Sun et al. (2012a)
0.01–1 nM (2.11 pM) Wang et al. (2014b)
1�10�10–0.1 mM (0.032 pM) Yang et al. (2013e)
0.06–100 mM (0.02 μM) Gao et al. (2014b)
0.04–100 mM (0.01 μM)
0.0114–30 μM (201 nM) Sanghavi et al. (2013)
(0.06 pM) Yin et al. (2012)
0.05–500 μM (1.13 nM) Govindhan et al. (2015)
(0.875 nM) Jia et al. (2015)
(0.06 nM) Tang et al. (2014)
1�10�9–100 nM (0.001 aM) Zhang et al. (2015b)
1�10�4–50 nM (0.03 pM) Xie et al. (2012)
0.005–20 mM Zhu et al. (2013b)
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polyamidoamine-functionalized RGO with a hemin/G-quadruplex
to construct a robust biointerface, which yielded a dual signal
amplified electrochemical DNA biosensor to detect thrombin. In
another work, a graphene/Au NPs/PANI/GOx nanocomplex-based
biointerface was rationally designed to fabricate an aptasensor and
achieved sensitive detection of thrombin (Bai et al., 2013a).
Moreover, Zhu et al. (2013a, 2013b) combined three cascade che-
mical reactions with graphene-DNA interaction to develop a new
strategy for biosensor fabrication. Glucose was adopted as a model
to trigger the cascade chemical reactions, followed by the ex-
posure of palindrome DNA cleaved into pieces to interact with
graphene (Table 3).
5. Conclusion

The favorable structural and compositional synergy of gra-
phene allows them to be excellent electrode materials for fabri-
cating various sensing platforms. This review article highlights the
recent advances in the development of novel graphene 2D nano-
materials-based electrochemical biosensors. There are thousands
of papers published since 2012. Since the unique nanostructure
and remarkable synergy effect allow them to be good electrode
candidate, the graphene 2D nanomaterials have been employed in
various electrochemical biosensing platforms towards the de-
termination of glucose, H2O2, DNA, biomarkers and pathogens.
Although considerable efforts have been made for developing
promising graphene based biosensors, the investigation of their
practical applications in real samples is still at the beginning. Some
important issues and challenges should be addressed. Recently,
some graphene-like nanomaterials, such as C3N4, BN, and MoS2,
etc (Pumera and Loo, 2014; Farimani et al., 2014; Huang et al.,
2013c, 2013b; Hou et al., 2013), have been proposed in 2D nano-
materials based biosensors. As the class of emerging materials,
graphene-like nanomaterials with specific planar morphology
have attracted significant attentions. Taking the advantages of
varicosity composition and diverse structural effect, these kinds of
nanomaterials have promoted great efforts to improve application
and reliability of electrochemical biosensors. The synthesis and
functionalization of graphene-like nanomaterials with high-qual-
ity planar morphology are highly desirable. Moreover, researchers
should also endeavor more effort on the hybrid real systems
combining other functional nanomaterials with graphene 2D na-
nomaterials. For instance, the incorporation of graphene nano-
materials in microfluidics-based electrochemical biosensors needs
to be further explored for detections of different analytes. Addi-
tional properties and synergistic effects involved are beneficial for
the enhanced applications. Moreover, the developments of new
graphene-like 2D nanomaterials with high electrochemical per-
formances will lead to significant advance in analytic applications.
Finally, graphene based materials enable us to develop miniatur-
ized biosensing systems that could be used for simultaneous de-
tections of multiple analytes in biomedical, environmental, food
safety, and global health applications.

In order to develop more sensitive and reliable electrochemical
biosensors based on graphene and graphene-like 2D nanomater-
ials, more efforts should be made on the synthesis and functio-
nalization of the graphene and graphene-like materials with un-
ique physical and chemical properties. First, novel approaches
need to be investigated to effectively separate graphene layers and
to prevent them from agglomeration in the process of biosensor
fabrication. Besides, new techniques are needed to functionalize
graphene with desirable physical, chemical, and electrical prop-
erties, including the enhanced stability of graphene in biological
medium, the reduced toxicity of graphene to cell and the better
selectivity of graphene based biosensor, etc.
The most important challenge of graphene 2D nanomaterials-
based electrochemical biosensor is the real application, such as
analysis of targets in real samples. Two issues should be clarified in
this area. One is the real sample matrix influence, such as blood
and plasma. Real samples always contain the mixture of molecules
and ions that would produce the nonspecific signal. Generally,
most reports were performed with pure analytes in buffer solu-
tions. Therefore, researchers should also make more effort on ex-
ploring the novel biosensor designs with high selectivity in com-
plex conditions. Secondly, the most reported graphene-based
electrochemical biosensors were designed and fabricated at lab-
scale and are not suitable for commercial-scale production. The
electrochemical biosensors need be designed and fabricated for
commercial-scale production with good reproducibility and low
cost. We expect that future innovative research on graphene 2D
nanomaterials will couple with other major technological advance,
such as lateral-flow, lab-on-chip, and 3D printing techniques for
the development of next-generation biosensors.
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