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Abstract: This article reviews recent progress in the development of nanomaterial-based
electrochemical biosensors for cancer biomarkers. Because of their high electrical conductivity,
high affinity to biomolecules, and high surface area-to-weight ratios, nanomaterials, including metal
nanoparticles, carbon nanotubes, and graphene, have been used for fabricating electrochemical
biosensors. Electrodes are often coated with nanomaterials to increase the effective surface area
of the electrodes and immobilize a large number of biomolecules such as enzymes and antibodies.
Alternatively, nanomaterials are used as signaling labels for increasing the output signals of cancer
biomarker sensors, in which nanomaterials are conjugated with secondary antibodies and redox
compounds. According to this strategy, a variety of biosensors have been developed for detecting
cancer biomarkers. Recent studies show that using nanomaterials is highly advantageous in preparing
high-performance biosensors for detecting lower levels of cancer biomarkers. This review focuses
mainly on the protocols for using nanomaterials to construct cancer biomarker sensors and the
performance characteristics of the sensors. Recent trends in the development of cancer biomarker
sensors are discussed according to the nanomaterials used.
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1. Introduction

Electrochemical biosensors are analytical devices that are fabricated by modifying the surface of
electrodes with biomolecules, such as enzymes, antibodies, and DNA [1–3]. These sensors are used
in biomedical analysis [4], environmental monitoring [5], and process control in food manufacturing
industries [6]. Electrochemical biosensors can be used for determining target molecules in sample
solutions without pre-treatment of samples owing to the specific binding or interactions between
biomaterials and target molecules. A glucose biosensor is a prototype enzyme biosensor that is
constructed by immobilizing glucose oxidase (GOx) on the surface of metal or carbon electrodes [7,8].
Glucose biosensors rely on the GOx-catalyzed oxidation reaction of glucose in sample solutions,
such as blood, by which gluconolactone and hydrogen peroxide (H2O2) are produced. The resulting
H2O2 is oxidized on the electrode to generate an electric current as the sensor output signal. Thus,
glucose biosensors are currently widely used for determining blood glucose levels in the treatment of
diabetic patients.

Recently, electrochemical biosensors capable of detecting cancer biomarkers have attracted much
attention. Cancer biomarkers are produced and secreted at higher levels from cancerous cells and
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tissues. Many proteins have been identified as cancer biomarkers, including prostate-specific antigen
(PSA), carcinoembryonic antigen (CEA), and α-fetoprotein (AFP) [9,10]. A variety of techniques,
such as radio-immunoassay [11], fluorescence spectroscopy [12,13], mass spectroscopy [14,15], and
chromatography [16], are available for detecting cancer biomarkers. Although these techniques provide
highly sensitive detection of biomarkers in biological fluids, measurements are sometimes tedious
and often costly. Therefore, electrochemical biosensors have been intensively studied for developing
simple, inexpensive protocols for biomarker detection. A problem in detecting cancer biomarkers is
that the concentration of cancer biomarkers is extremely low in biological fluids. The concentrations of
cancer biomarkers, such as PSA, CEA, and AFP, are typically several nanograms per milliliter [17,18].
Consequently, highly sensitive biosensors are required for the precise detection of cancer biomarkers.
Using metal and carbon nanomaterials as components of biosensors improves the sensitivity of
electrochemical biosensors [19–24]. Nanomaterials can be used in electrochemical biosensors as
surface modifiers of electrodes and as signaling labels. The surface of electrodes is often modified
with metal and carbon nanomaterials to enhance effective surface area of the electrodes and to
accelerate electron transfer across the electrode surface for amplifying output signals (Figure 1A).
In addition, a large amount of proteins can be immobilized on nanomaterial-modified electrodes owing
to the high surface area of the electrodes. Alternatively, nanomaterials conjugated with signaling
molecules, such as enzymes and redox-active compounds, are often used as labels to enhance the
output signals (Figure 1B). In both cases, the high surface area-to-weight ratio of the nanomaterials
is exploited. Nanomaterial-based electrochemical biosensors can be operated through different
detection modes, such as voltammetry, amperometry, and impedimetry, depending on the types
of analytes and nanomaterials used. Enzymes and redox-active compounds are often immobilized
on the electrode surface to construct amperometric and voltammetric sensors, while redox ions such
as ferricyanide/ferrocyanide ions (Fe(CN)6

3−/4−) are dissolved in the sample solution to record the
output signals of impedimetric sensors.
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Figure 1. Use of nanomaterials as a surface modifier (A) and as a signaling label (B) in constructing
electrochemical biosensors for cancer biomarkers.

Several papers have reviewed the preparation of biosensors for biomarkers and their use in
diagnostic analysis [25–28]. A variety of biosensors have been constructed using different materials.
This paper provides an overview of recent progress made in electrochemical biosensors for cancer
biomarkers. Discussion is focused mainly on using metal and carbon nanomaterials for constructing
high-performance biosensors for cancer biomarkers based on selected papers published in the past
few years.
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2. Metal Nanoparticle-Based Biosensors for Cancer Biomarkers

Gold nanoparticles (AuNPs) exhibit high conductivity, high affinity and compatibility for
biomolecules, and thus AuNPs are the metal nanoparticles most widely used for constructing
electrochemical biosensors [29,30]. AuNPs can be prepared by reducing Au(III) to Au(0) with a
reducing agent such as sodium borohydride in solution. Two different protocols have been employed
in constructing AuNP-based biosensors, as illustrated in Figure 1. AuNPs have been used to modify
the surface of sensor electrodes to increase the effective surface area of the electrode, which enables a
larger number of biomolecules to be immobilized on the electrode. In another route, AuNPs are used
as labels for generating electrochemical signals and increasing the intensity of the signals. The AuNP
labels are often conjugated with signaling molecules such as enzymes and redox-active compounds.
In this section, AuNP-based electrochemical biosensors for cancer biomarkers are grouped into the
above two categories and we discuss the preparing and performance characteristics of the sensors.

2.1. AuNP-Modified Electrodes as Biosensors

The surface of electrodes can be modified with AuNPs through different procedures.
Electrodeposition of AuNPs is a simple way to prepare AuNP-modified electrodes. Typically, AuNPs
were deposited on the surface of a glassy carbon (GC) electrode by applying a constant potential at
−0.4 V vs. Ag/AgCl (3 M KCl) in 5 mM HAuCl4 solution in 0.1 M KNO3 [31]. The AuNP-modified GC
electrode was further modified with protein A and AFP antibody (anti-AFP) to prepare immunosensors
for AFP, a biomarker for liver cancer. A sandwich immunoassay using anti-AFP conjugated with
horseradish peroxidase (HRP) could detect AFP in serum in the range of 5–80 ng mL−1. A similar
protocol provided highly sensitive AFP sensors that showed response to AFP in the range of
0.005–0.2 ng mL−1 [32]. In another study, impedimetric immunosensors for epidermal growth factor
receptor (EGFR) were studied by using an AuNP-modified Au electrode [33]. EGFR is a protein
over-expressed in epithelial tumors, including breast, gastric, colorectal, renal, pancreatic, and ovarian
cancers. AuNPs were deposited on the surface of an Au electrode by scanning the electrode potential
from −0.2 to −1.2 V for 20 cycles in 6 mM HAuCl4 solution in 0.1 M KNO3. The EGFR sensors
were prepared by modifying the AuNP-modified electrode with protein G and anti-EGFR antibody
(Figure 2). The dynamic range of the impedimetric response of the sensor to EGFR was from 1 pg mL−1

to 1 µg mL−1.

Molecules 2017, 22, 1048 3 of 19 

 

2. Metal Nanoparticle-Based Biosensors for Cancer Biomarkers 

Gold nanoparticles (AuNPs) exhibit high conductivity, high affinity and compatibility for 
biomolecules, and thus AuNPs are the metal nanoparticles most widely used for constructing 
electrochemical biosensors [29,30]. AuNPs can be prepared by reducing Au(III) to Au(0) with a 
reducing agent such as sodium borohydride in solution. Two different protocols have been employed 
in constructing AuNP-based biosensors, as illustrated in Figure 1. AuNPs have been used to modify 
the surface of sensor electrodes to increase the effective surface area of the electrode, which enables a 
larger number of biomolecules to be immobilized on the electrode. In another route, AuNPs are used 
as labels for generating electrochemical signals and increasing the intensity of the signals. The AuNP 
labels are often conjugated with signaling molecules such as enzymes and redox-active compounds. 
In this section, AuNP-based electrochemical biosensors for cancer biomarkers are grouped into the 
above two categories and we discuss the preparing and performance characteristics of the sensors. 

2.1. AuNP-Modified Electrodes as Biosensors  

The surface of electrodes can be modified with AuNPs through different procedures. 
Electrodeposition of AuNPs is a simple way to prepare AuNP-modified electrodes. Typically, 
AuNPs were deposited on the surface of a glassy carbon (GC) electrode by applying a constant 
potential at −0.4 V vs. Ag/AgCl (3 M KCl) in 5 mM HAuCl4 solution in 0.1 M KNO3 [31]. The 
AuNP-modified GC electrode was further modified with protein A and AFP antibody (anti-AFP) to 
prepare immunosensors for AFP, a biomarker for liver cancer. A sandwich immunoassay using 
anti-AFP conjugated with horseradish peroxidase (HRP) could detect AFP in serum in the range of 
5–80 ng mL−1. A similar protocol provided highly sensitive AFP sensors that showed response to 
AFP in the range of 0.005–0.2 ng mL−1 [32]. In another study, impedimetric immunosensors for 
epidermal growth factor receptor (EGFR) were studied by using an AuNP-modified Au electrode [33]. 
EGFR is a protein over-expressed in epithelial tumors, including breast, gastric, colorectal, renal, 
pancreatic, and ovarian cancers. AuNPs were deposited on the surface of an Au electrode by 
scanning the electrode potential from −0.2 to −1.2 V for 20 cycles in 6 mM HAuCl4 solution in 0.1 M 
KNO3. The EGFR sensors were prepared by modifying the AuNP-modified electrode with protein G 
and anti-EGFR antibody (Figure 2). The dynamic range of the impedimetric response of the sensor to 
EGFR was from 1 pg mL−1 to 1 μg mL−1.  

 
Figure 2. Protocol for preparing epidermal growth factor receptor (EGFR) sensors through stepwise 
deposition of cysteamine, p-phenyldiisothiocyanate (PDITC), protein G, and anti-EGFR on a gold 
nanoparticle (AuNP)-modified electrode. Reprinted with permission from [33]. Copyright 2013, Elsevier. 

Another route for constructing AuNP-modified electrodes is to deposit as-prepared AuNPs on 
electrodes by methods such as dip-coating, drop-casting, or multilayer deposition. In this procedure, 
the surface of the electrodes is first coated with self-assembled molecular monolayers or polymer 
films to facilitate the AuNP deposition. For example, the surface of a GC electrode was coated with 

Figure 2. Protocol for preparing epidermal growth factor receptor (EGFR) sensors through stepwise
deposition of cysteamine, p-phenyldiisothiocyanate (PDITC), protein G, and anti-EGFR on a gold
nanoparticle (AuNP)-modified electrode. Reprinted with permission from [33]. Copyright 2013, Elsevier.

Another route for constructing AuNP-modified electrodes is to deposit as-prepared AuNPs on
electrodes by methods such as dip-coating, drop-casting, or multilayer deposition. In this procedure,
the surface of the electrodes is first coated with self-assembled molecular monolayers or polymer
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films to facilitate the AuNP deposition. For example, the surface of a GC electrode was coated
with an electro-polymerized poly(2,6-pyridinediamine) film, followed by the deposition of AuNPs
by dip-coating [34]. Immunosensors sensitive to a prostate cancer marker, PSA, were prepared by
immobilizing anti-PSA on the AuNPs. To read out the signal, a ferrocene-tagged label was used
during voltammetry. The immunosensor exhibited a response to PSA over a concentration range
from 2.0 pg mL−1 to 10 ng mL−1, with a lower detection limit of 0.5 pg mL−1. Amino group-bearing
cross-linked polyethylene glycol was also used as a surface coating for depositing AuNPs on GC
electrodes [35]. The AuNP-deposited GC electrode was further modified with single-strand 19-mer
oligonucleotides to construct DNA biosensors for detecting the breast cancer susceptibility gene
BRCA1. The hybridization of the BRCA1 sequence on the electrode surface induced changes in the
electrochemical impedance spectroscopy. The BRCA1 sensor exhibited a linear response to BRCA1
from 50 fM to 1 nM, with a lower detection limit of 1.72 fM. A phenyldiazonium salt-modified
electrode was also used for depositing AuNPs by taking advantage of the high binding energy of C-Au
bonds [36] (Figure 3). The AuNP-immobilized electrode was modified with anti-CEA to construct
CEA immunosensors. The CEA sensors showed a linear response to CEA in a concentration range
from 10 fg mL−1 to 100 ng mL−1, which was evaluated by recording the voltammetric current of
Fe(CN)6

3−/4− in solution. Fe(CN)6
3−/4− has been widely used as redox indicator in voltammetric

sensors because the accessibility of Fe(CN)6
3−/4− to the electrode surface is greatly suppressed or

enhanced depending on the chemical events occurring on the electrode surface [37–39].

Molecules 2017, 22, 1048 4 of 19 

 

an electro-polymerized poly(2,6-pyridinediamine) film, followed by the deposition of AuNPs by 
dip-coating [34]. Immunosensors sensitive to a prostate cancer marker, PSA, were prepared by 
immobilizing anti-PSA on the AuNPs. To read out the signal, a ferrocene-tagged label was used 
during voltammetry. The immunosensor exhibited a response to PSA over a concentration range 
from 2.0 pg mL−1 to 10 ng mL−1, with a lower detection limit of 0.5 pg mL−1. Amino group-bearing 
cross-linked polyethylene glycol was also used as a surface coating for depositing AuNPs on GC 
electrodes [35]. The AuNP-deposited GC electrode was further modified with single-strand 19-mer 
oligonucleotides to construct DNA biosensors for detecting the breast cancer susceptibility gene 
BRCA1. The hybridization of the BRCA1 sequence on the electrode surface induced changes in the 
electrochemical impedance spectroscopy. The BRCA1 sensor exhibited a linear response to BRCA1 
from 50 fM to 1 nM, with a lower detection limit of 1.72 fM. A phenyldiazonium salt-modified 
electrode was also used for depositing AuNPs by taking advantage of the high binding energy of 
C-Au bonds [36] (Figure 3). The AuNP-immobilized electrode was modified with anti-CEA to construct 
CEA immunosensors. The CEA sensors showed a linear response to CEA in a concentration range from 
10 fg mL−1 to 100 ng mL−1, which was evaluated by recording the voltammetric current of Fe(CN)63−/4− 
in solution. Fe(CN)63−/4− has been widely used as redox indicator in voltammetric sensors because the 
accessibility of Fe(CN)63−/4− to the electrode surface is greatly suppressed or enhanced depending on 
the chemical events occurring on the electrode surface [37–39]. 

 
Figure 3. Deposition of as-prepared AuNPs on a glassy carbon (GC) electrode (GCE) for preparing 
the carcinoembryonic antigen (CEA) immunosensor. Reprinted with permission from [36]. Copyright 
2012, Elsevier. 

It is not always necessary to modify the electrode surface with a monolayer or polymer films 
before depositing AuNPs. For example, AuNPs were deposited directly on the surface of an indium 
tin oxide (ITO) electrode by dip-coating [40]. The deposited AuNPs were modified with anti-heat 
shock protein 70 (anti-HPS70). HPS70 overexpression is a potential marker of prostate, breast, and 
pancreatic cancers. The immunosensor exhibited an impedimetric response to HPS70 in a concentration 
range of 1–166 fg mL−1. Inkjet-printed AuNP electrodes were also useful as base electrodes for biomarker 
sensors [41]. In this protocol, AuNP ink was prepared by dissolving dodecanethiol-protected AuNPs in 
toluene (100 mg mL−1) and was printed onto a flexible polyimide film. 

The layer-by-layer (LbL) deposition technique has been attracting much attention for 
constructing biosensors [7,42–44]. LbL deposition relies on the alternate deposition of two kinds of 
polymers or biomolecules from solutions onto solid substrates through electrostatic, hydrogen-bonding, 
and biological interactions. According to this protocol, AuNP thin films were deposited on the 
surface of microfluidic electrochemical sensors by using glutathione-coated AuNPs and 
poly(diallyldimethylammonium chloride) [45,46]. Microfluidic immunosensors for several cancer 
biomarkers, such as PSA and interleukin-6 (IL-6), were prepared by immobilizing the corresponding 

Figure 3. Deposition of as-prepared AuNPs on a glassy carbon (GC) electrode (GCE) for preparing
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It is not always necessary to modify the electrode surface with a monolayer or polymer films
before depositing AuNPs. For example, AuNPs were deposited directly on the surface of an indium tin
oxide (ITO) electrode by dip-coating [40]. The deposited AuNPs were modified with anti-heat shock
protein 70 (anti-HPS70). HPS70 overexpression is a potential marker of prostate, breast, and pancreatic
cancers. The immunosensor exhibited an impedimetric response to HPS70 in a concentration range
of 1–166 fg mL−1. Inkjet-printed AuNP electrodes were also useful as base electrodes for biomarker
sensors [41]. In this protocol, AuNP ink was prepared by dissolving dodecanethiol-protected AuNPs
in toluene (100 mg mL−1) and was printed onto a flexible polyimide film.

The layer-by-layer (LbL) deposition technique has been attracting much attention for constructing
biosensors [7,42–44]. LbL deposition relies on the alternate deposition of two kinds of polymers
or biomolecules from solutions onto solid substrates through electrostatic, hydrogen-bonding,
and biological interactions. According to this protocol, AuNP thin films were deposited on
the surface of microfluidic electrochemical sensors by using glutathione-coated AuNPs and
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poly(diallyldimethylammonium chloride) [45,46]. Microfluidic immunosensors for several cancer
biomarkers, such as PSA and interleukin-6 (IL-6), were prepared by immobilizing the corresponding
antibodies on the AuNPs. The microfluidic sensor array was useful for simultaneous detection of the
cancer biomarkers at sub-picogram per milliliter levels in serum.

It is possible to use AuNP-containing nanocomposites as a surface modifier of electrodes for
constructing electrochemical biosensors. AuNP-graphene-silica sol-gel composites were prepared
by mixing HAuCl4, graphene oxide, and tetraethyl orthosilicate in ethanol and drop-casting the
mixture on an ITO electrode [47]. The modified ITO electrode was used to construct IL-6 sensors.
In another example, nanocomposites consisting of AuNPs, poly(dopamine), and thionine (Th) were
drop-cast on the surface of a GC electrode [48]. Silver nanoparticle (AgNP)-chitosan composites
were also used to construct voltammetric sensors for detecting the epithelial cancer biomarker,
EpCAM [49]. The immunosensors were used to detect 2.7 pg mL−1 EpCAM by using HRP-conjugated
secondary antibody as label. Highly stable surface architectures were prepared on a Au electrode
by successively covalently attaching amino-functionalized silica-coated AuNPs, carboxyl-terminated
cadmium selenide (CdSe) quantum dots (QDs), and an antibody for the ovarian cancer biomarker
carbohydrate antigen-125 (CA-125) [50]. The biosensor showed an electrochemical impedimetric
response to CA-125 in the range of 0–0.1 U mL−1 with a detection limit of 0.0016 U mL−1. The CA-125
sensor had a high reproducibility, probably due to the covalent linkage of the nanomaterials on the
electrode surface.

2.2. Metal Nanoparticles as Signaling Labels

A problem in constructing electrochemical immunosensors is that no electric signal can be
obtained from the immune reaction itself. This is because immuno-complexation does not produce
redox-active products, unlike enzymatic reactions. Therefore, electrochemical immunosensors must be
coupled with redox-active compounds to obtain output signals. Nanocomposites that consist of metal
nanoparticles, secondary antibodies, and signaling compounds, such as enzymes, QDs, and redox
dyes, have been used.

Enzymes are often used as signaling labels because enzymatic reactions can be coupled with
reactions that consume or produce redox-active compounds. For instance, nanocomposites composed
of AuNPs, AFP, and HRP were assembled on the surface of porous zinc oxide (ZnO) particles and
used as a signaling label in electrochemical AFP sensors [51]. The competitive binding of AFP and the
signaling label to an anti-AFP-modified electrode provided a surface loaded with the signaling label,
the density of which depended on the concentration of AFP. After competitive binding, the electrode
was incubated in a solution of 4-chloro-1-napththol (4CN) solution and H2O2 to deposit insoluble
benzo-4-chlorohexadienone (B4CH) produced by HRP. Thus, the redox reaction of Fe(CN)6

3−/4− on
the electrode was blocked by B4CH depending on the concentration of AFP in the sample. This sensor
showed a response to AFP in a concentration range of 0.2 pg mL−1 to 500 ng mL−1, with a detection
limit of 0.08 pg mL−1. Nanocomposites assembled with AuNPs and HRP were also used in other
studies as a signaling enzyme [52,53]. In another study, nanocomposites containing GOx were used in
immunosensors for CEA [54] (Figure 4). The output signal of this sensor was detected by differential
pulse voltammetry (DPV) recorded in glucose solution (Figure 5).

The redox activity of AgNPs makes them useful as signaling labels for electrochemical sensors.
AgNPs that were conjugated with ZnO nanospheres and a secondary antibody for PSA were used
as signaling labels in PSA sensors [55]. The output signal of the PSA sensor was obtained through
the AgNP-catalyzed reduction current of H2O2 in cyclic voltammetry (CV). The redox reactions of
AgNPs could be used to record the output signal of the sensors because Ag can be electrochemically
oxidized to Ag2O. Ag-Au composite nanoparticles have been used as redox-active labels in CEA
sensors [56]. Furthermore, the electrochemical stripping current of nanoparticles, such as Au and
Au-Ag composites, can be used to record the signals of sandwich immunosensors. Based on this
protocol, PSA and EGFR were detected [57,58]. These examples demonstrated that nanoparticles
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with redox activity are useful as signaling labels in electrochemical immunosensors. In this context,
redox-active organometallic compounds can be used for constructing signaling labels. Iron oxide
(Fe3O4) nanocomposites modified with anti-PSA and ferrocene were used as redox label in sandwich
immunosensors for PSA [59]. The PSA sensors exhibited a redox current originating from the ferrocene
moieties in the sandwich immunoassay. Thus, because of their high stability, versatile structures, and
low cost, ferrocene derivatives are useful in preparing redox-active nanocomposites as signaling labels
in biosensors [60,61].Molecules 2017, 22, 1048 6 of 19 
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QDs have been used as labels for increasing the output signals of biosensors. QDs are
nanoparticles consisting of 10–50 atoms of semiconducting materials with diameters of several
nanometers [62]. QDs show unique optical and electronic properties owing to their small size and
high surface area-to-weight ratios. Electrochemical immunosensors were constructed using QDs for
assaying Golgi protein 73 (GP73), a biliary tract cancer biomarker [63]. This sensor was coupled with
CdSe QD-tagged lectin as a label, in which the lectin specifically bound to the hydrocarbon chains
of GP73. The sensor exhibited a detection limit of 12 pM in direct serum analysis. As shown in this
example, biomarker proteins often contain hydrocarbon chains on the molecular surface, enabling
a sandwich immunoassay using lectins [64,65]. Thus, using boronic acid-modified synthetic lectins
(or boronolectins) as a recognition element for biomarker proteins may be promising in constructing
biosensors because boronic acids bind specifically to hydrocarbon chains of biomarker proteins [66–68].
CdSe QDs were also used in photoelectrochemical sensors for CEA coupled with nanocomposites
composed of a secondary antibody and CuO nanoparticles [69]. Table 1 summarizes the performance
characteristics of the metal nanoparticle-based cancer biomarker sensors discussed above.

Table 1. Metal nanoparticle-based biosensors for cancer biomarkers.

Nanomaterials Used Electrode Transduction
Method Analyte Detection Range LOD Ref.

protein A/AuNPs GCE voltammetry AFP 5–80 ng mL−1 3.7 ng mL−1 [31]
protein G/AuNPs AuE voltammetry AFP 0.005–0.2 ng mL−1 2 pg mL−1 [32]
protein G/AuNPs AuE impedimetry EGFR 0.001–1000 ng mL−1 0.34 pg mL−1 [33]
ferrocene/AuNPs GCE voltammetry PSA 0.002–10 ng mL−1 0.5 pg mL−1 [34]

DNA/AuNPs GCE impedimetry BRCA1 50 fM–1 nM 1.72 fM [35]
AuNPs GCE voltammetry CEA 10 fg mL−1–100 ng mL−1 3 fg mL−1 [36]
AuNPs ITO impedimetry HSP70 1–166 fg mL−1 0.0618 fg mL−1 [40]

glutathione/AuNPs SPCE amperometry IL-6 0.3–20 pg mL−1 0.3 pg mL−1 [45]
glutathione/AuNPs SPCE amperometry PSA 0.225–5 pg·mL−1 0.1 pg mL−1 [45]
graphene/AuNPs ITO amperometry IL-6 1–40 pg mL−1 0.3 pg mL−1 [47]

Th/PDA/GO/AuNPs GCE voltammetry AFP 0.1–150 ng mL−1 0.03 ng mL−1 [48]
CdSe/silica/AuNPs AuE impedimetry CA-125 0–0.1 U mL−1 0.0016 U mL−1 [50]

ZnO/AuNPs GO paper voltammetry AFP 0.0002–500 ng mL−1 0.08 pg mL−1 [51]
GOx/AgNPs GCE voltammetry CEA 0.001–50 ng mL−1 0.27 pg mL−1 [54]
ZnO/AgNPs AuNRs paper voltammetry PSA 0.004–60 ng mL−1 1.5 pg mL−1 [55]
Ag/AuNPs GCE voltammetry CEA 0.01–120 ng mL−1 8 pg mL−1 [56]

MCF/AuNPs GCE voltammetry CEA 0.05–1000 pg mL−1 0.024 pg mL−1 [57]
antibody/AuNPs GCE voltammetry EGFR 1–40 ng mL−1 50 pg mL−1 [58]
ferrocene/Fe3O4 GCE voltammetry PSA 0.01–40 ng mL−1 2 pg mL−1 [59]

CdSe QDs GCE voltammetry GP73 20–5000 pM 12 pM [63]

LOD: lower limit of detection, AuNPs: gold nanoparticles, Th: thionine, PDA: poly(dopamine), GO: graphene oxide,
GOx: glucose oxidase, MCF: mesoporous carob foam, QDs: quantum dots, GCE: glassy carbon electrode, AuE: gold
electrode, ITO: indium tin oxide electrode, AuNR: gold nanorods, AFP: α-fetoprotein, EGFR: epidermal growth
factor receptor, PSA: prostate-specific antigen, BRCA1: breast cancer susceptibility gene, CEA: carcinoembryonic
antigen, HSP70: heat shock protein 70, IL-6: interleukin-6, CA-125: carbohydrate antigen-125, GP73: Golgi
protein 73.

3. Carbon Nanotube-Based Biosensors for Cancer Biomarkers

Carbon nanotubes (CNTs) are carbon molecules with a cylindrical hollow structure having
walls formed by one-atom-thick sheets of sp2-hybridized carbon. The diameter of CNTs is typically
0.5–50 nm and the length is usually several micrometers. In an extreme case, CNTs 18.5 cm long have
been reported [70]. CNTs are categorized as single-wall carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) depending on the number of layers of sheets in the wall. Owing to
their high mechanical strength and electrical and thermal conductivity, CNTs are widely used in
constructing nano-devices including biosensors [71–74].
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3.1. CNT-Modified Electrodes as Biosensors

The advantages of CNT-modified electrodes include an increased surface area with high
conductivity and the possibility of chemically modifying the surface. Consequently, CNT-modified
electrodes have been widely used for constructing high-performance biosensors for cancer biomarkers.

Screen-printed SWCNT electrodes were used for constructing label-free immunosensors for
human chorionic gonadotropin (hCG) by modifying the surface of the electrode with an anti-hCG
antibody [75]. hCG is a diagnostic marker for pregnancy as well as for ovarian and testicular cancers.
The response of the sensors depended on the concentration of hCG in the concentration range from 0.01
to 100 ng mL−1. In another study, conventional screen-printed carbon electrodes were modified with
MWCNTs to prepare aptamer sensors for the breast cancer marker mucine (MUC1) [76]. The aptamer
sensors showed an impedimetric response to MUC1 in a range of 0.1–2 U mL−1 (Figure 6). In addition,
CEA biosensors were fabricated from conductive paper (6.5 × 10−4–2.2 × 10−4 S cm−1), which
was prepared by doping a filter paper 0.18-mm-thick with carboxylated CNTs by dip-coating [77].
The surface of the conductive paper was then covalently modified with the CEA antibody (anti-CEA)
through carbodiimide coupling to construct CEA sensors. This paper-based sensor exhibited an
impedimetric response to CEA in the physiological range (2–15 ng mL−1).
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Voltammetric detection of cancer biomarkers has been studied based on CNT-modified electrodes.
A GC electrode was coated with nanocomposites of carboxylated MWCNTs followed by covalent
modification by a lectin specific to α2,3-sialylated glycans [78]. The concentration of α2,3-sialylated
glycans in serum is a diagnostic marker for carcinoma apoptosis as well as tumors. The binding of
α2,3-sialylated glycans to the electrode surface was detected through the DPV response. This sensor
exhibited high sensitivity to α2,3-sialylated glycans in the concentration range of 10 fg mL−1 to
50 ng mL−1, with a detection limit of 3 fg·mL−1. To improve sensitivity of biomarker sensors,
MWCNT-embedded highly oriented ZnO nanowires were synthesized by electrospinning [79].
The ZnO nanowires were coated on a silicon substrate and the surface was modified with an antibody
for CA-125 as an ovarian cancer biomarker. The electrochemical activity of MWCNT-embedded ZnO
nanowires was much higher than that of pure ZnO nanowires. Another approach includes using
vertically aligned SWCNT arrays (or CNT forests) to modify the electrode surface [80]. The SWCNTs
was modified with an antibody for matrix metalloproteinase-3 (MMP-3) as a biomarker for squamous
cell carcinoma and adrenal tumors. Based on a sandwich immunoassay with HRP labels, this sensor
exhibited a detection limit of 4 pg mL−1 for MMP-3. Chemiluminescence biosensors for PSA and IL-6
were also prepared based on CNT forests [81].

Preliminary studies demonstrated that CNT-modified field effect transistors (FETs) are promising
devices as platforms for constructing biosensors [82,83]. Recently, a CNT network was grown via
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chemical vapor deposition on the surface of a silicon wafer to fabricate CNT-modified FETs for detecting
the prostate cancer marker osteopontin (OPN) [84]. The CNT-modified FETs showed current-gate
voltage characteristics that depended on the concentration of OPN from 0.001 to 1000 ng mL−1.
An advantage of FET sensors is that the electric response can be recorded under dry conditions without
sample solutions. For instance, Justino and coworkers prepared C-reactive protein (CRP) sensors using
CNT-modified FETs, for which the drain current was measured under dry conditions after exposing
the sensors to CRP solutions [85] (Figure 7). This is advantageous in eliminating the potential effects of
ionic species in sample solutions.
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3.2. CNTs as Signaling Labels

CNTs can be used as a scaffold for preparing signaling labels because of their high surface
area-to-volume ratio. Glycan expression on cancer cells was detected by using MWCNT labels modified
with HRP and lectin concanavalin A (Con A) [86] (Figure 8). The MWCNT label was prepared by
covalently modifying the surface of carboxylated MWCNTs after carbodiimide activation. In the
competitive binding of target cancer cells and the MWCNT label, the mannose-modified GC electrode
was immersed in the sample solutions containing cancer cells and the labels. The GC electrode was
then immersed in a solution of H2O2 and hydroquinone as substrates of HRP to record the output
signals in DPV. The output signals of the sensor were inversely proportional to the concentration of
cancer cells in samples. Thus, human liver cancer cells (QGY-7703) were detected with a detection
limit of 40 cells mL−1 (Figure 9). MWCNT labels modified with ferritin and a secondary antibody
were also used as labels for increasing the sensitivity of immunosensors for carbohydrate antigen 15-3
(CA153) as a breast cancer marker [87].

In a similar protocol, PSA sensors based on Au electrodes were coupled with MWCNT labels [88].
The MWCNT labels were prepared by covalent bonding of anti-PSA and HRP to carboxylated
MWCNTs. After sandwich binding of the MWCNT labels to the PSA captured on the electrode,
the electrode was incubated in a solution of 4CN and H2O2 to deposit insoluble B4CH through
HRP catalysis on the electrode surface. The redox reaction of Fe(CN)6

3−/4− on the electrode was
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blocked by B4CH depending on the concentration of PSA in the sample. The linear response range
of the PSA sensor was 1 pg mL−1 to 10 ng mL−1 and the detection limit was 0.4 pg mL−1. The high
sensitivity of the sensor was explained by the multiple HRP binding to MWCNTs, compared with the
results obtained by using labels without MWCNTs. A similar study of AFP sensors based on labels
made of carbon nanohorns (CNHs) has been reported [89]. CNHs are carbon nanomaterials with a
tubular structure similar to SWCNTs, except that CNHs are characterized by a long cone-shaped tip.
CNH labels were prepared by modifying carboxylated CNHs with anti-AFP, HRP, and GOx through
carbodiimide coupling. The electrochemical signal of this sensor was obtained either from CV or
impedimetric spectroscopy in glucose solutions. Under optimal conditions, the AFP sensors showed a
linear response range from 0.001 to 60 ng mL−1, with a detection limit of 0.33 pg mL−1. CNH labels
modified with Au and a secondary antibody for AFP were also used in AFP immunosensors [90].
A screen-printed carbon electrode was first modified with anti-AFP, and then incubated in the sample
solution containing AFP and a known concentration of the CNH label to bind target AFP and the label
competitively. The electrochemical signals of this sensor were obtained from the oxidation current
of Au in the label in 0.1 M HCl solution. The detection limit of the sensor was 0.07 pg mL−1. Table 2
summarizes the performance characteristics of carbon nanotube-based cancer biomarker sensors
discussed above.Molecules 2017, 22, 1048 10 of 19 
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Table 2. Carbon nanotube-based biosensors for cancer biomarkers.

Nanomaterials Used Electrode Transduction
Method Analyte Detection Range LOD Ref.

SWCNTs SPE impedimetry hCG 0.01–100 ng mL−1 - [75]
aptamer/MWCNTs SPE impedimetry mucine 0.1–2 U mL−1 0.02 U mL−1 [76]

PEDOT/CNTs filter paper amperometry CEA 2–15 ng mL−1 1 ng mL−1 [77]
MWCNTs GCE voltammetry si-Gly 10 fg·mL−1–50 ng mL−1 3 fg mL−1 [78]

MWCNTs/ZnO GCE voltammetry CA125 0.001–1000 U mL−1 0.00113 U mL−1 [79]
aligned SWCNTs PGE amperometry MMP-3 4–300 pg mL−1 4 pg mL−1 [80]
antibody/CNTs FET I-VG OPN 0.001–1000 ng mL−1 1 pg mL−1 [84]

SWCNTs FET ID-VD CRP 0.0001–100 µg mL−1 0.1 ng mL−1 [85]
Con A/MWCNTs GCE voltammetry QGY-7703 100–100,000 cells mL−1 40 cells mL−1 [86]
ferritin/MWCNTs AuE voltammetry CA153 0.05–100 U mL−1 0.009 U mL−1 [87]
HRP/MWCNTs AuE voltammetry PSA 0.001–10 ng mL−1 0.4 pg mL−1 [88]

GOx/CNHs GCE voltammetry AFP 0.001–60 ng mL−1 0.33 pg mL−1 [89]
nano Au/CNHs SPE voltammetry AFP 0.1–1000 pg mL−1 0.07 pg mL−1 [90]

SWCNTs: single-wall carbon nanotube, PEDOT: poly(3,4-ethylenedioxythiophene), SPE: screen-printed electrode,
HRP: horseradish peroxidase, CNHs: carbon nanohorn, PGE: pyrolytic graphite electrode, FET: field effect transistor,
VG: gate voltage, ID: drain current, VD: drain voltage, hCG: human chorionic gonadotropin, si-Gly: α2,3-sialylated
glycans, MMP-3: matrix metalloproteinase-3, OPN: osteopontin, CRP: C-reactive protein, QGY-7730: human liver
cancer cell, CA153: carbohydrate antigen 15-3.

4. Graphene-Based Biosensors for Cancer Biomarkers

Graphene is a two-dimensional one-atom-thick sheet consisting of sp2-hydridized carbon atoms.
Thus, graphene is a structural component of CNTs, in which graphene sheets are rolled into cylinders
with nanometer-sized diameters. Graphene exhibits excellent mechanical strength and high electrical
conductivity, similar to CNTs. Therefore, graphene has been used extensively as electrode modifiers
and signaling labels in electrochemical biosensors [91–94].

4.1. Graphene-Modified Electrodes

Recently, two groups have independently constructed hCG sensors based on screen-printed
graphene electrodes and compared their performance characteristics with hCG sensors prepared using
conventional electrodes. Ahmed and coworkers used commercially available screen-printed graphene
electrodes to prepare hCG sensors by immobilizing anti-hCG through physical adsorption [95].
This sensor showed a linear response to hCG in the concentration range of 5–500 pg mL−1, with
a detection limit of 5 pg mL−1. The detection limit of this hCG sensor was substantially lower than
those of hCG sensors based on carbon- and CNT-based screen-printed electrodes (36 and 13 pg mL−1,
respectively [96,97]). On the other hand, Sales and coworkers reported a label-free hCG sensor based on
a screen-printed graphene electrode coated with poly(aniline) film [98]. This sensor could detect hCG
from 0.001 to 50 ng mL−1 in a urine sample with a detection limit of 0.286 pg mL−1 by impedimetric
assay. Both studies demonstrated that screen-printed graphene electrodes are useful for constructing
highly sensitive hCG sensors. Sales and coworker claimed that using graphene without covalent
modification resulted in the excellent electrical properties of the sensor. In addition, the high sensitivity
of the hCG sensor was ascribed to the oriented immobilization of antibodies on the surface of the
electrode through the covalent linkage of antibody proteins to the poly(aniline) film.

Paper-based microfluidic immunosensors for cancer biomarkers were developed using reduced
graphene oxide (rGO) [99–101]. Microfluidic electrochemical devices were fabricated on a cellulose
paper by photolithography, in which eight working electrodes and reference and counter electrodes
were screen printed with carbon ink [99]. The working electrodes were modified with a drop-cast GO
dispersion followed by electrochemical reduction to rGO to allow further modification with antibodies.
According to this protocol, four kinds of antibodies for AFP, CEA, CA125, and CA153 were immobilized
on the working electrodes. This sensor exhibited voltammetric responses to AFP, CEA, CA125,
and CA153 in the concentration ranges of 0.001–100, 0.005–100, 0.001–100, and 0.005–100 ng mL−1,
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respectively. Paper-based devices are promising as a platform for developing low-cost, environmentally
friendly biosensors.

Electrodes were modified with several graphene derivatives including N-doped rGO [102],
epitaxially grown multilayered GO [103], and three-dimensional macro-porous GO foams [104] to
improve the performance of cancer biomarker sensors.

Graphene is often combined with other redox-active compounds to improve their electrochemical
activity. For example, TH and Prussian blue (PB) were coupled with rGO in constructing CEA and AFP
sensors, respectively [105] (Figure 10). rGO/TH and rGO/PB composites were further conjugated with
AuNPs to form rGO/AuNPs/TH and rGO/AuNPs/PB for surface modification of ITO electrodes.
The detection limits of these CEA and AFP sensors were more than one order of magnitude lower
than those of other CEA and AFP sensors [106]. In another study, GC electrodes modified with a thin
film of GO/cobalt hexacyanoferrate nanocomposites were used for constructing PSA sensors [107].
The redox signals of this sensor was approximately 10 times higher than those of sensors prepared
without GO, which clearly showed the role of GO in improving the redox signals of the PSA sensor.
Nanocomposites composed of rGO and zirconia (ZrO2) were also used as surface modifiers for ITO
electrodes to prepare biosensors for oral cancer biomarker CYFRA-21-1 [108]. The rGO/ZrO2-modified
ITO electrode showed electron transfer kinetics 2 times higher than the rGO-free ZrO2/ITO electrode.
In addition, in other studies, ionic liquid-functionalized GO and GO-containing cryogels have been
used to construct cancer biomarker sensors [109,110].

Molecules 2017, 22, 1048 12 of 19 

 

0.005–100 ng mL−1, respectively. Paper-based devices are promising as a platform for developing 
low-cost, environmentally friendly biosensors. 

Electrodes were modified with several graphene derivatives including N-doped rGO [102], 
epitaxially grown multilayered GO [103], and three-dimensional macro-porous GO foams [104] to 
improve the performance of cancer biomarker sensors.  

Graphene is often combined with other redox-active compounds to improve their electrochemical 
activity. For example, TH and Prussian blue (PB) were coupled with rGO in constructing CEA and AFP 
sensors, respectively [105] (Figure 10). rGO/TH and rGO/PB composites were further conjugated 
with AuNPs to form rGO/AuNPs/TH and rGO/AuNPs/PB for surface modification of ITO 
electrodes. The detection limits of these CEA and AFP sensors were more than one order of 
magnitude lower than those of other CEA and AFP sensors [106]. In another study, GC electrodes 
modified with a thin film of GO/cobalt hexacyanoferrate nanocomposites were used for constructing 
PSA sensors [107]. The redox signals of this sensor was approximately 10 times higher than those of 
sensors prepared without GO, which clearly showed the role of GO in improving the redox signals 
of the PSA sensor. Nanocomposites composed of rGO and zirconia (ZrO2) were also used as surface 
modifiers for ITO electrodes to prepare biosensors for oral cancer biomarker CYFRA-21-1 [108]. The 
rGO/ZrO2-modified ITO electrode showed electron transfer kinetics 2 times higher than the 
rGO-free ZrO2/ITO electrode. In addition, in other studies, ionic liquid-functionalized GO and 
GO-containing cryogels have been used to construct cancer biomarker sensors [109,110]. 

 
Figure 10. Preparation of reduced graphene oxide (rGO) modified with thionine (TH) and Prussian 
blue (PB) (A) and CEA and AFP sensors based on rGO-modified electrodes (B). Reprinted with 
permission from [105]. Copyright 2014, Elsevier. 

4.2. Graphene As Signaling Labels 

Owing to its high surface area and versatility for surface modifications, graphene has been used 
as a scaffold for constructing signaling labels for electrochemical immunosensors. Ma and colleagues 
prepared signaling labels for simultaneous detection of CEA and AFP on a single probe [111]. In 
these labels, carboxylated GO sheets were modified with toluidine blue (TB) and anti-CEA or PB and 
anti-AFP, respectively. The redox signals of modified GO sheets in DPV, which originated from 
redox reactions of TB and PB, were recorded in a sandwich immunoassay. These sensors could 
detect CEA and AFP down to 0.1 and 0.05 ng mL−1, respectively. Cross-reactivity between CEA and 
AFP was negligible in the simultaneous detection of the two analytes. The same group also used 
GO/PB/Au/ionic liquid nanocomposites as signaling labels for the ultrasensitive detection of AFP [112]. 
Thus, the detection limit of the sensor was improved to 4.6 pg mL−1. Redox catalysts such as copper 
sulfide (CuS) were deposited on the GO sheets through in situ growth to prepare signaling labels for 
AFP sensors [113]. The catalytic current originating from the CuS/Cu2S redox couple on the GO 

Figure 10. Preparation of reduced graphene oxide (rGO) modified with thionine (TH) and Prussian blue
(PB) (A) and CEA and AFP sensors based on rGO-modified electrodes (B). Reprinted with permission
from [105]. Copyright 2014, Elsevier.

4.2. Graphene As Signaling Labels

Owing to its high surface area and versatility for surface modifications, graphene has been used
as a scaffold for constructing signaling labels for electrochemical immunosensors. Ma and colleagues
prepared signaling labels for simultaneous detection of CEA and AFP on a single probe [111]. In these
labels, carboxylated GO sheets were modified with toluidine blue (TB) and anti-CEA or PB and
anti-AFP, respectively. The redox signals of modified GO sheets in DPV, which originated from
redox reactions of TB and PB, were recorded in a sandwich immunoassay. These sensors could
detect CEA and AFP down to 0.1 and 0.05 ng mL−1, respectively. Cross-reactivity between CEA
and AFP was negligible in the simultaneous detection of the two analytes. The same group also
used GO/PB/Au/ionic liquid nanocomposites as signaling labels for the ultrasensitive detection of
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AFP [112]. Thus, the detection limit of the sensor was improved to 4.6 pg mL−1. Redox catalysts such
as copper sulfide (CuS) were deposited on the GO sheets through in situ growth to prepare signaling
labels for AFP sensors [113]. The catalytic current originating from the CuS/Cu2S redox couple on
the GO sheets increased in the presence of H2O2 depending on the concentration of AFP in a range of
0.001 to 10 ng mL−1. GO nanocomposites have been used as signaling labels in biomarker sensors
and in other biosensors including H2O2 sensors, bacteria sensors, and drug sensors [114–119]. Table 3
summarizes the performance characteristics of graphene-based biosensors for cancer biomarkers
discussed above.

Table 3. Graphene-based biosensors for cancer biomarkers.

Nanomaterials Used Electrode Transduction
Method Analyte Detection Range LOD Ref.

GO SPGE voltammetry hCG 5–500 pg mL−1 5 pg mL−1 [95]
GO SPGE impedimetry hCG 0.001–50 ng mL−1 0.286 pg mL−1 [98]
rGO SPCE voltammetry AFP 0.001–100 ng mL−1 1 pg mL−1 [99]
rGO SPCE voltammetry CEA 0.005–100 ng mL−1 5 pg mL−1 [99]
rGO SPCE voltammetry CA125 0.001–100 ng mL−1 1 pg mL−1 [99]
rGO SPCE voltammetry CA153 0.005–100 ng mL−1 5 pg mL−1 [99]

N-doped rGO GCE voltammetry CA153 0.1–20 U mL−1 0.012 U mL−1 [102]
multilayer GO GO/SiC impedimetry hCG 0.62–5.62 ng mL−1 0.62 ng mL−1 [103]

graphene graphene foam voltammetry CEA 0.1–750 ng mL−1 90 pg mL−1 [104]
thionine/GO ITO voltammetry CEA 0.01–300 ng mL−1 0.65 pg mL−1 [105]

PB/GO ITO voltammetry AFP 0.01–300 ng mL−1 0.885 pg mL−1 [105]
CoHCF/GO GCE voltammetry PSA 0.02–2 ng mL−1 0.01 ng mL−1 [107]
ZrO2/rGO ITO voltammetry CYFRA-21-1 2–22 ng mL−1 0.122 ng mL−1 [108]

TB/GO-COOH GCE voltammetry CEA 0.5–60 ng mL−1 0.1 ng mL−1 [111]
PB/GO-COOH GCE voltammetry AFP 0.5–60 ng mL−1 0.05 ng mL−1 [111]
PB/AuNPs/GO GCE voltammetry AFP 0.01–100 ng mL−1 4.6 pg mL−1 [112]

CuS/GO SPCE voltammetry AFP 0.001–10 ng mL−1 0.5 pg mL−1 [113]

rGO: reduced graphene oxide, PB: Prussian blue, CoHCF: cobalt hexacyanoferrate, TB: toluidine blue, GO-COOH:
carboxylated graphene oxide, SPGE: screen-printed graphene electrode, SPCE: screen-printed carb electrode, SiC:
silicon carbide, CYFRA-21-1: cytokeratin 19 fragment.

5. Conclusions

Metal nanoparticles and carbon nanomaterials have been used for preparing electrochemical
biosensors for cancer biomarkers. Nanomaterials are used to modify the surface of electrodes
to enhance effective surface area of the electrodes and to accelerate electron transfer across
electrode/solution interfaces, which increases the output signals of biosensors. Furthermore, the
electrochemical signals of biosensors can be increased by using signaling labels consisting of
nanomaterials and secondary antibodies. In both cases, the high surface area-to-weight ratio and
facile surface modification of the nanomaterials are exploited. Thus, a variety of biosensors has
been developed by using nanomaterials coupled with antibodies specific to cancer biomarkers.
Nanomaterial-based biosensors are useful for detecting cancer biomarkers in extremely low
concentration ranges, including picograms per milliliter. A drawback of most biosensors cited in this
article relates to the fact that they require multi-step measurements consisting of immune complexation
of targets followed by electrochemical measurements. Therefore, a challenge in developing cancer
biomarker sensors is developing protocols for single-step measurements. Another problem may arise
from somewhat complicated and multi-step procedures in the modification of electrode surface for the
construction of biosensors. A simpler protocol for assembling nanomaterials as well as biomolecules
on the surface of electrode is necessary.

Most of the biosensors discussed in this article allow highly sensitive and selective detection
of cancer biomarkers owing to the use of nanomaterials as components. Therefore, the biosensors
would be highly useful as key elements for the development of automated diagnostic systems. For this
goal, however, the performance characteristics of biosensors, including reusability, stability, and
compatibility with biological fluids, should be further improved. Electrochemical biosensors could be
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used in clinical laboratories and hospitals for the low-cost diagnosis and management of cancers if
these problems are solved.

Acknowledgments: This work was supported in part by a Grant-in-Aid (426670010) from the Japan Society for
the promotion of Science.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Le, M.H.; Jimenez, C.; Chainet, E.; Stambouli, V. A label-free impedimetric DNA sensor based on a
nanoporous SnO2 film: Fabrication and detection performance. Sensors 2015, 15, 10686–10704. [CrossRef]
[PubMed]

2. Sato, K.; Takahashi, S.; Anzai, J. Layer-by-layer thin films and microcapsules for biosensors and controlled
release. Anal. Sci. 2012, 28, 929–938. [CrossRef] [PubMed]

3. Khalil, I.; Julkapli, N.M.; Yehye, W.A.; Basirun, W.J.; Bhargava, S.K. Graphene-gold nanoparticles
hybrid—Synthesis, functionalization, and application in a electrochemical and surface-enhanced Raman
scattering biosensor. Materials 2016, 9, 406. [CrossRef]

4. Li, H.; Huang, Y.; Yu, Y.; Li, T.; Li, G.; Anzai, J. Enzymatically regulated peptide pairing and catalysis for the
bioanalysis of extracellular prometastatic activities of functionally linked enzymes. Sci. Rep. 2016, 6, 25362.
[CrossRef] [PubMed]

5. Ibupoto, Z.H.; Khun, K.; Willander, M. A selective iodide ion sensor electrode based on functionalized ZnO
nanotubes. Sensors 2013, 13, 1984–1997. [CrossRef] [PubMed]

6. Bougrini, M.; Baraket, A.; Jamshaid, T.; Aissari, A.E.; Bausells, J.; Zabala, M.; Bari, N.E.; Bouchikhi, B.;
Jaffrezic-Renault, N.; Abdelhamid, E.; et al. Development of a novel capacitance electrochemical biosensor
based on silicon nitride for ochratoxin A detection. Sens. Actuators B 2016, 234, 446–452. [CrossRef]

7. Huang, J.; Yang, Y.; Shi, H.; Song, Z.; Zhao, Z.; Anzai, J.; Osa, T.; Chen, Q. Multi-walled carbon
nanotubes-based glucose biosensor prepared by a layer-by-layer technique. Mater. Sci. Eng. C 2006,
26, 113–117. [CrossRef]

8. Zheng, D.; Vashist, S.K.; Dykas, M.M.; Saha, S.; Al-Rubeaan, K.; Lam, E.; Luong, J.H.T.; Sheu, F. Graphene
versus multi-walled carbon nanotubes for electrochemical glucose biosensing. Materials 2013, 6, 1011–1027.
[CrossRef]

9. Pagaduan, J.V.; Sahore, V.; Woolley, A.T. Applications of microfluidics and microchip electrophoresis for
potential clinical biomarker analysis. Anal. Bioanal. Chem. 2015, 407, 6911–6922. [CrossRef] [PubMed]

10. Ranjan, R.; Esimbekova, E.N.; Kratasyuk, V.A. Rapid biosensing tools for cancer biomarkers.
Biosens. Bioelectron. 2017, 87, 918–930. [CrossRef] [PubMed]

11. Ma, L.; Tang, B.C.; Yang, W.J.; Liu, Y.; Zhao, Y.L.; Li, M. Integration of a bio-chip technique with
technetium-99m labeling provides zeptomolar sensitivity in liver cancer biomarker detection. Anal. Methods
2015, 7, 1622–1626. [CrossRef]

12. Zhang, J.; Wang, S.; Liu, K.; Wei, Y.; Wang, X.; Duan, Y. Novel signal-enhancing immunoassay for
ultrasensitive biomarker detection based on laser-induced fluorescence. Anal. Chem. 2015, 87, 2959–2965.
[CrossRef] [PubMed]

13. Fernández-Baldo, M.A.; Ortega, F.G.; Pereira, S.V.; Bertolino, F.A.; Serrano, M.J.; Lorente, J.A.; Raba, J.;
Messina, G.A. Nanostructured platform integrated into a microfluidic immunosensor coupled to
laser-induced fluorescence for the epithelial cancer biomarker determination. Microchem. J. 2016, 128,
18–25. [CrossRef]

14. Snyder, C.M.; Alley, W.R., Jr.; Campos, M.I.; Svoboda, M.; Goetz, J.A.; Vasseur, J.A.; Jacobson, S.C.;
Novotny, M.V. Complementary glycomic analyses of sera derived from colorectal cancer patients by
MALDI-TOF-MS and microchip electrophoresis. Anal. Chem. 2016, 88, 9597–9605. [CrossRef] [PubMed]

15. Zhong, L.; Cheng, F.; Lu, X.; Duan, Y.; Wang, X. Untargeted saliva metabonomics study of breast cancer
based on ultra performance liquid chromatography coupled to mass spectrometry with HILIC and RPLC
separations. Talanta 2016, 158, 351–360. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/s150510686
http://www.ncbi.nlm.nih.gov/pubmed/25954951
http://dx.doi.org/10.2116/analsci.28.929
http://www.ncbi.nlm.nih.gov/pubmed/23059987
http://dx.doi.org/10.3390/ma9060406
http://dx.doi.org/10.1038/srep25362
http://www.ncbi.nlm.nih.gov/pubmed/27140831
http://dx.doi.org/10.3390/s130201984
http://www.ncbi.nlm.nih.gov/pubmed/23385412
http://dx.doi.org/10.1016/j.snb.2016.03.166
http://dx.doi.org/10.1016/j.msec.2005.06.002
http://dx.doi.org/10.3390/ma6031011
http://dx.doi.org/10.1007/s00216-015-8622-5
http://www.ncbi.nlm.nih.gov/pubmed/25855148
http://dx.doi.org/10.1016/j.bios.2016.09.061
http://www.ncbi.nlm.nih.gov/pubmed/27664412
http://dx.doi.org/10.1039/C4AY02783C
http://dx.doi.org/10.1021/ac504515g
http://www.ncbi.nlm.nih.gov/pubmed/25655002
http://dx.doi.org/10.1016/j.microc.2016.03.012
http://dx.doi.org/10.1021/acs.analchem.6b02310
http://www.ncbi.nlm.nih.gov/pubmed/27575585
http://dx.doi.org/10.1016/j.talanta.2016.04.049
http://www.ncbi.nlm.nih.gov/pubmed/27343615


Molecules 2017, 22, 1048 15 of 20

16. Tang, A.; Duan, L.; Liu, M.; Dong, X. An epitope imprinted polymer with affinity for kinenogen fragments
prepared by metal coordination interaction for cancer biomarker analysis. J. Mater. Chem. B 2016, 4,
7464–7471. [CrossRef]

17. Filella, X.; Foj, L. Prostate cancer detection and prognosis: From prostate specific antigen (PSA) to exosomal
biomarkers. Int. J. Mol. Sci. 2016, 17, 1784. [CrossRef] [PubMed]

18. Liu, X.; Wang, L.; Yin, X. The diagnostic value of serum CEA, NSE and MMP-9 for on-small cell lung cancer.
Open Med. 2016, 11, 59–62.

19. Siangproh, W.; Dungchai, W.; Rattanarat, P.; Chailapakul, O. Nanoparticle-based electrochemical detection
in conventional and miniaturized systems and their bioanalytical applications: A review. Anal. Chim. Acta
2011, 690, 10–25. [CrossRef] [PubMed]

20. Yang, W.; Ratinac, K.R.; Ringer, S.P.; Thordarson, P.; Gooding, J.J.; Braet, F. Carbon nanomaterials in
biosensors: Should you use nanotubes or graphene? Angew. Chem. Int. Ed. 2010, 49, 2114–2138. [CrossRef]
[PubMed]

21. Gan, T.; Hu, S. Electrochemical sensors based on graphene materials. Microchim. Acta 2011, 175, 1–9.
22. Fang, Y.; Zhang, D.; Qin, X.; Miao, Z.; Takahashi, S.; Anzai, J.; Chen, Q. A non-enzymatic hydrogen peroxide

sensors based on poly(vinyl alcohol)—Multiwalled carbon nanotubes—Platinum nanoparticles hybrids
modified glassy carbon electrode. Electrochim. Acta 2012, 70, 266–271. [CrossRef]

23. Takahashi, S.; Abiko, N.; Anzai, J. Redox response of reduced graphene oxide-modified glassy carbon
electrodes to hydrogen peroxide and hydrazine. Materials 2013, 6, 1840–1850. [CrossRef]

24. Zhang, D.; Fang, Y.; Miao, Z.; Ma, M.; Du, X.; Takahashi, S.; Anzai, J.; Chen, Q. Direct electrodeposition of
reduced graphene oxide and dendritic copper nanoclusters on glassy carbon electrode for electrochemical
detection of nitride. Electrochim. Acta 2013, 107, 656–663. [CrossRef]

25. Perféxou, M.; Turner, A.; Merkoçi, A. Cancer detection using nanoparticle-based sensors. Chem. Soc. Rev.
2012, 41, 2606–2622. [CrossRef] [PubMed]

26. Devi, R.V.; Doble, M.; Verma, R.S. Nanomaterials for early detection of cancer biomarkers with special
emphasis on gold nanoparticles in immunoassay/sensors. Biosens. Bioelectron. 2015, 68, 688–698. [CrossRef]
[PubMed]

27. Ravalli, A.; Voccia, D.; Palchetti, I.; Marrazza, G. Electrochemical, electrochemiluminescence, and
photoelectrochemical aptamer-based nanostructured sensors for biomarker analysis. Biosensors 2016, 6,
39. [CrossRef] [PubMed]

28. Sankara, V.S.P.K.; Jayanthi, A.; Das, A.B.; Saxena, U. Recent advances in biosensor development for the
detection of cancer biomarkers. Biosens. Bioelectron. 2017, 91, 15–23.

29. Guo, S.; Wang, E. Synthesis and electrochemical applications of gold nanoparticles. Anal. Chim. Acta 2007,
598, 181–192. [CrossRef] [PubMed]

30. Yehezkeli, O.; Tel-Vered, R.; Raichlin, S.; Willner, I. Nano-engineered Flavin-dependent glucose
dehydrogenase/gold nanoparticle-modified electrodes for glucose sensing and biofuel cell applications.
ACS Nano 2011, 5, 2385–2391. [CrossRef] [PubMed]

31. Giannetto, M.; Elviri, L.; Careri, M.; Mangia, A.; Mori, G. A voltammetric immunosensor based on
nanobiocomposite materials for the determination of alpha-fetoprotein in serum. Biosens. Bioelectron.
2011, 26, 2232–2236. [CrossRef] [PubMed]

32. Xiong, P.; Gan, N.; Cao, Y.; Hu, F.; Li, T.; Zheng, L. An ultrasensitive electrochemical immunosensor for
alpha-fetoprotein using an envision complex-antibody copolymer as a sensitive label. Materials 2012, 5,
2757–2772. [CrossRef]

33. Elshafey, R.; Tavares, A.C.; Siaj, M.; Zourob, M. Electrochemical impedance immunosensor based on gold
nanoparticles-protein G for the detection of cancer marker epidermal growth factor receptor in human
plasma and brain tissue. Biosens. Bioelectreon. 2013, 50, 143–149. [CrossRef] [PubMed]

34. Yang, K.; Qi, L.; Gao, Z.; Zu, X.; Chen, M. A novel electrochemical immunosensor for prostate-specific antigen
based on noncovalent nanocomposite of ferrocene monocarboxylic acid with graphene oxide. Anal. Lett.
2014, 47, 2266–2280. [CrossRef]

35. Wang, W.; Fan, X.; Xu, S.; Davis, J.J.; Luo, X. Low fouling label-free DNA sensor based on polyethylene
glycols decorated with gold nanoparticles for the detection of breast cancer biomarkers. Biosens. Bioelectron.
2015, 71, 51–56. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C6TB02215D
http://dx.doi.org/10.3390/ijms17111784
http://www.ncbi.nlm.nih.gov/pubmed/27792187
http://dx.doi.org/10.1016/j.aca.2011.01.054
http://www.ncbi.nlm.nih.gov/pubmed/21414432
http://dx.doi.org/10.1002/anie.200903463
http://www.ncbi.nlm.nih.gov/pubmed/20187048
http://dx.doi.org/10.1016/j.electacta.2012.03.105
http://dx.doi.org/10.3390/ma6051840
http://dx.doi.org/10.1016/j.electacta.2013.06.015
http://dx.doi.org/10.1039/C1CS15134G
http://www.ncbi.nlm.nih.gov/pubmed/21796315
http://dx.doi.org/10.1016/j.bios.2015.01.066
http://www.ncbi.nlm.nih.gov/pubmed/25660660
http://dx.doi.org/10.3390/bios6030039
http://www.ncbi.nlm.nih.gov/pubmed/27490578
http://dx.doi.org/10.1016/j.aca.2007.07.054
http://www.ncbi.nlm.nih.gov/pubmed/17719891
http://dx.doi.org/10.1021/nn200313t
http://www.ncbi.nlm.nih.gov/pubmed/21355610
http://dx.doi.org/10.1016/j.bios.2010.09.040
http://www.ncbi.nlm.nih.gov/pubmed/20947323
http://dx.doi.org/10.3390/ma5122757
http://dx.doi.org/10.1016/j.bios.2013.05.063
http://www.ncbi.nlm.nih.gov/pubmed/23850780
http://dx.doi.org/10.1080/00032719.2014.902463
http://dx.doi.org/10.1016/j.bios.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25884734


Molecules 2017, 22, 1048 16 of 20

36. Sun, X.; Ma, Z. Highly stable electrochemical immunosensor for carcinoembryonic antigen.
Biosens. Bioelectron. 2012, 35, 470–474. [CrossRef] [PubMed]

37. Takahashi, S.; Anzai, L. Phenylboronic acid monolayer-modified electrodes sensitive to sugars. Langmuir
2005, 21, 5102–5107. [CrossRef] [PubMed]

38. Wang, B.; Anzai, J. Redox reactions of ferricyanide ions in layer-by-layer deposited polysaccharide films:
A significant effect of the type of polycation in the films. Langmuir 2007, 23, 7378–7384. [CrossRef] [PubMed]

39. Li, L.; Zhao, H.; Chen, Z.; Mu, X.; Guo, L. Aptamer biosensor for label-free square-wave voltammetry
detection of angiogenin. Biosens. Bioelectron. 2011, 30, 261–266. [CrossRef] [PubMed]
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