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Abstract: Early diagnosis is often the key to successful patient treatment and survival. The identification
of various disease signaling biomarkers which reliably reflect normal and disease states in humans
in biological fluids explain the burgeoning research field in developing new methodologies able to
determine the target biomarkers in complex biological samples with the required sensitivity and
selectivity and in a simple and rapid way. The unique advantages offered by electrochemical
sensors together with the availability of high affinity and specific bioreceptors and their great
capabilities in terms of sensitivity and stability imparted by nanostructuring the electrode surface
with different carbon nanomaterials have led to the development of new electrochemical biosensing
strategies that have flourished as interesting alternatives to conventional methodologies for clinical
diagnostics. This paper briefly reviews the advantages of using carbon nanostructures and their
hybrid nanocomposites as electrode modifiers to construct efficient electrochemical sensing platforms
for diagnosis. The review provides an updated overview of some selected examples involving
attractive amplification and biosensing approaches which have been applied to the determination of
relevant genetic and protein diagnostics biomarkers.
Keywords: electrochemical affinity biosensors; diagnosis; carbon nanostructures; graphene;
oligonucleotides; proteins; antibodies

1. Introduction
Rapid diagnosis of diseases is a critical determinant for the initiation of appropriate treatments.
Compared to conventional methods, which should be applied in laboratories by qualified personnel
and are time consuming, biosensors are able to diagnose accurately and rapidly at the point of care
for patients. Fulfilling these objectives, a variety of biosensors utilizing different manufacturing
technologies, detection strategies, or materials for biorecognition have been reported so far for the
diagnosis, prognosis and treatment of diseases. Sensitive and selective detection of biomarkers is a
safe way to perform this task. In a research area of increasing importance, the observation that many
diseases are associated with specific biomarkers, and that the level of biomarkers in biological fluids
can vary depending on different disease conditions and stages [1], has opened the door to obtaining
relevant results in this field.
In an almost parallel mode, nanotechnology has provided a wealth of diverse nanoscaffolds that
can be used to support biomolecules/analytes on electrode surfaces due to their potential features.
Biomolecules immobilization onto nanostructured electrochemical transducers reduces diffusion limits
and maximizes the surface area, increasing the bioreagents’ loading. It is important to note that
direct adsorption onto bulk materials may result in biomolecule denaturation and loss of bioactivity,
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while nanosized materials not only show a strong tendency to adsorb biomolecules but also retain
their bioactivity [2]. Furthermore, nanomaterials can offer various signal amplification routes in
electrochemical biosensing as they can be used as electrode materials to construct sensing platforms,
carriers for signal elements, tracers based on their direct electrochemistry, separators and collectors,
catalysts, mediators to regulate the electron transfer process or a combination of some of these
characteristics [3].
2. Carbon Nanomaterials as Electrode Modifiers for the Preparation of Electrochemical Biosensors
Carbon nanomaterials (e.g., carbon nanotubes, graphene, fullerenes) are one of the most widely
used nanomaterials in electroanalytical applications due to their unique advantages that span
several domains, such as high surface-to-volume ratio, highelectrical conductivity, chemical stability,
biocompatibility and robust mechanical strength [4]. Carbon has the ability to hybridize into different
configurations (sp, sp2 and sp3 ) with narrow gaps between their 2s and 2p electron shells. These unique
properties enable to prepare high versatile carbon-based nanomaterials which allow the sensitive
detection of biological compounds [5]. Sensors involving carbon nanomaterials generally provide
higher sensitivities and lower detection limits than their conventional counterparts. Another critical
factor that enables functionalization and stable operation of carbon nanostructures in the development
of high-performance electrochemical sensors is their morphologies [4]. Most commonly, carbon
nanomaterials used to modify electrode surfaces are carbon nanotubes (CNTs) and graphene (GR).
CNTs have been one of the most promising nanomaterials since their discovery (Iijima, 1991)
due to their high electrical conductivity, large specific surface area and excellent chemical and
thermal stability [6]. They belong to the fullerene structural family and can be thought of as
rolled up graphene sheets. Single-wall carbon nanotubes (SWCNTs) consist of a single graphitic
cylindrical layer (φ ~ 0.4–2.5 nm), whereas multi-walled carbon nanotubes (MWCNTs) are constituted
by multiply-nested graphene sheets, having variable diameters of up to 100 nm and tunable
lengths [4–7] (See Figure 1). The high electrical conductivity coupled with their small dimensions
makes CNTs behave as individual nanoelectrodes. Their efficiency in promoting electron-transfer
reactions without using expensive electronic devices is responsible for the signal-to-noise ratio
improvement, leading to development of ultrasensitive electrochemical sensors for chemical and
biological analytes’ detection [4]. One of the challenges with employing CNTs in biosensors is their
inefficient immobilization on the surface to individually disperse nanotubes. Moreover, although
carboxylation of CNTs makes them polar and easy to suspend in polar solvents, they have a tendency
to form agglomerates due to hydrophobic interactions and van der Waals forces between nanotubes.
Different methods have been developed to overcome this issue, such as adsorption on the electrode by
drop casting, self-assembled incorporation, covalent grafting to modified electrodes, direct synthesis
on the surface and entrapment in conductive organic polymers (COPs) [8]. Another challenge in the
development of CNTs-based biosensor devices is their modification by bioreceptors, which can be
achieved through chemical attachment of biomolecules to the carboxylic groups of modified CNTs [8].
Recent trends also involve the association of CNTs with other materials with a high number of amine
groups on their surface such as dendrimers, which have been successfully applied in the fabrication of
sensitive DNA biosensors [5].
On the other hand, graphene, discovered in 2004, is a two-dimensional nanomaterial,
a single-atom-thick sheet of hexagonally arrayed sp2 -bonded carbon atoms which has tremendous
potential to modify electrode surfaces due to its unique physicochemical properties [4,9–12].
The outstanding properties of graphene include large specific surface area, extremely high thermal
conductivity, good mechanical strength and high conductivity and electron mobility at room
temperature. Graphene facilitates fast electron transfer and provides a non-cytotoxic, large surface
for immobilization of biomolecules. Non-covalent interaction such as π–π stacking or hydrogen
bonding between graphene/functional graphene and biomolecules makes graphene a promising
material for assembling various biomolecules for electrocatalytical sensing applications. However,

Diagnostics 2017, 7, 2

3 of 26

the present graphene possesses the defect of forming irreversible agglomerates through van der
Waals interaction and π stacking, which greatly restricts its further application in the preparation of
electrochemical sensors. These limitations have been overcome by using graphene oxide (GO) which
possesses enhanced solubility and dispersion ability attributed to the abundant oxygen functional
groups (epoxy, hydroxyl, peroxy, carbonyl and carboxyl groups) available on the basal planes and
edges [11]. Graphene is often used as the building unit for the preparation of nanocomposites as
well as for loading various nanomaterials with different morphologies [13,14]. The resulting hybrid
nanomaterials offer specific multi-functions due to the synergistic properties originated from the
individual
components
and their interaction [15].
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Figure 1. Structure and models of carbon nanotubes in function of their number of walls. (A)
Figure 1. Structure and models of carbon nanotubes in function of their number of walls.
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single-atom-thick sheet of hexagonally arrayed sp2-bonded carbon atoms which has tremendous
potential to modify electrode surfaces due to its unique physicochemical properties [4,9–12]. The
In the following sections, we provide a broad snapshot of the latest applications of several carbon
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nanomaterials and their hybrid nanocomposites used as electrode surface modifiers in the development
conductivity, good mechanical strength and high conductivity and electron mobility at room
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level of the diagnostic targeted biomarker with the aim of conducting a critical evaluation of their
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electrochemical sensors. These limitations have been overcome by using graphene oxide (GO) which
possesses enhanced solubility and dispersion ability attributed to the abundant oxygen functional
groups (epoxy, hydroxyl, peroxy, carbonyl and carboxyl groups) available on the basal planes and
edges [11]. Graphene is often used as the building unit for the preparation of nanocomposites as well
as for loading various nanomaterials with different morphologies [13,14]. The resulting hybrid
nanomaterials offer specific multi-functions due to the synergistic properties originated from the
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selective, simple, robust, and yet inexpensive biosensing platforms appears thus essential for clinical
diagnostics. Direct detection of a genomic DNA sample, without pre-analytical and amplification steps,
allowed shortening analysis times and minimizing system complexity and other errors issued from
contamination occurring in these further steps. Since accurate diagnostics need specific detection of
very small amounts of DNA, there is a need to develop simple label-free DNA hybridization platforms
able to perform highly sensitive and specific direct analyses [16]. Moreover, DNA sensors are widely
used in diagnostic tests for early cancer and mutation detection, analysis of gene sequences, forensic
investigation and assessment of medical treatment [17,18].
Electrochemical sensors possess several characteristics which make them extremely attractive for
DNA biosensing in comparison with other methodologies. Fast detection times, high sensitivity (down
to several fM and in some cases, aM) and specificity (even for single-base mismatched sequences),
easy handling, relatively cheap cost, easy integration into portable platforms, low power consumption
and multiplexing capabilities are intrinsic advantages of electrochemical DNA biosensors [3,11,17,18].
They combine the specificity of DNA hybridization with the sensitivity of electrochemical transducers
to produce an electroanalytical readout for the analytes. DNA manipulation, including hybridization,
ligation or conformational change, is the underlying principle of electrochemical DNA biosensors.
They usually involve the immobilization of a specific probe DNA, usually termed capture probe,
fully complementary to the target DNA (TD) to be detected, onto the electrode surface and the
examination of electrochemical response before and after the hybridization reaction occurred with
the TD [10,11,19,20]. Since the performance of electrochemical DNA biosensors largely depends
upon the amount and stability of immobilized capture probes at the surface of a sensing device,
a variety of approaches for the fabrication of DNA biosensors have been reported using electrodes
modified with various materials including carbon nanostructures to overcome the limited capture
probe immobilization onto bare electrodes [12,18,21]. The frequently used detection strategies in
electrochemical DNA sensors include sandwich-type assays using redox indicators or enzyme labels,
assays based on DNA conformational changes and measurement of the electron transfer difference
between single (ss-) and double stranded (ds-) DNA [22].
In order to meet growing demand for ultrasensitive DNA detection, many strategies have been
developed over the past decade involving sensor modification with different functional materials [3].
In this context, and due to their unique properties, a variety of nanomaterials (gold nanoparticles,
AuNPs, CNTs, graphene-related nanomaterials, polymeric NPs) and their nanocomposites [23]
have been employed to construct sensing platforms. Their catalytic activity, conductivity and
biocompatibility [24], large surface area and abundant binding points, are beneficial for increasing the
amount of immobilized DNA probes while retaining their biological activity, and further obtain
amplified electrochemical detection signals. Among the variety of nanomaterials used, carbon
nanomaterials such as CNTs and graphene have demonstrated fascinating features. While CNTs
can provide a high surface area to immobilize DNA molecules and significantly improve the
electrochemical properties of the sensors, graphene-related nanomaterials allow direct electrochemical
oxidation of DNA bases offering simple detection methods [3]. Moreover, single-stranded DNAs
(ssDNA) may be directly immobilized on graphene, GO or carboxyl functionalized GO (CFGO) through
π electron interaction as well as covalently through amidation [3,11]. Interestingly, it has been shown
that ssDNA exhibits stronger interaction with graphene than dsDNA, and graphene-DNA cannot be
easily degraded, the structure remaining stable for a long time [18].
Table 1 summarizes the characteristics of some selected examples of electrochemical DNA
biosensors for diagnosis involving the use of carbon nanomaterials. They are critically discussed in the
following sections with the aim of showing the enormous potential of DNA electrochemical devices in
the field of medical and clinical diagnostics. Furthermore, electrochemical detection is fully compatible
with cost-effective hand held microfluidic platforms that bring the possibility of manipulating tiny
amounts of samples (<µL) for fast analysis [16].
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Table 1. Electrochemical DNA biosensors for diagnosis using carbon nanomaterials as electrode modifiers.
Electrode

Type of Carbon
Nanomaterial

Analyte

Sample

Technique

L.R.

LOD

Reference

Au
electrode

PAMAM
G4-MWCNTs

human cellular
prions protein (PrPC )

spiked blood plasma

CV

1 pM–10 µM

0.5 pM

[26]

Au
electrode

MWCNTs-PPyPAMAM G4

rpoB gene of
Mycobacterium tuberculosis

real PCR samples

SWV

1 fM–10 pM
(15 nts synthetic target),
1–100 fM (75 nts synthetic targets)

0.3 fM (for both
target DNAs)

[8]

Au
electrode

MWCNTs

Hepatitis C viral DNA and
Mycobacterium tuberculosis
genomic DNA

Mycobacterium tuberculosis
(H37Rv) rpoB allele in
DNA extracted from
clinical isolates

EIS

0.1 fM–1 pM
(synthetic oligonucleotide from
Hepatitis C virus)

7 fM

[16]

GCE

GO

cancer-related BRCA1 gene

-

chronoamperometry

1 fM–1 nM

1 fM

[18]

GCE

graphene/AuNR/PT

HPV DNA

serum samples

DPV

CILE

ZrO2 /graphene

S. aureus
thermonuclease nuc gene

PCR samples

DPV

GCE

SWCNTs/CFGO

Vibrio parahaemolyticus
thermolabile hemolysin (tlh) gene

-

GCE

graphene-MSGNs

DNA sequences correlated to
Alzheimer, thrombin, ATP

GCE

GSHs

mutated apolipoprotein E gene
associated with
Alzheimer’s disease

1.0 ×

10−13 –1.0

×

10−10

4.03 ×

10−14

M

[10]

1.0 × 10− 13 –1.0 × 10− 6 mol·L− 1

3.23 × 10− 14 M

[15]

DPV

1 × 10−6 –1 × 10−13 mol·L−1

7.27 × 10−14 M

[11]

-

DPV

-

-

[21]

-

DPV

-

-

[12]

M

CILE: carbon-ionic liquid electrode; CV: cyclic voltammetry; DPV: differential pulse voltammetry; EIS: electrochemical impedance spectroscopy; GCE: glassy carbon electrode; GSHs,
graphene@mesoporous silica hybrids; GO: graphene oxide; GR/AuNR/PT: GR/Au nanorod/polythionine; HPV: human papillomavirus; L.R.: linear range; MSGNs: mesoporous
materials; PAMAM, polyamidoamine; PPy: polypyrrole; PrPC : cellular prions protein; SWCNTs/CFGO: SWCNTs-carboxyl functionalized GO; SWV: square-wave voltammetry;
ZrO2 /GR: zirconia-graphene.
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integrated three independent fluidic polydimethylsiloxanes (PDMSs) channels, each containing
one electrochemical chamber with three gold electrodes. The working electrode was functionalized
with MWCNTs and Fc (Figure 4). Through electrochemical impedance spectroscopy (EIS) measurements
in the presence of [Fe(CN)6 ]4−/3− probe, the resulting miniaturized microfluidic device allowed
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Staphylococcus aureus (S. aureus) is considered an important factor of infection either acquired
from community or hospital infections. It may also lead to serious complications, such as pneumonia,
septicemia, arthritis and osteomyelitis [29]. A rapid diagnosis of S. aureus infection was reported by
amplification of nuc gene which encodes the thermonuclease enzyme [30]. A zirconia (ZrO2 )/graphene
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nanocomposite was electrodeposited on the surface of carbon ionic liquid electrode (CILE) to construct
an electrochemical DNA biosensor for S. aureus nuc gene determination [15]. Specific phosphorylated
Diagnostics 2016,DNA
6, 46 (ssDNA) probe sequences at the 50 -end were immobilized on the surface
9 of 26
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Figure 5. Schematic illustration of the target-responsive encapsulation assay (TRE) electrochemical

Figure 5. Schematic illustration of the target-responsive encapsulation assay (TRE) electrochemical
biosensor for determination of various classes of biologically relevant molecules. Reprinted from [21]
biosensor for determination of various classes of biologically relevant molecules. Reprinted from [21]
with permission.
with permission.
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other materials such as AuNPs, conducting polymers, or distinct carbon nanomaterials may improve
biocatalytic activities and stability.
Owing to the high number of applications, this section has been limited to immunosensors
for cancer and cardiovascular diseases’ diagnosis. For more information, Table 2 was included
summarizing the analytical properties of some recent approaches.
Detection of tumor markers plays an important role in screening, diagnosing and evaluating
the prognosis of cancer diseases, and herein, electrochemical immunosensors have demonstrated
a high degree of reliability and robustness. Chikkaveeraiah et al. [41] reviewed applications of
electrochemical immunosensors for detection of cancer protein biomarkers with abundant examples
referring to devices using CNTs. An illustrative recent example is the preparation of an impedimetric
immunosensor using a MWCNTs-ionic liquid electrode (MW-CILE) with electrodeposited AuNPs for
the determination of human epidermal growth factor receptor 2 (HER2). This tyrosine kinase receptor
belongs to the epidermal growth factor receptor (EGFR) family involved in cellular signaling pathways
frequently associated with different diseases such as breast cancer, where over expression of HER2
is observed [42]. The developed configuration involved the use of additional AuNPs immobilized
onto AuNPs/MW-CILE through 1,6-hexanedithiol to improve the extent of immobilization and
stability of Herceptin antibody. Monitoring of immunocomplex formation with different amounts
of HER2 was made via the changes of impedance responses, these providing linear increases in
a clinically useful concentration range [43]. Another representative immunosensor was constructed
for carcinoma antigen-125 (CA-125), a member of the mucin family of glycoproteins that constitutes
a standard clinical biomarker associated with gynecological malignancies [44]. For its sensitive
detection, an electrochemical platform using MWCNTs embedded highly oriented ZnO nanowires was
constructed [45]. Interestingly, the bioelectrode was prepared by a one-step calcination process at the
optimum temperature to avoid decomposition of MWCNTs but enough to create functional groups on
MWCNTs-ZnO surface for covalent immobilization of the antibody. A label-free detection scheme using
DPV was designed using [Fe(CN)6 ]3−/4− as a redox probe, this providing good sensitivity. Moreover,
the fabricated immunosensor showed good stability, reproducibility and acceptable selectivity.
Prostate specific antigen (PSA) is an androgen-regulated serine protease whose levels have been
identified as a reliable tumor marker for the early diagnostics of prostate cancer [46]. A variety of
electrochemical immunosensors have been developed for PSA detection characterized by relevant
analytical advantages such as high sensitivity and simple instrumentation. Salimi et al. [47] described
an electrochemical immunosensor for PSA involving immobilization of anti-PSA onto a MWCNTs/IL
composite, with IL = 1-butyl-methylpyrolydinium bis(trifluoro-methylsulfonyl)imide [C4mpyr][NTf2],
with adsorbed thionine (THI) as redox system for the electrochemical probe. A sandwich configuration
was established using a detection antibody labeled with peroxidase and H2 O2 as the enzyme substrate.
This strategy displayed a surface-controlled electrode process with an electron transfer constant of
6.5 s−1 , providing good sensitivity. The same group reported the preparation of a GCE modified with
a MWCNTs/chitosan (Chit)/IL nanocomposite to immobilize AuNPs-PAMAM dendrimer conjugates
with covalently attached anti-PSA capture antibody and THI as the redox mediator. As in the previous
approach, a sandwich immunoassay using HRP-Ab2 was carried out, and PSA was determined by
electrochemical detection of H2 O2 . However, a higher sensitivity was found in this latter case due
to the increased number of covalently attached anti-PSA molecules and the observed synergistic
effects of AuNPs and PAMAM enhancing the electrocatalytic activity of THI/HRP system toward
H2 O2 reduction. Moreover, electrochemical impedance spectroscopy was also applied with good
results by using the anti-PSA/AuNPs-PAMAM/MWCNTs/IL/Chit/GCE free-label configuration [48].
More recently, a simple immunosensor for PSA was prepared using MWCNTs-modified GCE as
an immobilization platform for anti-PSA. A 1,7-diaminoheptane (DAH) monolayer was assembled
first onto GCE to further link carboxylated MWCNTs and capture antibodies. Immunosensing
involved signal amplification by means of AuNPs modified with the secondary antibody (Ab2)
and 6-ferrocenyl hexanethiol (FcH) acting as a signaling molecule. This approach represents a multiple
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signal amplification strategy in which functionalized CNTs improved the electron transfer on the
electrode surface, while AuNPs acted as carriers for capturing large quantities of Ab2 and FcH [49].
The glycolytic enzyme NSE (neuron specific enolase) is used as a biomarker in cases of small-cell
lung cancer (SCLC) where increased levels from the normal value, 9 ng·mL−1 , can be found [50]. GCEs
modified with functionalized SWCNTs were used for immobilizing NSE antigen and to design of
a competitive immunoassay with anti-NSE antibody. The electrochemical detection involved the use of
AuNPs labeled with alkaline phosphatase (AP) conjugated-secondary antibody (AP-anti-IgG/AuNPs).
In this way, dual signal amplification was attained: firstly, SWCNTs enhanced the electrochemical
responses at the electrode and also presented abundant antigen domains for recognition of anti-NSE
and, secondly, AP-anti-IgG/AuNPs exhibited high catalytic activity toward α-naphthyl phosphate
used as the enzyme substrate, significantly amplifying the amperometric responses [51]. SWCNTs
were also used for the development of a sandwich-type immunosensor for interleukin-6 (IL-6).
This multifunctional cytokine, characterized as a regulator of immune and inflammatory responses,
is overexpressed in several types of cancer, including head and neck squamous cell carcinoma (HNSCC).
Mean serum IL-6 in patients with HNSCC is ≥20 pg·mL−1 compared to ≤6 pg·mL−1 in healthy
individuals. In this strategy, SWCNTs forests with attached capture antibodies (Ab1) for IL-6 were
used in an electrochemical immunoassay protocol involving secondary antibodies (Ab2) attached to
HRP multienzyme labeled-MWCNTs containing 106 HRP labels per 100 nm. The high loading of
HRP combined with the electrode nanostructuration allowed a high sensitivity to be attained for the
determination of IL-6 in complex biological samples [52].
An original configuration of electrochemical immunosensors for the detection of α fetoprotein
(AFP) was described by Lin et al. [53]. AFP is one of the most important tumor biomarkers for the
assistant diagnosis of hepatocellular cancer, and its determination has been the subject of numerous
electrochemical immunosensors [54]. Oxidized SWCNTs were covalently linked on the internal pore
walls of mesoporous silica (MPS) and used to confine anti-AFP antibodies inside the mesopores. Silanol
groups on the external surface of MPS were blocked by trimethylchlorosilane (TMCS) whereas those
internal were grafted with amino groups using aminopropyltrietoxysilane (APTS). Then, GCE was
coated with both GR and the resulting anti-AFP/SWCNTs/TMCS-MPS to prepare an immunosensor
through layer-by-layer (LBL) assembly. AFP immuno-conjugation resulted in the increment of spatial
blocking and impedance of the immunosensing interface giving rise to a decrease in the peak current
with increasing AFP concentration. The two types of carbon nanomaterials used in this configuration
contributed to improved sensitivity: SWCNTs inside the mesopores could promote the electron
transport through the pore channel, and the external GR film, with a high conductive capacity, could
also improve the electrochemical response.
A label-free immunosensor was also fabricated for carcioembryonic antigen (CEA). This is
a glycoprotein most often associated with colorectal cancer but also found at elevated levels in
patients with lung, ovarian or breast cancers. The normal concentrations of CEA in healthy
adults are in the range of 3–5 ng·mL−1 although these levels increase up to 10 ng·mL−1 in some
benign diseases. Positively charged MWCNTs wrapped with poly(diallyl-dimethyl-ammonium)
(PDDA) and negatively charged poly(sodium-p-styrene-sulfonate) (PSS) were LBL assembled
on a GCE. Further electrodeposition of gold nanoclusters allowed obtaining the Au/PDDA/
MWCNTs/(PSS/PDDA/MWCNTs)2 /GCE platform with a large specific surface for antibodies’
immobilization. Direct immunoassay with anti-CEA immobilized was performed using cyclic
voltammetry for CEA detection by measuring the oxidation peak of [Fe(CN)6 ]3−/4− redox probe [55].
Carboxylated MWCNTs/doped nylon 6 (PA6) composite nanofibers were prepared by electrospinning
and used as the nanosized backbone for thionine (THI) electropolymerization. The resulting functional
material (MWCNTs-PA6-pTHI) served as supporting scaffold for electron transfer promoting and
increasing the surface area to immobilize captured antibodies in a large quantity. This configuration
was used for developing an electrochemical immunosensor for the determination of tumor suppressor
protein (p53), which is related with various types of cancer [56]. A sandwich immunoassay that
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involved antigen conjugation with immobilized anti-p53 and interaction with a detection antibody
labeled with HRP was developed. In this way, addition of hydrogen peroxide produced an amplified
electrocatalytic response by reduction of enzymatically oxidized pTHI [57].
Cardiovascular diseases are a major threat to world health, with the diagnosis and prevention of
acute myocardial infarction being of paramount importance. Monitoring of cardiac biomarkers such
as cardiacDiagnostics
troponins
myeloperoxidase (MPO), myoglobin (Mb), creatine kinase13MB
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events [59]. Therefore, monitoring
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the resulting
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configuration, the
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self-assembled
cross-linker
1-pyrene-methylamine
(PMA)
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The resulting surface provided site specific immobilization with high loading of anti-cTnI antibodies
(Figure 7). The resulting surface provided site specific immobilization with high loading of anti-cTnI
for label-free
cTnI immunosensing
using EIS [61].
antibodies
for label-free cTnI immunosensing
using EIS [61].

Figure 7. Schematic representation of stepwise fabrication of the anti-cTnI-PtMPA/GR-MWCNTs/GCE

Figure 7. Schematic
representation
stepwise
fabrication of the anti-cTnI-PtMPA/GR-MWCNTs/GCE
immunosensor.
Reprinted fromof
[61]
with permission.
immunosensor. Reprinted from [61] with permission.
A gold electrode modified with polyethyleneimine (PEI) was used to prepare a nanostructured
platform with linked CNTs and covalent immobilization of anti-cTnT antibodies. PEI in the
A gold
electrode
polyethyleneimine
used to CNTs
prepare
nanostructured
branched
formmodified
provided a with
high density
of amine groups(PEI)
to bindwas
carboxylated
thataacted
as
an electron
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the polymer
film and solution.
the resulting
functionalized
platform with
linked
CNTsbetween
and covalent
immobilization
of In
anti-cTnT
antibodies.
PEI in the
anti-cTnT was
covalently
immobilized
to thegroups
remainingtocarboxylate
groups of CNTs,
and athat acted
branched surface,
form provided
a high
density
of amine
bind carboxylated
CNTs
sandwich type immunoassay involving anti-cTnT-HRP and H2O2 was employed. Amperometric
as an electron promoter between the polymer film and solution. In the resulting functionalized
detection in the absence of redox mediator was used to determine the antigen in a concentration
surface, anti-cTnT
was
covalently
immobilized
to the remaining
carboxylate
groups of aCNTs, and
−1) significant
range (0.1–10
ng·mL
for acute myocardial
infarction diagnosis
[62]. Furthermore,
label-free
immunosensor using
amine-functionalized
CNTs-SPE
for the detection
a sandwich
type immunoassay
involving
anti-cTnT-HRP
andwas
H2also
O2 described
was employed.
Amperometric
of
cTnT.
The
disposable
electrode
was
fabricated
using
an
adhesive
carbon
ink
containing
CNTs
to
detection in the absence of redox mediator was used to determine the antigen in a concentration
range
form −a1 thin film onto polyethylene terephthalate substrate. Once anti-cTnT antibodies were

(0.1–10 ng·mL ) significant for acute myocardial infarction diagnosis [62]. Furthermore, a label-free
immunosensor using amine-functionalized CNTs-SPE was also described for the detection of cTnT.
The disposable electrode was fabricated using an adhesive carbon ink containing CNTs to form a thin
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film onto polyethylene terephthalate substrate. Once anti-cTnT antibodies were immobilized, a direct
immunoassay was performed with [Fe(CN)6 ]3−/4− redox probe after cTnT incubation [63].
High levels of myeloperoxidase (MPO) in plasma were reported to be a risk factor for early
adverse cardiac events such as myocardial infarction [64]. For the sensitive detection of this
enzyme, an electrochemical immunosensor was developed involving self-assembly of MWCNTs,
THI, AuNPs and Chit multilayers onto GCEs. Anti-MPO was adsorbed on AuNPs, and HRP
was employed both as blocking agent for non-specific binding and to amplify the electrochemical
responses [65]. A disposable electrochemical MPO immunosensor was also fabricated using indium
tin oxide electrode (ITO) modified with a film composed of poly(o-phenylenediamine) (oPD), MWCNT,
the ionic liquid 1-ethyl-3-methylimidazolium bromine ([EMIM]Br, IL), and adsorbed AuNPs. In situ
electropolymerization of oPD/MWCNTs using the IL as the supporting electrolyte was used to prepare
the composite film on the electrode surface. Negatively charged AuNPs were then adsorbed on the
modified electrode via amine-gold affinity and used to immobilize MPO antibody. Direct immunoassay
was performed to determine MPO with [Fe(CN)6 ]3−/4− label detecting the decreases in current
provoked by hindering the electron transfer as the antigen concentration increased [66]. Myoglobin
(Mb), cTn I and creatine kinase MB (CK-MB) biomarkers were determined using MWCNTs embedded
with SU-8 electro-spun nanofibers. The composite nano-fibers exhibited excellent electrical and
transduction properties owing to the ease of functionalization and biocompatibility. The synthesized
nanofibers were functionalized with specific antibodies to these protein biomarkers and EIS was used
for detection [67].
Increased plasma levels of low density lipoprotein (LDL), especially in the oxidized form
(oxLDL), are associated with atherosclerosis. Therefore, circulating oxLDL is commonly recognized
as an important predictive marker for risk of cardiovascular events. An immunosensor employing
three monoclonal antibodies against oxLDL was proposed to ensure specific antigen binding towards
the target. The immunosensor was set-up by self-assembling cysteamine (Cyst) on a gold layer of
a disposable SPE. The antibodies were covalently immobilized onto the Cyst/Au surface and the
determination of oxLDL was made by EIS and SWV after incubation of the immunosensor into oxLDL
solutions for 15 min [68].
An electrochemical immunosensor for myoglobin (Mb) was also developed. Mb regulates the
storage and diffusion of oxygen in heart and skeletal muscles. It is a biomarker for muscle injury
in patients with chest pain, which is a potential code for heart attack, and it is also considered as
the most sensitive marker for myocardial infarction [69]. A label-free impedimetric immunosensor
for Mb detection was reported involving immobilization of a monoclonal anti-Mb antibody on
a MWCNTs/SPE and direct detection of the antigen by measurement of changes in the charge transfer
resistance (RCT ) with increasing Mb concentration [70]. Netrins are a class of proteins involved in
cell migration and axon guidance during development. A class of netrins, netrin1, has shown to be
abundantly expressed in atherosclerotic lesions, this giving a new perspective for the prediction of
atherosclerosis and other cardiovascular diseases [71]. An immunosensor to determine netrin1 in
serum was reported using a GCE modified with MWCNTs, nafionTHI-coated gold nanoparticles
(THI/AuNPs), and anti-netrin 1 antibody. The presence of Thi/AuNPs warrants direct and convenient
immobilization of the antibody [72].
Clinical data have also revealed a strong association between the N terminal pro-B-type natriuretic
peptide (NT-proBNP) level and the mortality in patients with heart failure [73]. An ultrasensitive
electrochemical strategy for NT-proBNP detection was developed using gold nanochains (AuNCs)
and HRP complex amplification at a nanostructured gold functionalized CNTs composite. AuNCs
enabled the efficient immobilization of biomolecules and acted as conductive centers to facilitate
electron transfer [74]. The AuNCs were prepared by using L-ascorbic acid (AA) as a mediator and
template. The nanostructured surface enhanced the amount of immobilized primary antibodies (Ab1).
More importantly, improved sensitivity could be achieved by introducing the multibioconjugates of
AuNCs-HRP-Ab2 onto the electrode surface through sandwich immunoreactions (Figure 8).
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Figure 8. Scheme of the fabrication steps o fNT-proBNP immunosensor using AuNCs-HRP-Ab2 and AuNPs-CNTs nanocomposites. Reprinted from [74] with

Figure 8. Scheme
of the fabrication steps o fNT-proBNP immunosensor using AuNCs-HRP-Ab2 and AuNPs-CNTs nanocomposites. Reprinted from [74]
permission.
with permission.
Table 2. Electrochemical immunosensors involving CNTs-modified platforms for the determination of cancer and cardiovascular biomarkers.
Electrode
Analyte involving CNTs-modified
Immunoassay
Technique
Linear Range of cancer
LOD
Sample
Reference
Table 2. Electrochemical
immunosensors
platforms
for the determination
and cardiovascular
biomarkers.
AuNPs-HDT-AuNPs/MW-CILEAnalyte HER2
Electrode
MWCNTs-ZnONF/GCE

AuNPs-HDT-AuNPs/MW-CILE
THI/MWCNTs/IL/GCE
MWCNTs-ZnONF/GCE

THI/MWCNTs/IL/GCE

MWCNTs/IL/Chit/GCE

CA-125

HER2
CA-125
PSA

Cancer biomarkers
Direct with immobilized
Immunoassay
TechniqueEIS
anti-HER
Direct with immobilized anti-CA-125.
Cancer biomarkers
DPV
[Fe(CN)6]3−/4− as the redox probe

Direct with immobilized anti-HER

EIS

Sandwich with immobilized anti-PSA
PSA Direct with immobilized anti-CA-125.
DPV DPV
[Fe(CN)6 ]3−/4− asand
theHRP-Ab2
redox probe
PSA

Direct
(EIS) with immobilized
Sandwich with
immobilized
anti-PSA
and HRP-Ab2
anti-PSA-AuNPs-PAMAM,
or

DPV EIS
DPV

sandwich (DPV) with HRP-Ab2

Direct (EIS) with immobilized
MWCNTs/IL/Chit/GCE

PSA

MWCNTs/DAH/GCE

PSA

MWCNTs/DAH/GCE

SWCNTs/GCE

SWCNTs/GCE

SWCNTs/Nafion/Fe(OH)x/PG

NSE

NSE

SWCNTs/TMCS-MPS/graphene/GCE
SWCNTs/Nafion/Fe(OH)
IL-6
x /PG

EIS

anti-PSA-AuNPs-PAMAM,
Sandwich with immobilized anti-PSA DPV
PSA or sandwich (DPV) with HRP-Ab2
DPV
and Ab2-AuNPs-FcH
Sandwich with immobilized anti-PSA
Indirect competitive with immobilized DPV
and Ab2-AuNPs-FcH

NSE, anti-NSE, and
DPV
Indirect competitive
with
AP-anti-IgG/AuNPs
immobilized
anti-NSE, anti-IL6 DPV
Sandwich NSE,
with immobilized
IL-6
amperom
and
andAP-anti-IgG/AuNPs
multi-HRP-MWCNTs-labeled-Ab2
Direct
immobilized
anti-AFP.
Sandwich
withwith
immobilized
anti-IL6
AFP
amperomDPV
FCA as the redox probe
and multi-HRP-MWCNTs-labeled-Ab2

10–110 Range
ng·mL−1
Linear
0.001–1000 U·mL

−1
7.4 ng·mLLOD
−1

10–110 ng·mL−1
0.2–1.0 ng·mL−1
−1
0.001–1000
U·mL
−1
1–40 ng·mL

ng·mL−1

0.2–1.0
−1
up to 25 ng·mL
1–40 ng·mL−1 −1
up to 80 ng·mL

up to 25 ng·mL−1
up
to 80 ngng·mL
·mL−−11
0.01–100
0.01–100 ng·mL−1
0.1–2000 ng·mL−1

0.1–2000 ng·mL−1
0.5–30 pg·mL−1

1
0.1–100
0.5–30
pgng·mL
·mL−−1

serum

[43]
Sample

spiked
0.00113 U·mL
[45]
serum
serum
7.4 ng·mL−1
prostate
−1
20 pg·mL
[47]
0.00113 U·mL−1tissue, spiked serum
serum

Reference

−1

−1 ·mL−1
0.5 pg·mL
20 pg
serum
1 pg·mL−1

0.5 pg·mL−1 spiked

1 pg
−1·mL
5.4 pg·mL

−1

[47]

serum

[48]

0.033 ng·mL−1

calf serum specimens
[52]

−1
0.06 ng·mL
0.5 pg
·mL−1 serum

[45]

prostate tissue,
serum
[48]

human
[49]
serum
spiked human
5.4 pg·mL−1 clinical
serum
0.033 ng·mL−1
serum
[51]
specimensclinical serum
0.5 pg·mL−1

[43]

[49]

[51]

[53]
calf serum

[52]

SWCNTs/TMCS-MPS/graphene/GCE

AFP

Direct with immobilized anti-AFP.
FCA as the redox probe

DPV

0.1–100 ng·mL−1

0.06 ng·mL−1

serum

[53]

Au/PDDA/MWCNTs/
(PSS/PDDA/MWCNTs)2 /GCE

CEA

Direct with immobilized anti-CEA.
[Fe(CN)6 ]3−/4− as the redox probe

CV

0.1–2.0;
2.0–160 ng·mL−1

0.06 ng·mL−1

serum

[55]

pTHI/PA6/MWCNTs/GCE

p53

Sandwich with immobilized
anti-p53 and HRP-Ab2

DPV

0.002–2 ng·mL−1

<1 pg·mL−1

-

[57]
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Table 2. Cont.
Electrode

Analyte

Immunoassay

Technique

Linear Range

LOD

Sample

Reference

EIS

0.001–10 ng·mL−1

1.0 pg·mL−1

human serum

[61]

0.1 (Mb; cTnI);
1 ng·mL−1 (CK-MB)

-

[67]

Cardiovascular biomarkers
PtNPs(MPA)/G-MWCNTs

cTn1

Direct with immobilized anti-cTn1

SU-8/MWCNTs/GCE

Mb, cTn1,
CK-MB

Direct with immobilized anti-Mb,
or anti-cTnI, or anti-CK-MB

EIS

1–50 (Mb);
0.1–10 (cTnI);
10–10,000 (CK-MB) ng·mL−1

CNTs/PEI/AuE

cTnT

Sandwich with immobilized anti-cTnT
and Ab2-HRP

amperom.

0.1–10 ng·mL−1

0.033 ng·mL−1

human serum

[62]

NH2 -MWCNTs/SPE

cTnT

Direct with immobilized anti-cTnT.
[Fe(CN)6 ]3−/4− as the redox probe

DPV

0.0025–0.5 ng·mL−1

0.0035 ng·mL−1

serum

[63]

MWCNTs/SPE

Mb

Direct with immobilized anti-Mb

EIS

0.1–90 ng·mL−1

0.08 ng·mL−1

serum

[70]

MWCNTs/THI/AuNPs/GCE

MPO

Direct with immobilized anti-MPO.
THI as the redox probe.

CV

2.5–125 ng·mL−1

1.425 ng·mL−1

human serum

[65]

poPD-MWCNTs-IL/ITO

MPO

Direct with immobilized anti-MPO

amperom.

0.2–23.4 ng·mL−1
23.4–300 ng·mL−1

0.05 ng·mL−1

human serum

[66]

Cyst/SPAuE

oxLDL

Direct with immobilized anti-oxLDL

SWV
EIS

3–10.5 µg·mL−1
0.5–18.0 µg·mL−1

0.22 µg·mL−1

serum

[68]

p-MWCNTs@Chit/Nafion/
THI/Au NPs/GCE

netrin 1

Direct with immobilized anti-netrin 1

DPV

0.09–1800 pg·mL−1

30 fg·mL−1

serum

[72]

AuNPs-CNTs/AuE

NT-proBNP

Sandwich with immobilized
anti-NT-proBNP and HRP-Ab2-AuNCs

CV

0.02–100 ng·mL−1

6 pg·mL−1

-

[74]

FCA, ferrocene carboxylic acid; MW-CILE, multi-walled carbon nanotubes-ionic liquid paste electrode; DAH, 1,7-diaminoheptane; FcH, 6-ferrocenylhexanethiol; HDT, 1,6-hexanedithiol;
Mb, myoglobin; MPA, 3-mercaptopropionic; MPO, myeloperoxidase; MPS, mesoporous silica; PA6, a type of Nylon; PDDA, polydiallyldimethyl ammonium; PG, pyrolytic graphite;
poPD, poly(o-phenylenediamine); PSS, poly(sodium-p-styrene-sulfonate); THI, thionine; IL, ionic liquid; TMCS, trimethylchlorosilane; ZnONF, ZnO nanofibers; ITO, indium tin oxide.
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4.2. Electrochemical Immunosensors Using Graphene
In recent times, GR has stimulated a high amount of electrochemical immunosensors due to
its unique properties [75]. In the variety of reported applications, this 2D carbon nanomaterial has
proven able to effectively contribute to the development of sensitive detection of biomarkers using
different immunoassay strategies because of the high biocompatibility and fast electron transport [76].
Selected applications of graphene-involving immunosensors for detection of cancer and cardiovascular
biomarkers are summarized in Table 3.
Among the different types of GR, reduced graphene oxide (rGO) has recently aroused much
interest for the fabrication of electrode scaffolds. Its abundant defects and chemical groups
facilitate charge transfer and ensure increased electrochemical activity [77]. A representative
example is the highly sensitive electrochemical immunosensor proposed by Ma et al. [78] for
the detection of nuclear matrix protein 22 (NMP22), a typical bladder cancer biomarker. rGO
combined with tetraethylenepentamine (TEPA-rGO) was dropped on the surface of GCE followed
by trimetallic nanoparticles conjugated with capture antibody (AuPdPt NPs-anti-NMP22). Covalent
functionalization of rGO with TEPA provided rGO stability avoiding agglomeration while keeping
its excellent properties. Moreover, the large number of amino groups on the TEPA-rGO/GCE can
effectively immobilize AuPdPt NPs-anti-NMP22 conjugates thus enhancing the performance of the
immunosensor. Meanwhile, trimetallic NPs could accelerate the electron transfer assisted by the
synergistic effect of the different metals, and improve the stability of the electrochemical immunosensor
by maintaining the bioactivity of antibodies.
As can be seen in Table 3, label-free electrochemical detection combined with immunosensors
using GR has been used frequently for biomarkers determination. A representative design was
developed for α-fetoprotein (AFP) by immobilizing anti-AFP onto a nanocomposite consisted of
rGO and SnO2 /AuNPs deposited onto GCE. A simple method for synthesizing SnO2 /AuNPs was
applied based on HAuCl4 reduction with SnCl2 in the presence of bis(amidoethyl-carbamoylethyl)octadecylamine (C18N3), a single chain surfactant with multi-amine head groups which acted as an
stabilizer of the resulting nanomaterial. In this configuration, peak currents of [Ru(NH3 )6 ]3+ at the
immunosensor were measured for the detection of AFP [79]. Electrochemical responses from redox
probes included in the electrode platform can also be used for label-free detection. One example is
the CEA immunosensor prepared by Gao et al. [80] based on a composite of Nile blue A (NB) and
reduced graphene oxide (NB/rGO) with anti-CEA antibody captured by AuNPs. The NB/GO hybrid
was prepared by π–π stacking interaction and, then, it was electrochemically reduced in the presence
of HAuCl4 . The resulting anti-CEA-AuNPs/NB/rGO immunosensor took advantage of the good
electrochemical behavior of NB present in the electrode. Measurement of the decrease in NB currents
due to the immunocomplex formation were used to determine CEA, and the method provided good
results in the application to saliva samples. A different approach for determining this same cancer
biomarker was reported by Huang et al. [75]. The proposed design involved the use of AuNPs coated
on GRto prepare an electrode scaffold for immobilization of the capture anti-CEA antibody (Ab1)
and the implementation of a sandwich-type immunoassay with signal amplification by means of
an Ag/Au NPs-coated GR tracer to label the secondary antibody (Ab2). 1,5-diaminonaphthalene
(DN) was adsorbed onto GR and the amino groups were used to coat AuNPs or Ag/AuNPs and
conjugated with Ab1 or Ab2. The electrochemical activity observed by cyclic voltammetry for the
Au/AgNPs-DN-GR label, corresponding to direct oxidation of Ag to Ag2 O and further reduction, was
used to follow the immunocomplexation event and to determine CEA in a wide concentration range.
For the sensitive and label-free detection of the prostate specific antigen (PSA), a 3D
electrochemical immunosensor involving highly conductive GR-AuNPs composite-modified GCEs
was also designed. Three-dimensional nanomaterial showing a shape of a crumpled GR ball decorated
with AuNPs was obtained by aerosol spray pyrolysis. Compared with the equivalent immunosensor
based on 2D GR-gold nanocomposites, the crumpled 3D exhibited much higher current change rates
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as corresponded to the larger surface area, higher loading of AuNPs conjugated to antibodies, and
superior
ability
currentcatalytic
change rates
as [76].
corresponded to the larger surface area, higher loading of AuNPs conjugated
The
use
of
label-free
detection
minimizes
complicated and time-consuming procedures, and also
to antibodies, and superior
catalytic
ability [76].
facilitates
the
design
of
miniaturized
highly
portable
equipment
for POC devices.procedures,
For instance,
The use of label-free detection minimizes complicated
and time-consuming
andthe
detection
of
the
important
breast
cancer
biomarker
CA
15-3
was
accomplished
by
Li
et
al.
[81]
also facilitates the design of miniaturized highly portable equipment for POC devices. For instance,by
preparing
a sensitive
and reliable
immunosensor
involving
the was
use accomplished
of GCEs modified
the detection
of the important
breast
cancer biomarker
CA 15-3
by Li with
et al. N-doped
[81] by
graphene
sheets
(NGS)and
as areliable
platform
for electrochemical
Anti-CA
15-3 antibodies
were
preparing
a sensitive
immunosensor
involvingdetection.
the use of GCEs
modified
with N-doped
3
grapheneattached
sheets (NGS)
a platform
for electrochemical
detection.
Anti-CA
15-3and
antibodies
covalently
to NGSassurface
through
the carboxylic groups
of this
material
[Fe(CN)6were
] −/4−
covalently
attached
NGS surface
the carboxylic
groups
of this material
and [Fe(CN)
6]3−/4−
was
used as the
redoxtoprobe.
In this through
configuration,
the high
conductivity
of the modified
electrode
was used
as the
redox probe.
In this configuration,
the high
conductivity
of the
modifiedsignal
electrode
inno
in which
NGS
significantly
promoted
electron transfer
resulted
in a greatly
amplified
with
which
NGS
significantly
promoted
electron
transfer
resulted
in
a
greatly
amplified
signal
with
no
need for tracer labels. Another immunosensor for the detection of CA 15-3 was fabricated by using
need
for tracer
labels.
Another
for the azide-alkyne
detection of CA
15-3 was fabricated
using
click
chemistry
[82].
As is
known,immunosensor
copper(I) catalyzed
cycloaddition
(“click” by
chemistry)
chemistry
[82].efficient
As is known,
copper(I)
catalyzed azide-alkyne
cycloaddition
chemistry)
hasclick
emerged
as an
strategy
for biomolecule
immobilization.
Some (“click”
advantages
for this
has
emerged
as
an
efficient
strategy
for
biomolecule
immobilization.
Some
advantages
for
this to
reaction are the high yields, no by-products, and moderate conditions, as well as the possibility
reaction are the high yields, no by-products, and moderate conditions, as well as the possibility to be
be performed in aqueous and physiological conditions. In this work, a copper-catalyzed 1,3-dipolar
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Figure 9. Schematic representation of the CA-15-3 immunosensor preparation using MSNPs/GO as
Figure 9. Schematic representation of the CA-15-3 immunosensor preparation using MSNPs/GO as
signaling labels. Reprinted from [82] with permission.
signaling labels. Reprinted from [82] with permission.
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in spiked human serum samples and also in normal and cancerous human skin fibroblast cells [83].
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Table 3. Electrochemical immunosensors involving graphene-modified platforms for the determination of cancer and cardiovascular biomarkers.
Electrode

Analyte

Immunoassay

Technique

Linear Range

LOD

Sample

Reference

Cancer biomarkers
Strept-AuNPs-SH-GO/GCE

p53

Sandwich with immobilized
Biotin-anti-p53 and HRP-Ab2

DPV

0.2–2 pmol·L−1
2–200 pmol·L−1

30 pmol L−1

human serum

[83]

SnO2 /AuNPs/rGO/GCE

AFP

Direct with immobilized anti-AFP.
[Ru(NH3 )6 ]3+ as the redox probe.

DPV

0.02–50 ng·mL−1

0.01 ng·mL−1

spiked serum

[79]

AuNPs/NB/rGO/GCE

CEA

Direct with immobilized anti-CEA.
Nile Blue (NB) as the redox probe

DPV

0.001–40 ng·mL−1

0.00045 ng·mL−1

spiked serum

[80]

GO-SPCE

CA 153

Sandwich with immobilized
anti-CA153 and Ab2-ZnFe2 O4 /GO

DPV

10−3 –200 U·mL−1

2.8 × 10−4 U·mL−1

spiked serum

[82]

3D-rGO/AuNPs/

PSA

Direct with immobilized anti-PSA.
[Fe(CN)6 ]3−/4− as the redox probe

CV

up to 10 ng·mL−1

0.59 ng·mL−1

-

[76]

APTES/ZrO2 -rGO/ITO

CYFRA-21-1

Direct with immobilized
anti-CYFRA-21-1. [Fe(CN)6 ]3−/4−
as the redox probe

DPV

2–22 ng·mL−1

0.122 ng·mL−1

saliva

[39]

Ag/Au–DN–graphene/GCE

CEA

Sandwich with immobilized anti-CEA
and Ab2-Ag/Au–DN-graphene

Amperometry

0.01–1200 ng·mL−1

8 pg·mL−1

spiked human
plasma

[75]

AuPdPtNPs/rGO/TEPA/GCE

NMP22

Direct with immobilized anti-NMP22.
[Fe(CN)6 ]3−/4− as the redox probe

DPV

0.040–20 U·mL−1

0.01 U·mL−1

urine

[78]

EIS

0.1–10 ng·mL−1

0.07 ng·mL−1

-

[88]

ng·mL−1

4.2 pg·mL−1

-

[89]

Cardiovascular biomarkers
PrGO/GCE

cTnI

Direct with immobilized anti-TnI

PtNPs(MPA)/EG/GCE

cTnI

Direct with immobilized anti-TnI

EIS

AuNPs-Ph-GO/GCE

cTnI

Direct with immobilized
anti-cTnI-Fc-GO. [Fe(CN)6 ]3−/4−
as the redox probe

SWV

0.05–3 ng·mL−1

0.05 ng·mL−1

spiked serum

[87]

PtMPA/GR-MWCNTs/GCE

cTnI

Direct with immobilized anti-TnI

EIS

0.001–10 ng·mL−1

0.001 ng·mL−1

-

[61]

0.01–10

DN, 1,5-diaminonaphthalene; EG, electroactive graphene; MPA, 3-mercaptopropionic acid; PMA, 1-pyrenemethylamine; PrGO, porous graphene oxide; TEPA, tetraethylene pentamine.
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Various impedimetric immunosensors for cTnI were also developed [60,88,89] (Table 3).
Signal et al. [89] used functionalized PtNPs-decorated GR deposited onto GCE. A GR monolayer
was firstly transferred to the electrode followed by electrochemical treatment to obtain the so-called
electroactive graphene (EG) by creation of defects and oxidized groups that enhance the electrochemical
behavior. Next, surface modification of EG/GCE was made with MPA capped-PtNPs using
1-pyrenemethylamine (PMA) interlinker. Anti-cTnI antibodies were covalently attached to MPA-PtNPs
through the carboxyl group, and the resulting anti-cTnI-MPA-PtNPs-PMA-EG/GCE immunosensor
was utilized to detect different concentrations of antigen using EIS by measurement of changes in the
RCT in the presence of [Fe(CN)6 ]3−/4− .
5. General Conclusions and Future Prospects
Electrochemical affinity biosensors using nanomaterials may offer various advantages for
enhancing and superseding the capabilities of current analytical methodologies by permitting rapid
and highly accurate analysis. Besides the most common carbon nanomaterials used for the construction
of electrochemical sensors (CNTs and graphene), in recent years, new carbon nanoforms have appeared
as suitable means for nanostructuration of electrode surfaces and biomolecules’ immobilization.
Examples are graphene quantum dots, fullerenes, carbon nanohorns, double-walled carbon nanotubes
and carbon nanoparticles. These nanomaterials, though, have scarcely been employed in the design
of electrochemical biosensors for biomarkers’ detection, but just a few examples have demonstrated
some specific properties of great interest [90,91].
Despite much progress, this field is still new, and there are many points yet to be addressed in
the development of electrochemical biosensors implying the use of carbon nanomaterials as modifiers
of the sensing platforms in order to further improve their analytical performance. All applications
discussed are in vitro or lab on chip applications. Apart from being compatible with the target
biomolecule and specific physiological environments required by many complex biological systems,
these nanomaterials-based biosensors need to possess a certain degree of biocompatibility in order to
develop next-generation biosensors also suitable for in vivo studies. Moreover, the possibility of tuning
the binding sites of these nanomaterials and their properties for the simultaneous determination of
different analytes is highly desirable. Furthermore, apart from exploring widely different nanomaterial
combinations, it is important to solve the major issue of nanomaterial aggregation. Beyond these
requirements, and taking into account the growing demand for high throughout and multiplexed
assays, other challenges include the development of electrochemical instrumentation able to perform
multiplexed and parallel measurements while retaining their low cost and portability and still being
able to perform remote wireless detection in real clinical or field environments.
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real time PCR for detecting Staphylococcus aureus mecA, pvl and nuc genes. Roum. Arch. Microbiol. Immunol.
2011, 70, 69–73. [PubMed]
Broberg, C.A.; Calder, T.J.; Orth, K. Vibrio parahaemolyticus cell biology and pathogenicity determinants.
Microbes Infect. 2011, 13, 992–1001. [CrossRef] [PubMed]
Yeung, P.S.M.; Boor, K.J. Epidemiology, pathogenesis, and prevention of foodborne Vibrio parahaemolyticus
infections. Foodborne Pathog. Dis. 2004, 1, 74–88. [CrossRef] [PubMed]
Ronkainen, N.J.; Okon, S.L. Nanomaterial-based electrochemical immunosensors for clinically significant
biomarkers. Materials 2014, 7, 4669–4709. [CrossRef]
Vabbina, P.K.; Kaushik, A.; Tracy, K.; Bhansali, S.; Pala, N. Zinc oxide nanostructures for electrochemical
cortisol biosensing. In Proceedings of the SPIE 9107, Smart Biomedical and Physiological Sensor
Technology XI, 91070U, Baltimore, MD, USA, 22 May 2014.
Ojeda, I.; Moreno-Guzmán, M.; González-Cortés, A.; Yáñez-Sedeño, P.; Pingarrón, J.M. Electrochemical
magnetoimmunosensor for the ultrasensitive determination of interleukin-6 in saliva and urine using
poly-HRP streptavidin conjugates as labels for signal amplification. Anal. Bioanal. Chem. 2014, 406,
6363–6371. [CrossRef] [PubMed]
Martínez-García, G.; Serafín, V.; Agüí, L.; Yáñez-Sedeño, P.; Pingarrón, J.M. Electrochemical immunosensor
for the determination of total ghrelin hormone in saliva. Electroanalsis 2015, 27, 1119–1126. [CrossRef]
Eletxigerra, U.; Martinez-Perdiguero, J.; Merino, S.; Barderas, R.; Torrente-Rodríguez, R.M.; Villalonga, R.;
Pingarrón, J.M.; Campuzano, S. Amperometric magnetoimmunosensor for ErbB2 breast cancer bio-marker
determination in human serum, cell lysates and intact breast cancer cells. Biosens. Bioelectron. 2015, 70, 34–41.
[CrossRef] [PubMed]
Choudhary, M.; Yadav, P.; Singh, A.; Kaur, S.; Ramirez-Vick, J.; Chandra, P.; Arora, K.; Singh, S.P. CD 59
targeted ultrasensitive electrochemical immunosensor for fast and noninvasive diagnosis of oral cancer.
Electroanalsis 2016, 28, 2565–2574. [CrossRef]
Kumar, S.; Sharma, J.G.; Maji, S.; Malhotra, B.D. Nanostructured zirconia decorated reduced graphene oxide
based efficient biosensing platform for non-invasive oral cancer detection. Biosens. Bioelectron. 2016, 78,
497–504. [CrossRef] [PubMed]
Torrente-Rodríguez, R.M.; Campuzano, S.; Ruiz-Valdepeñas-Montiel, V.; Pedrero, M.; Fernández-Aceñero, M.J.;
Barderas, R.; Pingarrón, J.M. Rapid endoglin determination in serum samples using anamperometric
magneto-actuated disposable immunosensing platform. J. Pharm. Biomed. Anal. 2016, 129, 288–293.
[CrossRef] [PubMed]
Chikkaveeraiah, B.V.; Bhirde, A.A.; Morgan, N.Y.; Eden, H.S.; Chen, X. Electrochemical immunosensors for
detection of cancer proteins biomarkers. ACS Nano 2012, 6, 6546–6561. [CrossRef] [PubMed]
Tse, C.; Brault, D.; Gligorov, J.; Antoine, M.; Neumann, R.; Lotz, J.-P.; Capeau, J. Evaluation of the quantitative
analytical methods real-time PCR for HER-2 gene quantification and ELISA of serum HER-2 protein and
comparison with fluorescence in situ hybridization and immunohistochemistry for determining HER-2
status in breast cancer patients. Clin. Chem. 2005, 51, 1093–1101. [PubMed]
Saber, R.; Karimi, Z.; Shamsipur, M. A novel antibody–antigen based impedimetric immunosensor for low
level detection of HER2 in serum samples of breast cancer patients via modification of a gold nanoparticles
decorated multiwall carbon nanotube-ionic liquid electrode. Anal. Chim. Acta 2015, 874, 66–74.

Diagnostics 2017, 7, 2

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.
55.

56.
57.

58.
59.
60.
61.

62.
63.

24 of 26

Peng, N.-J.; Liou, W.-S.; Liu, R.-S.; Hu, C.; Tsay, D.-G.; Liu, C.B. Early detection of recurrent ovarian cancer
in patients with low-level increases in serum CA-125 levels by 2-[F-18] fluoro-2-deoxy-D-glucose-positron
emission tomography/computed tomography. Cancer Biother. Radiopharm. 2011, 26, 175–181. [CrossRef]
[PubMed]
Paul, K.B.; Singh, V.; Vanjari, S.R.K.; Singh, S.G. One step biofunctionalized electrospun multiwalled carbon
nanotubes embedded zinc oxide nanowire interface for highly sensitive detection of carcinoma antigen-125.
Biosens. Bioelectron. 2017, 88, 144–152. [CrossRef] [PubMed]
Panini, N.V.; Messina, G.A.; Salinas, E.; Fernandez, H.; Raba, J. Integrated microfluidic systems with an
immunosensor modified with carbon nanotubes for detection of prostate specific antigen (PSA) in human
serum samples. Biosens. Bioelectron. 2008, 23, 1145–1151. [CrossRef] [PubMed]
Salimi, A.; Kavosi, B.; Fathi, F.; Hallaj, R. Highly sensitive immunosensing of prostate-specific antigen based
on ionic liquid–carbon nanotubes modified electrode: Application as cancer biomarker for prostate biopsies.
Biosens. Bioelectron. 2013, 42, 439–446. [CrossRef] [PubMed]
Kavosi, B.; Salimi, A.; Hallaj, R.; Amani, K. A highly sensitive prostate-specific antigen immunosensor based
on gold nanoparticles/PAMAM dendrimer loaded on MWCNTS/chitosan/ionic liquid nanocomposite.
Biosens. Bioelectron. 2014, 52, 20–28. [CrossRef] [PubMed]
Yang, J.; Wen, W.; Zhang, X.; Wang, S. Electrochemical immunosensor for the prostate specific antigen
detection based on carbon nanotube and gold nanoparticle amplification strategy. Microchim. Acta 2015, 182,
1855–1861. [CrossRef]
Altintas, Z.; Tothill, I. Biomarkers and biosensors for the early diagnosis of lung cancer. Sens. Actuators
B Chem. 2013, 188, 988–998. [CrossRef]
Yu, T.; Cheng, W.; Li, Q.; Luo, C.; Yan, L.; Zhang, D.; Yin, Y.; Ding, S.; Ju, H. Electrochemical immunosensor
for competitive detection of neuron specific enolase using functional carbon nanotubes and gold nanoprobe.
Talanta 2012, 93, 433–438. [CrossRef] [PubMed]
Malhotra, R.; Patel, V.; Vaqué, J.P.; Gutkind, J.S.; Rusling, J.F. Ultrasensitive electrochemical immunosensor for
oral cancer biomarker IL-6 using carbon nanotube forest electrodes and multilabelamplification. Anal. Chem.
2010, 82, 3118–3123. [CrossRef] [PubMed]
Lin, J.; Wei, Z.; Zhang, H.; Shao, M. Sensitive immunosensor for the label-free determination of tumor marker
based on carbon nanotubes/mesoporous silica and graphene modified electrode. Biosens. Bioelectron. 2013,
41, 342–347. [CrossRef] [PubMed]
Wu, J.; Fu, Z.F.; Yan, F.; Ju, H.X. Biomedical and clinical applications of immunoassays and immunosensors
for tumor markers. TrAC Trends Anal. Chem. 2007, 26, 679–688. [CrossRef]
Gao, X.; Zhang, Y.; Wu, Q.; Chen, H.; Chen, Z.; Lin, X. One step electrochemically deposited nanocomposite
film of chitosan—carbon nanotubes—gold nanoparticles for carcinoembryonic antigen immunosensor
application. Talanta 2011, 85, 1980–1985. [CrossRef] [PubMed]
Li, W.; Yuan, R.; Chai, R.Y.; Chen, S. Reagentlessamperometric cancer antigen 15-3 immunosensor based on
enzyme-mediated direct electrochemistry. Biosens. Bioelectron. 2010, 25, 2548–2552. [CrossRef] [PubMed]
Wang, X.; Gao, C.; Shu, G.; Wang, Y.; Liu, X. The enzyme electrocatalytic immunosensor based on functional
composite nanofibers for sensitive detection of tumor suppressor protein p53. J. Electroanal. Chem. 2015, 756,
101–107. [CrossRef]
Pedrero, M.; Campuzano, S.; Pingarrón, J.M. Electrochemical biosensors for the determination of
cardiovascular markers: A review. Electroanalsis 2014, 26, 1132–1153. [CrossRef]
Qureshi, A.; Gurbuz, Y.; Niazi, J.H. Biosensors for cardiac biomarkers detection: A review. Sens. Actuators
B Chem. 2012, 171, 62–76. [CrossRef]
Henry, P.A.; Raut, A.S.; Ubnoske, S.M.; Parker, C.B.; Glass, J.T. Enhanced electron transfer kinetics through
hybrid graphene carbon nanotubes films. Electrochem. Commun. 2014, 48, 103–106. [CrossRef] [PubMed]
Singal, S.; Srivastava, A.K.; Gahtori, B. Immunoassay for troponin I using a glassy carbon electrode modified
with a hybrid film consisting of graphene and multiwalled carbon nanotubes and decorated with platinum
nanoparticles. Microchim. Acta 2016, 183, 1375–1384. [CrossRef]
Gomes-Filho, S.L.; Dias, A.C.; Silva, M.M.; Silva, B.V.; Dutra, R.F. A carbon nanotube-based electrochemical
immunosensor for cardiac troponin T. Microchem. J. 2013, 109, 10–15. [CrossRef]
Silva, B.V.M.; Cavalcanti, I.T.; Silva, M.M.S.; Dutra, R.F. A carbon nanotube screen-printed electrode for
label-free detection of the human cardiac troponin T. Talanta 2013, 117, 431–437. [CrossRef] [PubMed]

Diagnostics 2017, 7, 2

64.
65.

66.

67.
68.

69.
70.

71.
72.

73.

74.

75.

76.
77.
78.

79.

80.

81.

82.

83.

25 of 26

Loria, V.; Dato, I.; Graziani, F. Myeloperoxidase: A new biomarker of inflammation in ischemic heart disease
and acute coronary syndromes. Mediat. Inflamm. 2008, 2008, 135625. [CrossRef] [PubMed]
Diao, Q.; Li, Y.; Zhou, M.; Xie, G. A new immunosensor for serum myeloperoxidase based on self-assembly of
multi-walled carbon nanotubes/thionine/gold nanoparticles-chitosan. Adv. Mater. Res. 2012, 343, 1207–1211.
[CrossRef]
Liu, B.; Lu, L.; Li, Q.; Xie, G. Disposable electrochemical immunosensor for myeloperoxidase based on the
indium tin oxide electrode modified with an ionic liquid composite film containing gold nanoparticles,
poly(o-phenylenediamine) and carbon nanotubes. Microchim. Acta 2011, 173, 513–520. [CrossRef]
Prakash, M.D.; Singh, S.G.; Sharma, C.S.; Krishna, V.S.R. Electrochemical detection of cardiac biomarkers
utilizing electrospun multiwalled carbon nanotubes embedded. Electroanalsis 2016, 28, 1–8. [CrossRef]
Cabral-Miranda, G.; Yamashiro-Kanashiro, E.H.G.; Gidlunda, M.; Sales, M.G.F. Specific label-free and
real-time detection of oxidized low density lipoprotein (oxLDL) using an immunosensor with three
monoclonal antibodies. Mater. Chem. B 2014, 2, 477–484. [CrossRef]
Moselhy, S.S.; Demerdash, S.H. Serum free L-carnitine in association with myoglobin as a diagnostic marker
of acute myocardial infarction. Clin. Biochem. 2009, 42, 78–82. [CrossRef] [PubMed]
Khan, R.; Pal, M.; Kuzikov, A.V.; Bulko, T.; Suprun, E.V.; Shumyantseva, V.V. Impedimetric immunosensor
for detection of cardiovascular disorder risk biomarker. Mater. Sci. Eng. C 2016, 68, 52–58. [CrossRef]
[PubMed]
Joseph, B.B.; Quan, P.D. The neuroimmune guidance cue netrin-1: A new therapeutic target in cardiovascular
disease. Am. J. Cardiovasc. Dis. 2013, 3, 129–134.
Xu, W.; He, J.; Gao, L.; Zhang, J.; Yu, C. Immunoassay for netrin 1 via a glassy carbon electrode modified
with multi-walled carbon nanotubes, thionine and gold nanoparticles. Microchim. Acta 2015, 182, 2115–2122.
[CrossRef]
Jernberg, T.; James, S.; Lindahl, B.; Stridsberg, M.; Venge, P.; Wallentin, L. NT-proBNP in unstable coronary
artery disease—Experiences from the FAST, GUSTO IV and FRISC II trials. Eur. J. Heart Fail. 2004, 6, 319–325.
[CrossRef] [PubMed]
Zhuo, Y.; Yi, W.-J.; Lian, W.-B.; Yuan, R.; Chai, Y.-Q.; Chen, A.; Hu, C.-M. Ultrasensitive electrochemical
strategy for NT-proBNP detection with gold nanochains and horseradish peroxidase complex amplification.
Biosens. Bioelectron. 2011, 26, 2188–2193. [CrossRef] [PubMed]
Huang, J.; Tian, J.; Zhao, Y.; Zhao, S. Ag/Au nanoparticles coated graphene electrochemical sensor for
ultrasensitive analysis of carcinoembryonic antigen in clinical immunoassay. Sens. Actuators B Chem. 2015,
206, 570–576. [CrossRef]
Jang, H.D.; Kim, S.K.; Chang, H.; Choi, J.-W. 3D label-free prostate specific antigen (PSA) immunosensor
based on graphene–gold composites. Biosens. Bioelectron. 2015, 63, 546–551. [CrossRef] [PubMed]
Pumera, M. Graphene in biosensing. Mater. Today 2011, 14, 308–315. [CrossRef]
Ma, H.; Zhang, X.; Li, X.; Li, R.; Du, B.; Wei, Q. Electrochemical immunosensor for detecting typical bladder
cancer biomarker based on reduced graphene oxide-tetraethylenepentamine and trimetallic Au Pd Pt
nanoparticles. Talanta 2015, 143, 77–82. [CrossRef] [PubMed]
Liu, J.; Lin, G.; Xiao, C.; Xue, Y.; Yang, A.; Ren, H.; Lu, W.; Zhao, H.; Li, X.; Yuan, Z. Sensitive electrochemical
immunosensor for α-fetoprotein based on graphene/SnO2 /Au nanocomposite. Biosens. Bioelectron. 2015, 71,
82–87. [CrossRef] [PubMed]
Gao, Y.-S.; Zhu, X.-F.; Xu, J.-K.; Lu, L.-M.; Wang, W.-M.; Yang, T.-T.; Xing, H.-K.; Yu, Y.-F. Label-free
electrochemical immunosensor based on Nile blue A-reduced graphene oxide nanocomposites for
carcinoembryonic antigen detection. Anal. Biochem. 2016, 500, 80–87. [CrossRef] [PubMed]
Li, H.; He, J.; Li, S.; Turner, A.P. Electrochemical immunosensor with N-doped graphene-modified electrode
for label-free detection of the breast cancer biomarker CA 15-3. Biosens. Bioelectron. 2013, 43, 25–29. [CrossRef]
[PubMed]
Ge, S.; Sun, M.; Liu, W.; Li, S.; Wang, X.; Chu, C.; Yan, M.; Yu, J. Disposable electrochemical immunosensor
based on peroxidase-like magnetic silica–graphene oxide composites for detection of cancer antigen 153.
Sens. Actuators B Chem. 2014, 192, 317–326. [CrossRef]
Afsharan, H.; Khalilzadeh, B.; Tajalli, H.; Mollabashi, M.; Navaeipour, F.; Rashidi, M.-R. A sandwich
type immunosensor for ultrasensitive electrochemical quantification of p53 protein based on gold
nanoparticles/graphene oxide. Electrochim. Acta 2016, 188, 153–164. [CrossRef]

Diagnostics 2017, 7, 2

84.
85.
86.
87.

88.

89.

90.

91.

26 of 26
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