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Abstract: Electrochemical devices making use of carbon
nanomaterials have demonstrated great applicability.
Single- or multi-walled nanotubes and graphene have
been largely applied to the construction of electrochemical (bio)sensors improving two key aspects in this field:
surface nanostructuration allowing the preparation of
electrode platforms more conductive, selective and suitable for biomolecules immobilization, and the ability to
design suitable strategies for signal amplification. Besides
the above mentioned carbon nanomaterials, more recent-

ly new carbon nanoforms have appeared as suitable nanostructuration tools. Carbon nanohorns, double-walled
carbon nanotubes, fullerene (C60), carbon nanoparticles,
and graphene quantum dots are examples of novel nanomaterials whose particular characteristics make them well
suited for the construction of bioelectrochemical devices.
In this article, the use of these carbon nanomaterials for
the development of electrochemical immunosensors is reviewed.
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1 Introduction
Carbon nanomaterials such as single- or multi-walled
nanotubes and graphene have been extensively used as
electrode modifiers in the preparation of electrochemical
sensors and biosensors. Electrode nanostructuration with
these carbon materials allows preparing scaffolds with improved conductivity and selectivity and with enhanced
ability for the immobilization of biomolecules. In addition, carbon nanomaterials can be used to design suitable
strategies for signal amplification thus leading to significant improvements in sensitivity. More recently, apart
from the above mentioned carbon nanomaterials, other
forms of carbon nanoforms have emerged as novel nanostructuration tools suitable to be employed also in the
preparation of novel electrochemical sensors and biosensor designs achieving improved analytical performance.
Carbon nanohorns, double-walled carbon nanotubes, fullerene (C60), carbon nanoparticles, and graphene quantum dots are examples of these novel nanomaterials
whose particular characteristics make them appropriate
for the construction of bioelectrochemical devices. In this
review article, the use of these carbon nanomaterials in
the particular field of electrochemical immunosensors
preparation is reviewed.
The above mentioned, so called, uncommon carbon
nanomaterials have been employed in the design of electrochemical immunoassays in order to enhance their analytical performance both from the standpoint of attain
a more effective and simple immobilization of immunoreagents as to get better detection limits. As it will be commented below, this analytical enhancement can be achieved by taking advantage of some specific properties of
these materials such as the ability of carbon nanohorns to
www.electroanalysis.wiley-vch.de

provide numerous surface confined carboxyl groups for
covalent binding, or the excellent capability of fullerene
(C60) to accelerate electron transfer, as well as its ability
for combination with other materials to improve biocompatibility or water solubility. Although there are other
carbon nanomaterials which have been scarcely explored
for applications in electrochemical biosensing, only those
of these nanomaterials that have demonstrated already
their usefulness for the preparation of electrochemical
immunosensors have been considered in this article.

2 Carbon Nanohorns
Single-walled carbon nanohorns, SWCNHs (or simply
CNHs) are a relatively new type of carbon allotrope. One
single CNH consists of a unique horn-shaped graphene
sheet with a length of 40–50 nm and a diameter ranging
between 2 and 5 nm (Figure 1a) [1]. CNHs are prepared
by vaporizing pure graphite rods via CO2 laser ablation
without using any metal catalysts. Thus, an important advantage of this materials over i.e. carbon nanotubes is
that CNHs are essentially metal-free [2, 3] and can be
used directly without post-treatment. Typically, CNHs assembles to form nanostructures similar to dahlia flowers
composed of several units (Figure 1b) with a diameter
near from 100 nm [4, 5]. The special properties of CNHs
derive from the high conductivity, the large surface area,
the high number of defects, and the amount of inner
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2.1 Carbon Nanohorns-based Hybrids and Composites
Fig. 1. Carbon nanohorn structure: (a) TEM images of dahliatype CNH aggregates (b). Scale bar represents 20 nm. Adapted
with permission from Ref. 5. Copyright (2005) Americal Chemical Society.

nanospaces. These characteristics led to their use for gas
adsorption [6], drug delivery [7], fuel cells [8], catalysts
[9], and the construction of sensors and biosensors [10].
The general applications of carbon nanohorns were reviewed in 2010 by Zhu and Xu [11].
Regarding the use of CNHs as platform for the preparation of electrochemical immunosensors, we have to say
that only a few configurations have been reported up
date. In fact, CNHs have been utilized either as scaffold
for the immobilization of antibodies or antigens and as
a tool to amplify the electrochemical signal. In the former
case, oxidized CNHs are usually employed because they
allow high biomolecule loadings on the electrode surface.
This ability relies on the good performance of CNHs
against oxidative treatment leading to the production of
a large number of exposed oxygen functionalities on the
thousands of cone-shaped tips present onto spherical aggregates [12]. These functionalities can be further exploited for the covalent immobilization of the immunoreagents.
Different oxidation treatments, with varying strength
degrees, for the generation of carboxylic moieties have
been reported. Zhang et al. [12] dispersed CNHs in 30 %
nitric acid under reflux at 140 8C for 24 h. The resulting
material was used for the preparation of an immunosensor for microcystin-LR (MC-LR), a potent cyanotoxin.
The antigen was immobilized onto a glassy carbon electrode modified with the oxidized CNHs, and a competitive
immunoassay was established with HRP-labeled MC-LR
antibody. Among other advantages, authors highlighted
a significant sensitizing effect from CNHs attributed to
the three-dimensional recognition that led to current responses two fold larger than those obtained using singlewalled carbon nanotubes (SWCNTs). A wide linear response to MC-LR ranging from 0.05 to 20 mg/L and a detection limit of 0.03 mg/L (S/N = 3) was obtained.
Mild oxidative treatments have been also employed.
For example, heating at 100 8C in 30 % hydrogen peroxide
and irradiation with a Xe lamp was shown to produce an
www.electroanalysis.wiley-vch.de

The preparation of hybrid and composite nanomaterials
involving CNHs has demonstrated to improve its usefulness as suitable support for the development of electrochemical immunosensors. As usually occurs, the resulting
materials are able to enhance the properties of the original materials and/or exhibit novel characteristics that can
be successfully exploited for analytical purposes. An interesting example of a simple composite used in this field
consisted of a combination of alginic acid and CNHs
yielding a superstructure containing plentiful carboxyl
groups. The composite material was employed as support
for immobilization of carcinoembryonic antigen (CEA)
capture antibodies and the development of a sandwichtype enzyme-free immunosensor [15]. The high sensitivity
achieved, attributed to the presence of large concentration of immobilized antibodies, was even enhanced by
using hematin (Hb)-decorated magnetic NiCo2O4 (MNS)
as labels for the secondary antibodies. MNS-Hb conjugates exhibited high catalytic activity and allowed electroanalytical signals to be obtained over the 1 to 40 ng/mL
dynamic linear range. Furthermore, the presence of adsorbed Hb also allowed double electrochemical and photoelectrochemical detection. Composites of CNHs and
chitosan (Chit) were also used as suitable scaffold with
outstanding electrical conductivity for the construction of
an immunosensor for alpha-fetoprotein (AFP) [16]. Another reported design involved combination of CNHs
with Fe3O4 nanofibers to prepare a composite material
with large surface area capable of immobilizing high immunoreagents loading and also exhibiting good magnetism. Modification of glassy carbon with this material was
used to construct a label-free immunosensor for aflatoxin
B1 (AFB1) [17].
2.2 Amplification Schemes Using Carbon Nanohorns
According to the literature, CNHs-hybrids have been
mostly employed to develop signal amplification strategies to achieve sensitivity enhancement. An interesting
example is the preparation of a CNHs-hollow Pt chains
(HPtCs) hybrid material which was designed as a signal
tag to label secondary antibodies. This strategy was used
in the development of an electrochemical immunosensor
for procalcitonin (PCT), a diagnostic biomarker for septi-
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efficient carboxylation of CNHs [13]. Carboxylated
CNHs were used as scaffold for the preparation of a disposable immunosensor for fibrinogen (Fib). The approach
involved covalent immobilization of Fib onto oxidized
CNHs, previously deposited on screen-printed carbon
electrodes, and activated by EDC/NHSS chemistry. Then,
an indirect competitive assay with horseradish peroxidase
(HRP)-labeled anti-Fib and using hydroquinone (HQ) as
redox mediator, was implemented. As a feature to be
highlighted, the Fib-CNHs/SPCEs exhibited an excellent
storage stability of at least 42 days [14].
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Fig. 2. Schematic illustration of the construction of: A) CNHs/HPtCs/HRP/thi-Ab2-PCT-Ab1/AuNPs/GO/GCE and B) GOx/HRP/
Ab2-AFP-Ab1/AuNPs/GO/GCE and immunosensors. Reproduced from Ref. 18 (A) and Ref. 20 (B) with permission of Elsevier.

cemia. CNHs/HPtCs combined the advantages of CNHs
with the high specific surface area and catalytic activity of
HPtCs. As depicted in Figure 2a, a secondary PCT antibody conjugated with thionine and HRP was immobilized
onto CNHs/HPtCs and a sandwich type configuration was
implemented using PCT capture antibodies immobilized
onto a reduced graphene oxide (rGO) – gold (Au) nanocomposite film. Using this strategy, the catalytic activity
of HPtCs towards H2O2 was enhanced by HRP for dual
synergy amplification. The linear calibration of the immunosensor ranged from 1.00 pg/mL to 20.0 ng/mL with a detection limit of 0.43 pg/mL [18]. Another immunosensor
for PCT was also developed by the same authors using
polyamidoamine polymer (PAMAM) assembled to
CNHs/HPtNPs in order to increase the amount of immobilized thionine [19].
CNHs functionalized with two enzymes, HRP and glucose oxidase (GOx) were prepared and used for the immobilization of an AFP detection antibody (anti-AFP
Ab2). A sandwich-type immunosensor was constructed
using a glassy carbon electrode modified with graphene
and gold nanoparticles where the capture antibody (antiAFP Ab1) was immobilized (Figure 2b). Electrochemical
impedance spectroscopy (EIS) was employed to obtain
the analytical response by monitoring the redox process
of Fe(CN)63¢/4¢ after biocatalyzed oxidation of 4-chloro-1naphthol (4-CN). This reaction produced an insulating
www.electroanalysis.wiley-vch.de

precipitate (benzo-4-chlorhexidine) that blocks efficiently
the electrode surface. Therefore, impedimetric responses
increased with increasing AFP concentration providing
a wide linear range from 0.001 to 60 ng/mL AFP with
a detection limit of 0.33 pg/mL [20].
Nanogold-enriched carbon nanohorns structures
(AuNPs/CNHs) were designed to be utilized as trace tags
for the electrochemical detection of AFP. AuNPs/CNHs
were synthesized by one-pot in situ growth of nanogold
on carboxylated CNHs. Antibodies against AFP were immobilized through the inherent interaction between proteins and gold nanoparticles. Disposable screen-printed
carbon electrodes modified with chitosan were used for
covalent immobilization of the capture antibody (Ab1),
and a sandwich immunoassay was implemented by conjugation with AuNPs/CNHs-Ab2. The affinity reaction was
monitored by measuring the oxidation current of AuNPs
at + 1.3 V in 0.1 M HCl [21]. Moreover, a dual immunosensor for AFP and CEA was developed by using streptavidin/AuNPs/CNHs hybrids prepared by in situ growth of
nanogold on carboxylated CNHs and further functionalization with streptavidin (Figure 3). A sandwich-type immunoreaction using biotinylated secondary antibodies to
capture the as prepared tags was performed followed by
silver deposition onto the immunoconjugates and recording of the stripping voltammetric responses. This amplification strategy allowed detection limits down to 0.024 pg/
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Fig. 3. Schematic display of a dual sandwich-type immunoassay for AFP and CEA using streptavidin/AuNPs/CNHs hybrids with
signal amplification by silver deposition and LSV stripping. Reproduced from Ref. 22 with permission of Elsevier.

mL and 0.032 pg/mL, for AFP and CEA, respectively
[22].

3 Double-walled Carbon Nanotubes
Double-walled carbon nanotubes (DWCNTs), consisting
of two concentric cylindrical graphene layers, are the simplest configuration of multi-walled carbon nanotubes
(MWCNTs) and combine the outstanding properties of
this material with those from the single-walled counterpart (SWCNTs). The particular structural and electronic
properties of DWCNTs have attracted interest for their
use in fabricating molecular electronic devices [23]. It has
been found that DWCNTs-modified electrodes exhibit
better electrochemical behavior than those modified with
SWCNTs, providing fast electron transfer with significant
overpotential reduction for various species [24]. A higher
reactivity has also been claimed for DWCNTs, which is
probably due to the larger number of lattice defects with
respect to SWCNTs. Furthermore, compared with
MWCNTs, several beneficial properties have been claimed such as the higher stability under aggressive chemical,
mechanical and thermal treatments [25]. As it was reported, upon chemical modification of DWCNTs, the outer
cylinder acts as a protective sheath that preserves the
electronic properties of the inner tube [26]. Therefore,
covalent sidewall chemistry can be performed onto
DWCNTs without loss of the intrinsic properties [27].
Despite their excellent electrochemical properties and
the special performance after functionalization, only few
examples of sensors and biosensors involving DWCNTs
can be found in the literature. In particular, and regarding
electrochemical immunosensors, only two papers can be
cited. A label-free configuration for detecting Salmonella
typhimurium was prepared from as-grown DWCNTs bundles modified electrode. The specific antibody was covalently immobilized and chronoamperometry was used to
detect S. typhimurium cells with a limit of detection of 8.9
www.electroanalysis.wiley-vch.de

CFU/mL [28]. More recently, our group reported an electrochemical immunosensor for adiponectin cytokine
(APN) using screen-printed carbon electrodes modified
with functionalized DWCNTs as platforms for immobilization of the specific antibodies. Grafting with 4-aminobenzoic acid in the presence of isoamylnitrite resulted in
the formation of 4-carboxyphenyl-DWCNTs which were
used for covalent and oriented binding of specific antiAPN by means of the metallic complex chelating polymer
Mix&GoÑ. Figure 4 shows schematically the different
steps involved in the preparation and functioning of the
immunosensor. Under the optimized conditions, the calibration plot for APN showed a linear range extending between 0.05 and 10.0 mg/mL which is adequate for application to real samples. A detection limit of 14.5 ng/mL was
achieved. Furthermore, the comparison with the results
provided by an immunosensor prepared similarly with
SWCNTs revealed that much larger analytical readouts
and a remarkably better sensitivity were obtained when
using DWCNTs/SPCEs as a consequence of the enhanced
electrochemical transduction behavior observed with this
nanomaterial [29].

4 Fullerene (C60)
The smallest stable and most abundant member of fullerenes family, fullerene (C60), is an electroactive nanomaterial with some unique properties that make it useful in
the preparation of electrochemical immunosensors [30].
Fullerene (C60) has multiple redox states in a wide range
of potentials undergoing six different one-electron reversible reductions to form stable intermediates. The ability
of signal mediation and the easy functionalization are two
important properties that can be exploited in the field of
immunosensors. General applications of functionalized
fullerene (C60) in the fabrication of biosensors [31] and
recent advances in electrochemical biosensors based on
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Fig. 4. Schematic display of the different steps involved in the construction of an amperometric immunosensor for APN involving
functionalized DWCNTs and oriented immobilization of anti-APN by using the metallic-complex chelating polymer Mix&GoÑ. Reproduced from Ref. 29 with permission of Elsevier.

fullerene (C60) nanostructured platforms [32] have been
recently reviewed.
4.1 Fullerene (C60) Composites as Platforms for
Immobilization of Immunoreagents
Electrodes modified with fullerene (C60) are characterized
by high electroactive surface area and good electronic
conductivity. However, the hydrophobicity and water insolubility of this material make it difficult conjugation
with biologically active molecules [33]. In order to minimize these flaws, strategies based on combination with
hydrophilic compounds or functionalization with groups
suitable to conjugate with targeted species, have been
proposed. For instance, a composite made from fullerene
(C60), ferrocene and the ionic liquid 1,3-dibutyl-imidazolium-bis (trifluoro-methylsulfonyl) amine was deposited
onto a GCE and used for the development of impedimetric immunosensors. The composite was shown to improve
the electrocatalysis of ferrocene and enhance the biocompatibility of microenvironment for the antibody immobilization. Fullerene (C60) facilitated the electron transfer at
the modified electrode surface while the ionic liquid provided a biocompatible microenvironment for the antiwww.electroanalysis.wiley-vch.de

body. These improvements resulted in increased sensitivity and stability for the preparation of an impedimetric
immunosensor for the detection of deoxynivalenol
(DON) [34]. Anti-DON specific antibodies were covalently immobilized using chitosan cross-linked with epichlorohydrin. Analytically useful responses were obtained
in the range of 1 to 300 pg/mL DON with a detection
limit of 0.3 pg/mL. An important aspect to be highlighted
is the high stability, 180 days, of the immunoconjugate.
The same authors also reported a similar design for the
determination of paraquat [35].
More recently, a nanocomposite prepared with fullerene (C60), carboxylated MWCNTs, and the ionic liquid 1butyl-3-methylimidazolium bis (trifluoromethyl-sulfonyl)
imide was applied to the construction of a label-free immunosensor for determining tumor necrosis factor
a (TNF-a), a cytokine biomarker [36]. The obtained results revealed a noticeable electrocatalytic activity from
C60/MWCNTs/IL toward the oxidation of catechol. The
nanocomposite was dropped onto a SPCE and the capture anti-TNF-a was covalently immobilized followed by
blocking with ethanolamine (Figure 5). In the presence of
the antigen, cyclic voltammograms for catechol exhibited
much lower peak currents due to the insulating character
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Fig. 5. Scheme showing the preparation and functioning of a TNF-a immunosensor involving fullerene (C60)/MWCNTs/IL-SPCE.
Reproduced from Ref. 36 with permission of Elsevier.

of the protein. Differential pulse voltammetry was employed for the quantification of TNF-a, providing a linear
calibration plot over the 5.0 to 75.0 pg/mL concentration
range.
Fullerene (C60) composites have also been used for the
determination of microorganisms. For example, an electrochemical immunosensor for sensitive detection of E.
coli 0157:H7 using a C60 based biocompatible platform
was reported [37]. A sandwich type configuration was implemented by preparing a glassy carbon electrode modified with fullerene (C60), ferrocene (Fc) and thiolated chitosan (Chit-SH). Then, gold nanoparticles-coated SiO2
were assembled on the Chit-SH/Fc/C60 and avidin was
added for further interaction with biotinylated capture
antibody. A strategy for signal amplification was also implemented using detection antibodies labeled with glucose oxidase-loaded Pt nanochains. The concentration of
detected E. coli 0157:H7 ranged from 3.2 × 101 to 3.2 × 106
CFU/mL with a limit of detection down to 15 CFU/mL
(S/N = 3).
4.2 Fullerene (C60) as Redox Labels
An important application of functionalized fullerene (C60)
nanohybrids concerns its use as signal-amplifying tags in
electrochemical immunoassays. The excellent electrochemical behavior of this material provides larger measured currents which implies a more sensitive detection,
and shows electrocatalytic effects. In a recent work, an
amino-terminated polyamidoamine (PAMAM) polymer
was used to prepare a fullerene (C60) hybrid which exhibits high hydrophilicity and possesses abundant amine
groups for further modification. Gold nanoparticles were
adsorbed on the hybrid and the resulting product (Au/
PAMAM/C60)NPs) was used as a redox nanoprobe and
nanocarrier to label detection antibodies [38]. Figure 6
www.electroanalysis.wiley-vch.de

shows the schematic illustration of a sandwich-type electrochemical immunosensor for the determination of erythropoietin (EPO), an important blood doping agent,
prepared by immobilization of capture antibodies through
bridging with protein A onto a glassy carbon electrode
decorated with gold nanodendrites. The electrochemical
responses were recorded after dropping tetraoctylammonium bromide (TOAB) which acted as booster to arouse
the inner redox activity of Au/PAMAM/C60 NPs, this providing a pair of reversible redox peaks (see Figure 6 for
details on the possible mechanism involved in the electrochemical reaction). As a result, the proposed immunosensor showed a wide linear range and a relatively low detection limit for EPO of 0.0027 mIU/mL at 3s (where s is
the standard deviation of the blank signals, n = 20) [38].
Another signal amplification strategy was developed
for the electrochemical immunosensing of procalcitonin
(PCT). In this configuration, amino group- functionalized
C60 nanoparticles were prepared with 3,4,9,10-perylenetetracarboxylic dianhydride (PTC-NH2) and used as
a scaffold to immobilize ferrocene carboxylic acid (Fc) as
a redox probe and platinum nanoparticles (PtNPs). The
resulting nanocomposite was labelled to PCT secondary
antibodies in combination with glucose oxidase, and demonstrated high electrocatalytic activity towards hydrogen
peroxide. A sandwich configuration was constructed
using an AuNPs/MWCNTs modified electrode to immobilize the capture antibody. A range of linearity for PCT
of 0.01–10 ng/mL was reported with a detection limit of
6 pg/mL (S/N = 3) [39].

5 Carbon Nanoparticles
The attractiveness of carbon nanoparticles (CNPs) for the
construction of electrochemical sensors comes from the
confluence of interesting properties such as the electroca-
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Fig. 6. Schematic illustration of an electrochemical immunosensor for using Au/PAMAM/C60)NPs: the possible mechanism involved
in the electrochemical reaction is also displayed. Reprinted with permission from Ref. 38. Copyright (2015) Americal Chemical Society.

talytic activity, the possibility of functionalization or
doping, the ease of synthesis using environmentally
friendly methods and the relatively low production costs.
In the particular case of biosensors, it should be also mentioned the ability for biomolecules immobilization and
the demonstrated electron shuttle between electrode substrates and adsorbed biomolecules [40]. Although there is
a wide variety of CNPs and several have found application in the development of optical sensors by exploiting
the properties of light interaction with these nanomaterials, there are still very few applications in the field of immunosensors and, in particular, in the area of electrochemical immunosensors.
5.1 Carbon Nanoparticles-modified Electrodes as
Scaffolds for Immobilization of Immunoreagents
The enhancement of conductivity and electron transfer
promotion are the two main features to be profited when
CNPs are used as surface electrode modifiers. Furtherwww.electroanalysis.wiley-vch.de

more, the combination with other materials such as metallic nanoparticles or polymers to form CNPs composites
may improve their inherent properties and can enhance
both the loading with biomolecules and the occurrence of
the involved electrochemical reaction. For example,
a gold nanoparticles/colloidal carbon nanospheres hybrid
material was prepared by assembling AuNPs onto CNPs
functionalized with poly(diallyl-dimethylammonium)
(PDDA) and used to construct a 3D matrix for immobilization of antibodies onto the surface of a modified glassy
carbon electrode. A sandwich-type immunosensor was
constructed from this by the binding reaction between immobilized Ab1 and binding HIgG followed by incubation
with HRP-Ab2 [41].
Mesoporous carbon nanospheres (MCNs) possess relevant properties which some of them are common to all
mesoporous materials such as high surface area, tunable
pore sizes, and large pore volume, but other as biocompatibility, electrical conductivity and stability are typical
of carbon materials [42]. Taking advantage of these properties, a composite of MCNs and toluidine blue (TB) was
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volving the use of hollow-platinum nanospheres
(HPtNS)-labeled HRP-anti-CEA conjugates as molecular
tags. Differential pulse voltammetry after addition of hydrogen peroxide was used to obtain the electrochemical
responses that were proportional to the CEA concentration in the 0.001 to 100 ng/mL dynamic interval range and
allowed a detection limit of 1.0 pg/mL to be obtained at
the 3s blank level [46].
5.2 Amplification Schemes Using Carbon Nanoparticles
Most recent applications of CNPs are devoted to design
signal amplification schemes. In this context, the main advantage relies on the possibility to immobilize a large
number of biomolecules labeled with enzymes and the
subsequent increase in the magnitude of electrochemical
response by linking secondary antibodies in sandwichtype immunoassays. An illustrative example can be found
in the development of an electrochemical immunosensor
for the determination of phosphorilated p53 [47]. Carboxylated carbon nanospheres (CNS) were obtained from
fructose [48] and used to co-link HRP and a secondary
antibody (Ab2) for signal amplification. Primary antipospho-p53 antibody (Ab1) was covalently immobilized
onto functionalized magnetic microbeads (HOOC-MBs)
and the immunocomplex formation was detected upon
conjugation of MBs-Ab1-phospho-p53 with HRP-CNSAb2 by square wave voltammetry after addition of hydrogen peroxyde. Figure 8a shows schematically the comparison of the voltammetric responses obtained when HRPAb2 or HRP-CNS-Ab2 conjugates were employed to construct the biosensors. The enhanced voltammogram achieved in the latter case was attributed to the larger
enzyme loading on the electrode surface leading to calibration plots for phospho-p53 with a linear relationship
between peak currents and the concentration logarithm
over the 0.01 to 5 ng/mL range and a detection limit of
3.3 pg/mL. A similar strategy using CNS synthesized from
glucose was also reported to improve the sensitivity of an
electrochemical immunosensor for microcystin-LR (MCLR) determination using HRP-CNS-anti-MC-LR conjugates. In this case (Figure 8b), a glassy carbon electrode
was modified with graphene and chitosan (GS/Chit/GCE)
and used as scaffold for the immobilization of the antigen. An indirect competitive assay was implemented and
signal amplification allowed a detection limit of 0.016 mg/
L to be obtained [49]. Furthermore, HRP-CNS-Ab2 conjugates prepared from highly carbonized nanospheres and
with anti-benzo[a]pyrene (BaP) antibodies were employed to amplify the amperometric signal onto
a Fe3O4NPs/polyaniline/Nafion-modified ITO electrode
obtained from hydroxyde peroxide in the presence of hydroquinone for the determination of BaP over the 8 pM2 nM concentration range using a competitive immunoassay [50].
Different fundamentals were applied to develop a configuration involving Prussian blue-functionalized mesoporous carbon nanospheres (PB-MCN) coated with PDDA
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prepared and combined with the ionic liquid BMIM.BF4.
The electroactivity of TB was enhanced in the presence
of the other components and, moreover, the large surface
area of MCNs as well as the protein binding properties of
the ionic liquid increased the loading of immobilized antibodies and, consequently, the sensitivity. This concept was
applied to the construction of a label-free electrochemical
immunosensor for breast cancer susceptibility gene
(BRCAl) by immobilizing the specific anti-BRCA1 onto
(MCN¢TB)/IL/GCE and measurement of the decrease in
the amperometric signal after antibody¢antigen immunoreaction. The amperometric response decreased linearly
with BRCAl concentration in the 0.01–15 ng/mL range
with a detection limit of 3.97 pg/mL.
Electrode surfaces modified with CNPs/polymers composites have also been prepared. Similarly to that occur
with other carbon nanomaterials, the presence of the
polymer prevents CNPs aggregation, improves the robustness of the coating and can facilitate the immobilization
of immunoreagents. An illustrative example is the use of
CNPs/poly(ethylene
imine)-modified
screen-printed
graphite electrodes as substrates for immobilization of
anti-CEA antibody and the design of a disposable electrochemical immunosensor for CEA [43]. Both the large
electrode surface area covered by CNPs and the amino
groups existing in the polymer promoted the presence of
large antibody loadings. Figure 7a shows how an additional enhancement in sensitivity was achieved by using a secondary antibody labeled with CdS quantum dots for amplifying the electrochemical signal measured by squarewave anodic stripping voltammetry. The calibration curve
for CEA was linear in the 0.032–10 ng/mL concentration
range, and the method was validated by determining urinary CEA for the early detection of urothelial carcinoma.
A functionalized biomimetic interface was constructed
using CNPs and chitosan. The resulting organic-inorganic
hybrid provided a high capacity of biomolecules immobilization and a good conductivity. As a model, anti-AFP
was immobilized and a sandwich type configuration was
developed for the determination of AFP. Figure 7b shows
the strategy for the enhancement of the electrochemical
responses using irregular-shaped gold nanoparticles
(ISNGs) with immobilized HRP-labeled anti-AFP conjugates as trace labels [44].
CNPs-graphene hybrid nanosheets were used as scaffold for immobilization of anti-CEA antibodies. These
hybrid nanostructures were synthesized by direct electrolyzing graphite rods [45]. The resulting material allows
the amount of immobilized biomolecules to be enhanced
with respect to bare graphene and also improves the conductivity of the modified electrode. A glassy carbon electrode was firstly modified with an electropolymerized
film of thionine followed by casting with the hybrid colloids. Subsequently, anti-CEA was physically immobilized
as a result of hydrophobic and p-stacking interactions between the antibodies and the hybrid nanosheets. A specific sandwich-type configuration was designed for the determination of CEA using an amplification strategy in-
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Fig. 7. Schematic display of the preparation of an electrochemical immunosensor making use of CNPs-modified electrodes: CdSanti-CEA-CEA-anti-CEA-CNP/PEI/SPGE (a); HRP-anti-AFP-ISGNP-AFP-anti-AFP-Chit/CNP/SPCE (b). Adapted with permission
from Ref. 43 (a). Copyright (2009) American Chemical Society, and from Ref. 44 (b) with permission of Elsevier.

polyelectrolyte and gold nanoparticles. The surface negative charge of PB-MCN allowed deposition of a positive
PDDA layer which further interact with negative-charged
colloidal gold nanoparticles obtained in citrate medium.
The resulting PB-MCN/PDDA/AuNPs nanocomposite allowed immobilization of large secondary antibodies (antihIgG Ab2) and glucose oxidase (GOD) loadings. A sandwich-type immunosensor using human immunoglobulin
www.electroanalysis.wiley-vch.de

(hIgG) as the model antigen and anti-IgG Ab1 capture
antibodies immobilized onto a AuNPs/SPCE was constructed. A differential pulse voltammetric analytical
readout was obtained after addition of glucose profiting
the as peroxidase functioning of PB and the consequent
PB-mediated GOD catalytic reaction. The high loadings
of PB and GOD on the nanoprobe together with the enzymatically catalytic cycle greatly amplified the sensitivity
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Fig. 8. Electrochemical immunosensors using carboxylated carbon nanospheres as labels for signal amplification: (a) HRP-CNS-Ab2phospho-p53-Ab1-MB/SPCE immunosensor for the determination of phosphorilated p53; (b) HRP-CNS-anti-MC-LR-MC-LR-GS/
Chit/GCE immunosensor for the determination of microcystin-LR (MC-LR). Adapted with permission from Ref. 47 (a). Copyright
(2007) American Chemical Society, and from Ref. 49 (b) with permission of Elsevier.

of the assay providing a detection limit of 7.8 pg/mL
hIgG [51].

6 Graphene Quantum Dots
The characteristics of this 0D material (GQDs), formed
by small pieces of graphene with lateral size less than
100 nm, derive from those of graphene and carbon dots
(CDs) [52]. Due to quantum confinement and edge effects, this nanomaterial exhibits unique properties distinct
than those of graphene and graphene oxide. Furthermore,
compared to conventional semiconductor quantum dots,
GQDs exhibit various relevant advantages for biosensing
such as good biocompatibility, low toxicity, high specific
surface area and ease of bio-conjugation [53]. Accordingly, various designs of immunosensors prepared with
GQDs have been reported in recent years. However,
www.electroanalysis.wiley-vch.de

most of them relies on the optical properties of GQDs,
and only a minority profits the high electrical conductivity as well as the smaller volume and the larger number of
carboxyl groups compared with other carbon nanomaterial (i.e. carbon nanotubes) [54, 55] for the construction of
electrochemical devices.
A representative example is the preparation of a sandwich electrochemical immunosensor for sensitive detection of avian leukosis virus subgroup J (ALVs-J). This immunosensor used GQDs and apoferritin-encapsulated Cu
nanoparticles for signal amplification [55]. Figure 9 shows
how Cu-apoferritin nanoparticles and secondary ALVs-J
antibodies (Ab2) were immobilized onto Fe3O4@GQDs
employed as electroactive probes. After immunocomplex
formation, Cu ions were released from the apoferritin
cavity by immersion in a HCl solution of pH 2, and quantified by differential pulse voltammetry. A high sensitivity
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Fig. 9. Schematic representation of the preparation of Fe3O4@GQDs/Ab2-Cu-apoferritin conjugates (A) and an electrochemical immunosensor for avian leukosis virus subgroup J (ALVs-J) (B). Reproduced from Ref. 55 with permission of Elsevier.

was achieved owing not only to the large surface area of
GQDs thus allowing a large loading of antibodies onto
the Fe3O4@GQDs, but also to the presence of Cu-apoferritin nanoparticles that significantly increased the amount
of electroactive probes. The immunosensor allowed the
determination of ALVs-J over the 102.08 to 104.50
TCID50 (50 % Tissue Culture Infective Dose)/mL range
with a detection limit of 115 TCID50/mL.

7 Conclusion and Outlook
As can be deduced from the results reviewed in this article, other carbon nanomaterials apart from those more
widely used (CNTs and graphene) have been used in the
last years for the construction of electrochemical immunosensors. These less common carbon nanomaterials
allow important achievements to be obtained relative to
the use of the above mentioned more common carbon
nanomaterials. In particular, noticeable improvements in
the efficient immobilization of immunoreagents and in
the sensitivity of the immunoassay can be mentioned. In
this context, it should be also noted the possibility to fabricate a diversity of nanostructured electrode platforms
with tailor made configurations capable of providing
higher selectivity due to electrocatalytic effects. Moreover, the design of nanolabels suitable to amplify the
electrochemical signals leads to significant enhancements
www.electroanalysis.wiley-vch.de

of in sensitivity and, in some cases, makes it possible to
avoid the use of enzymes. However, the use of these
nanomaterials to develop immunoreagents immobilization platforms usually provokes large background currents and elevated signals due to unspecific adsorption.
Therefore, careful optimization work to select the best
experimental conditions for the corresponding immunoassay is required. Furthermore, in some cases, the synthesis
of these nanomaterials is not easy which limits their wide
analytical applicability. It is also worth to mention the relatively high cost of the immunoconjugates preparation
when designing amplification labels, often requiring large
antibody concentrations. On the other hand, more efforts
should be made to explore the genuine analytical potentiality of these strategies by application to complex real
samples. Only thereby, robustness of the approaches and
the true sensitivity and selectivity will be evident. It is
also relevant to state that most of the carbon nanomaterials considered in this review article have found application in the construction of photoelectrochemical (PEC)
sensors relying on photoinduced electron transfer processes at electrode/solution interfaces. PEC sensors have
in common with electrochemical sensors the fundamentals for detection, the type of measured signals, and the
instruments, although also excitation light sources and
photovoltaic materials are required [56]. PEC sensors
have attracted considerable attention in the last years due
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to their high sensitivity, and the combination of electrochemical and PEC detection would be highly interesting
to expand the suitability of the developed immunosensors
as diagnostic tools.

