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This review  is focused  on the  critical  discussion  about  the  most  representative  carbon  nanotubes
(CNTs)-based  electrochemical  (bio)sensors  for the quantification  of  different  biomarkers  of  clin-
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ical  relevance  reported  in  the  period  2013–2017  (carcynoembryonic  antigen,  prostate  specific
antigen,  alpha-fetoprotein,  cytokines,  cardiac  biomarkers,  insulin  growth  factor-1,  �-galactoside-�-2,6-
sialyltransferase, DNA  sequences,  microRNAs,  and  dopamine).  We  concentrated  our  attention  on the
molecules  used  as  (bio)recognition  elements,  the  approaches  for immobilizing  these  (bio)recognition
molecules  at the  electrode  surfaces,  the  strategies  to  generate  the  analytical  signal  (label-free  or  labeled),
the analytical  performance  of  the resulting  (bio)sensors,  and  the  role of CNTs  in these  different  aspects.
iomarkers
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. Introduction

The advent of nanobiotechnology has changed the paradigms
f biosensing due to the unique properties of nanomaterials
1–3]. In particular, after the first carbon nanotubes (CNTs)-based
lectrochemical sensor reported by Britto et al. [4], CNTs have
eceived enormous attention for the development of electrochem-
cal (bio)sensors [5–9]. CNTs are allotropes of carbon that consist
f a graphene sheet rolled into a tube usually capped at both
nds by one half of a fullerene-like molecule [10,11]. Single-walled
arbon nanotubes (SWCNTs) consist of a graphene sheet rolled
efining a cylinder of several microns long and 0.4–2 nm diame-
er while multi-walled carbon nanotubes (MWCNTs) are concentric
nd closed tubules with two or multiple layers of graphene sep-
rated by approximately 0.34 nm defining a diameter between 2
nd 100 nm [12]. CNTs present several advantages mainly con-
ected with their high surface-to-volume ratio, their exceptional
lectronic properties and the presence of edge-plane like defects
hat make them a very interesting material for the construction
f electrochemical (bio)sensors [13–17] in addition to the multi-
le applications in many other fields that are out of the scope of
his review and have been extensively reviewed. However, it is
mportant to remark that, in spite of these excellent characteristics,
NTs must be functionalized either covalently or non-covalently to
inimize the van der Waals forces and �–� stacking interactions

etween the tubes before using them for building electrochemical
ensors [18–24].

Biomarkers are defined by the National Institute of Health as
a characteristic that is objectively measured and evaluated as an
ndicator of normal biological/pathogenic processes or pharma-
ological responses to a therapeutic intervention” [25]. They can
e used for diagnosis, prognosis, risk assessment, evaluation of
herapy effectiveness, and evolution of a disease; therefore, the
etection of very low concentrations of biomarkers is extremely

mportant. In this sense, electrochemical (bio)sensors represent an
nteresting alternative due to their multiple advantages connected

ith high sensitivity, high specificity, low cost, friendly operation,
iniaturization, and portability [8,26,27].
The goal of this review is to present a comprehensive
verview of the most representative CNTs-based electrochemical
bio)sensors for the quantification of biomarkers of clinical rele-
ance covering the period from 2013 to June 2017. In the following
ections, we critically discuss the nature of the (bio)recognition ele-
ent, the preparation of the (bio)recognition layer, the strategy for

able 1
NT-based electrochemical biosensors for carcinoembryonic antigen.

(Bio)sensor type Platform Label Detectio

Immunosensor GCE/Pb(II)
@AuNPs@MWCNTs-
Fe3O4/Ab1

Free Amperom

Immunosensor GCE/GO-cMWCNTs-
AuNPs-CeO2NPs-
Chit/Ab1

Free ECL 

Immunosensor GCE/AuNPs-
Thionine-CNTs/Ab1

Ab2-AuNPs-PANI-
CNTs-HRP

DPV 

Immunosensor GCE/�-CD-
MWCNTs/Ab1

Ab2-MWCNTs-MnO2-
AgNPs

Amperom

Immunosensor GCE/�-CD-
MWCNTs/ADA-Ab1

Ab2-FcCOOH-NH2-�-
CD@Fe3O4@SiO2

SWV  

Immunosensor GCE/NH2-Gr/Ab1 Ab2-NH2-MWCNTs-
PdPtNCs

Amperom

Immunosensor GCE/SnO2-rGO-
AuNPs/Ab1

Ab2-PdNPs-V2O5-
MWCNTs

Amperom

bbreviations: GCE: glassy carbon electrode; AuNPs: gold nanoparticles; MWCNTs: m
xide; cMWCNTs: carboxylated multi-walled carbon nanotubes; CeO2NPs: ceria nanopa
orseradish peroxidase; �-CD: �-cyclodextrin; AgNPs: silver nanoparticles; ADA: adaman
tPdNCs: PdPt nanocages; rGO: reduced graphene oxide; PdNPs: Pd nanoparticles.
ls Today 9 (2017) 566–588 567

transducing the (bio)affinity event, and the analytical performance
of the resulting biosensors for the quantification of the different
biomarkers.

2. Carbon nanotubes-based electrochemical (bio)sensors
for protein biomarkers

2.1. Carcinoembryonic antigen

Carcinoembryonic antigen (CEA) belongs to the family of cell-
surface glycoproteins [28]. It is a complex, highly glycosylated
macromolecule with a molecular weight of 200 kDa, produced by
cells of the gastrointestinal tract during embryonic development
[29]. Since the concentration largely decreases after birth, the lev-
els of CEA should be minimal in the blood of healthy adults (lower
than 2.5 ng mL−1) [30]. Elevated concentrations have been asso-
ciated with ovarian carcinoma, breast and lung cancer [31], and
especially colorectal adenocarcinoma [32]. Thus, CEA is one of
the most widely used tumor biomarkers and its quantification is
extremely useful for evaluating the success of a tumor surgery,
the effectiveness of a cancer therapy, and the recovery prognosis.
Different alternatives have been proposed for the quantification of
CEA [33]. In this section, we  discuss the most representative CNTs-
based CEA electrochemical biosensors published between 2013 and
2017 with special emphasis on the critical comparison of the dif-
ferent bioanalytical platforms for the immobilization of anti-CEA
primary antibody (Ab1) and the different strategies for transducing
the bioaffinity event. Table 1 summarizes the main characteristics
of these biosensors.

Li et al. [34] reported an interesting alternative for the label-
free electrochemical immunosensing of CEA based on the use
of glassy carbon electrodes (GCE) modified with gold nanoparti-
cles (AuNPs)-functionalized magnetic MWCNTs containing Pb(II)
(Pb(II)@AuNPs@MWCNTs-Fe3O4) as platform for the immobiliza-
tion of Ab1 and for the catalytic reduction of hydrogen peroxide. The
association of the different components presented several advan-
tages connected to the increment of the surface area, that made
possible the incorporation of higher amounts of Ab1, and the syn-
ergism in the electrocatalysis toward the reduction of hydrogen

peroxide, that allowed an important enhancement of the analyti-
cal signal. The immunosensor presented a wide linear relationship
between H2O2 reduction current and log CCEA (0.0005 pg mL−1

to 50 ng mL−1), with a detection limit of 1.7 fg mL−1. No appre-
ciable interference was  observed in the presence of human

n Linear range Detection limit Sample Ref.

etry 5 fg mL−1 to 50 ng mL−1 1.7 fg mL−1 Serum [34]

0.05–100 ng mL−1 0.02 ng mL−1 Serum [35]

0.02–3.0 ng mL−1 0.008 ng mL−1 Serum [36]

etry 0.0001–0.5 ng mL−1 0.03 pg mL−1 Serum [37]

0.001–15 ng mL−1 0.33 pg mL−1 — [38]

etry 0.001–20 ng mL−1 0.2 pg mL−1 Serum [39]

etry 0.5 pg mL−1 to 25 ng mL−1 0.17 pg mL−1 Serum [40]

ulti-walled carbon nanotubes; Ab1: anti-CEA primary antibody; GO: graphene
rticles; Chit: chitosan; Ab2: anti-CEA secondary antibody; PANI: polyaniline; HRP:
tine carboxylic acid; FcCOOH: ferrocene carboxylic acid; NH2-Gr: amino graphene;
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 immunoglobin (IgG), alpha-fetoprotein (AFP), bovine serum
lbumin (BSA), glucose, and ascorbic acid. Pang et al. [35] reported
nother interesting label-free CEA immunosensor based on electro-
hemiluminescent (ECL) detection. They proposed a bioanalytical
latform obtained by modification of GCE with graphene oxide
GO), carboxylated MWCNTs (cMWCNTs) and AuNPs function-
lized with ceria nanoparticles (CeO2NPs) dispersed in chitosan
Chit). The transduction of the biorecognition event was performed
n the presence of K2S2O8 from the decrease of the ECL originated
fter interaction with CEA, with a detection limit of 0.02 ng mL−1.
lthough the detection limit was not very competitive compared

o other biosensors, this immunosensor demonstrated to be stable,
elective (no interference of prostatic specific antigen (PSA), BSA,
nd AFP), with potential application in serum samples (recoveries
etween 98.9 and 102.6%).

Another group of CNTs-based CEA electrochemical immunosen-
ors relied on the use of an anti-CEA secondary antibody (Ab2)
onjugated with different labels to amplify the detection of the
ioaffinity event. In the following paragraphs, we compare the most
epresentative strategies for the sandwich-type immunosensing,
ith special emphasis on the characteristics of Ab2-tags and

he transduction of the immunosensing event. Feng et al. [36]
eported the use of AuNPs and thionine-functionalized CNTs as
latform for the attachment of Ab1. The label was  obtained by
eposition of AuNPs at polyaniline (PANI)-modified CNTs fol-

owed by the immobilization of horseradish peroxidase (HRP)
nd Ab2. AuNPs and CNTs were used to improve the charge
ransfer and allow the “communication” between the active site
f HRP, the redox mediator and the base electrode while PANI
as responsible for higher loadings of CNTs, AuNPs, and HRP.

he analytical signal was obtained by differential pulse voltam-
etry (DPV) from the electrochemical response of thionine in

he presence of hydrogen peroxide. The authors reported a lin-
ar range between 0.02 and 3.0 ng mL−1 and a detection limit of
.008 ng mL−1. Special mention deserves the strategy reported by
an et al. [37], which was focused on the use of host–guest interac-

ion for the immobilization of Ab1. They proposed a sandwich-type
mmunosensor using GCE modified with MWCNTs functional-

zed with �-cyclodextrin (�-CD) (�-CD-MWCNTs) as support for
b1. The sandwich assay was performed with MWCNTs modi-
ed with MnO2 and silver nanoparticles (AgNPs) containing Ab2.

n this supramolecular architecture, �-CD-MWCNTs improved the
onductivity of the platform and facilitate the anchoring of Ab1.

Fig. 1. Schematic illustration of the sandwich-type electrochemi
eproduced from Ref. [39] with permission of The Royal Society of Chemistry.
ls Today 9 (2017) 566–588

AgNPs-MWCNTs/MnO2 not only supports Ab2 but also allowed
a large improvement in the analytical signal. In fact, AgNPs and
MnO2 presented an important catalytic effect on the reduction
of hydrogen peroxide, largely contributing to the efficiency of
the analytical performance: linear relationship from 0.0001 to
0.5 ng mL−1, detection limit of 0.02 pg mL−1, highly satisfactory
recovery percentages in serum samples, and reproducibility of 4.2%.
Using a similar scheme, Yan et al. [38] reported a very innovative
sandwich-type immunosensor using a supramolecular architec-
ture where both Ab1 and Ab2 were loaded through host–guest
interactions. In this case, Ab1 functionalized with adamantine
carboxylic acid (ADA) was associated to �-CD-MWCNTs modi-
fied GCE through the host–guest association between �-CD and
ADA bond to Ab1. Ab2 functionalized with ferrocene carboxylic
acid (FcCOOH) was associated to the tag-bioconjugate through
host–guest interaction with amino-�-CD@Fe3O4@SiO2 (NH2-�-
CD@Fe3O4@SiO2-FcCOOH-Ab2). The analytical signal was obtained
from the reduction of hydrogen peroxide catalyzed by Fe3O4. The
authors reported a linear range comparable (0.001–15 ng mL−1)
and a detection limit higher (0.33 pg mL−1) than those obtained for
the sensor previously described, suggesting that the combination
of MnO2 and AgNPs was more efficient for the catalytic reduction
of hydrogen peroxide.

Other interesting approaches were focused on the integration
of CNTs to the label instead of to the primary platform. Li et al.
[39] proposed a labeled assay of CEA using GCE modified with
amino-graphene (NH2-Gr) and Ab1 via EDC/NHS chemistry, where
Gr increased the surface area, improved the conductivity of the plat-
form and worked as support for attaching Ab1. The label was  very
original and relied on the use of Ab2 bound to NH2-MWCNTs mod-
ified with PdPt nanocages (PdPtNCs) (Fig. 1). The association of Pd
and Pt made possible an excellent electrocatalytic activity toward
the reduction of hydrogen peroxide, offering a simple, fast, and
efficient analytical performance with characteristics comparable to
those reported by Yan et al. [38]. Another sensor was  obtained by
dropping a dispersion of SnO2/reduced graphene oxide (SnO2/rGO)
nanocomposite at GCE followed by the deposition of AuNPs at the
resulting electrode [40]. SnO2/rGO was  used to increase the surface

area and, consequently, the amount of AuNPs and Ab1. The label was
prepared by using PdNPs associated with V2O5-modified MWC-
NTs and Ab2. The analytical signal was  obtained from the catalytic
reduction of hydrogen peroxide at −0.400 V, largely enhanced
due to the synergic effect of MWCNTs, V2O5, and PdNPs. Under

cal immunosensor fabrication process for detection of CEA.
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hese conditions, the biosensor presented a linear range between
.5 pg mL−1 and 25 ng mL−1 and a detection limit of 0.17 pg mL−1,
ffering the widest linear range of the biosensors reported here
nd a detection limit comparable to previous reports. Recovery
tudies using serum samples demonstrated the potentiality of
he proposed biosensor for further application in clinical analysis.
he authors also evaluated the label-free response of the biosen-
or using only the primary platform (GCE/rGO-SnO2/AuNPs/Ab1);
owever, the analytical performance was not as good as for the

abeled one, mainly due to a less efficient catalytic activity of the
latform on the reduction of hydrogen peroxide.

.2. Prostate specific antigen

Prostate specific antigen (PSA) is a protein of 240 amino acids
nd 34 kDa that belongs to the glandular kallikrein proteins fam-
ly and it is currently considered the best serum marker for the
etection of prostate cancer. The literature suggests that PSA val-

es over 1.5 ng mL−1 should be used as a cut-off to consider
urther testing for all age groups and as a predictor of future
isk of malignancy [41]. In this section, we present the most rel-
vant strategies for PSA electrochemical (bio)sensing based on
he use of CNTs either in the biorecognition platform or as label,

able 2
NT-based electrochemical biosensors for prostate specific antigen.

(Bio)sensor type Platform Label Det

Immunosensor GCE/cMWCNTs/PDDA/CeO2NSs/Ab1Free DPV
Immunosensor GCE/MWCNTs-

[C4mpyr][NTf2]-Chit/AuNPs-
PAMAM/thionine/Ab1

Free
Ab2-HRP

EIS
DPV

Immunosensor GCE/MWCNTs-
[C4mpyr][NTf2]/thionine/Ab1

Ab2-HRP DPV

Immunosensor GCE/MWCNTs/Ab1 Ab2-AuNPs-Fc DPV
Immunosensor GCE/cMWCNTs/Ab1 Ab2-AuNPs LSV

Immunosensor GCE/MWCNTs-
Naf/(Ru(bpy)3

2+)/Ab1

Ab2-pDA-NSs ECL

Immunosensor GCE/MWCNTs-pDA-AuNPs/Ab1 Ab2-PAMAM-A1/A1-
His/A2-Ru(dcbpy)3

2+
ECL

Immunosensor SPE/PtNPs-AuNPs/Ab1 Ab2-ZnOQDs-MWCNTs ECL

Immunosensor GCE/rGO-AuNPs/Ab1 Ab2-rGO-MWCNTs-
PdNPs

Am

Immunosensor GCE/AuNPs/Ab1 Ab2-MWCNTs-
PdAgHDs

Am

Immunosensor GCE/AuNPs/Ab1 Ab2-NiCoBP-MWCNTs DPV
Peptide sensor GCE/MWCNTs-

PAMAM/peptide/DSP-AuNPs-
SiO2/AgNPs

Free LSV

Peptide sensor GCE/MWCNTs-PAMAM-
AuNPs/GA/peptide-AuNRs

Free ECL

Aptasensor GCE/MWCNTs-Chit/GA/S1-
S2/MB

Free DPV

Aptasensor GCE/MWCNTs-
ERGO/AuNPs/Aptamer

Free DPV
EIS

MIPsensor PGE/MWCNTs-MnNPs/MIP Free SW
DPV

bbreviations: GCE: glassy carbon electrode; cMWCNTs: carboxylated multi-walled carb
esoporous nanospheres; Ab1: anti-PSA primary antibody; DPV: differential pulse vol
ethylpyrrolidinium-bis(trifluoromethylsulfonyl)imide ionic liquid; Chit: chitosan; Au

econdary antibody; HRP: horseradish peroxidase; EIS: electrochemical impedance spe
oly(dopamine) nanospheres; ECL: electrochemiluminescence; pDA: poly(dopamine); A
rinted  electrode; PtNPs: platinum nanoparticles; ZnOQDs: ZnO quantum dots; rGO: red
eterodimers; DSP: dithiobis(succinimidylpropionate); SiO2: SiO2 particles; AgNPs: silv
robe;  S2: PSA-aptamer probe; MB:  methylene blue; ERGO: electrochemically-reduced g
IP:  molecular imprinted polymer.
ls Today 9 (2017) 566–588 569

involving bioaffinity (immunosensors and aptasensors) or affinity
(molecularly imprinted polymers (MIP)-based sensors) interac-
tions. Table 2 summarizes the most relevant characteristics of these
platforms reported in the period covered by the review.

Peng et al. [42] developed a label-free immunosensor based
on the layer-by-layer self-assembly of carboxylated MWC-
NTs (cMWCNTs), poly(dimethyldiallylammonium chloride)
(PDDA), and ceria mesoporous nanospheres (CeO2NSs) and the
covalent immobilization of anti-PSA primary antibody (Ab1).
The transduction of the biorecognition event was performed
by DPV through the decrease in the oxidation current of o-
phenylenediamine (OPD) catalyzed by CeO2NSs. The authors
reported a very low detection limit (4 fg mL−1) with a lin-
ear response from 0.01 to 1000 pg mL−1. Kavosi et al. [43]
proposed the use of a GCE modified with a composite made
of MWCNTs, the ionic liquid 1-butyl-methylpyrrolidinium-
bis(trifluoromethylsulfonyl)imide ([C4mpyr][NTf2]) and Chit
(MWCNTs-[C4mpyr][NTf2]-Chit) as support for the subsequent
immobilization of AuNPs decorated with polyamidoamine den-
drimer (AuNPs-PAMAM), thionine, and Ab1. The label-free PSA

detection was  performed by electrochemical impedance spec-
troscopy (EIS) using [Fe(CN)6]3−/4− as redox indicator through the
increase in the charge transfer resistance (Rct) produced after PSA
interaction.

ection Linear range Detection limit Sample Ref.

 0.01–1000 pg mL−1 4 fg mL−1 Plasma [42]
EIS: up to 25 ng mL−1

DPV: 0.05–2 ng mL−1
EIS:
0.5 ng mL−1

DPV: 1 pg mL−1

Serum [43]

 0.2–1 ng mL−1 20 pg mL−1 Serum and
biopsies

[44]

 0.01–100 ng mL−1 5.4 pg mL−1 Serum [45]
 0.18 fg mL−1 to

450 ng mL−1
0.1 fg mL−1 Serum [46]

 0.1 pg mL−1 to
20 ng mL−1

35 fg mL−1 Serum [47]

 0.01 pg mL−1 to
40 ng mL−1

4.2 fg mL−1 Serum [48]

 1 pg mL−1 to
500 ng mL−1

0.61 pg mL−1 Serum [49]

perometry 0.0005–15 ng mL−1 0.17 pg mL−1 Serum [50]

perometry 0.0001–30 ng mL−1 0.03 pg mL−1 Serum [51]

 0.1–50 ng mL−1 0.035 ng mL−1 Serum [52]
 0.001–30 ng mL−1 0.7 pg mL−1 Serum [53]

 0.1 pg mL−1 to
10 ng mL−1

30 fg mL−1 Serum [54]

 0.85–12.5 ng mL−1 0.75 ng mL−1 Serum [55]

DPV: 0.005–20 ng mL−1

EIS: 0.005–100 ng mL−1
DPV: 1 pg mL−1

EIS: 1 pg mL−1
Serum [56]

V SWV: 0.99 fg mL−1 to
5.99 pg mL−1

DPV: 9.99 fg mL−1 to
9.99 pg mL−1

SWV:
0.25 fg mL−1

DPV:
3.04 fg mL−1

Serum,
urine, and
forensic
samples

[57]

on nanotubes; PDDA: poly(diallyldimethylammonium chloride); CeO2NSs: ceria
tammetry; MWCNTs: multi-walled carbon nanotubes; [C4mpyr][NTf2]: 1-butyl-
NPs: gold nanoparticles; PAMAM: poly(amidoamine) dendrimer; Ab2: anti-PSA
ctroscopy; Fc: ferrocene; LSV: linear sweep voltammetry; Naf: nafion; pDA-NSs:
1: auxiliary DNA probe 1; His: histidine; A2: auxiliary DNA probe 2; SPE: screen-
uced graphene oxide; PdNPs: palladium nanoparticles; PdAgHDs: palladium-silver
er nanoparticles; GA: glutaraldehyde; AuNRs: gold nanorods; S1: ssDNA capture
raphene oxide; PGE: pencil graphite electrode; MnNPs: manganese nanoparticles;
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The strategies based on the use of an amplification step
nvolving a labeled anti-PSA secondary antibody (Ab2) demon-
trated to be very competitive. Kavosi et al. [43] reported the use of
he biorecognition platform previously described (GCE/MWCNTs-
C4mpyr][NTf2]-Chit/AuNPs-PAMAM/thionine/Ab1) associated to
b2 labeled with HRP. In this case, the analytical signal was
btained from the DPV peak current of thionine in the pres-
nce of hydrogen peroxide. The authors reported wider linear
ange and lower detection limit (pg mL−1 level) than in the case
f the label-free impedimetric approach previously described,
ue to the catalytic activity of AuNPs toward thionine. More-
ver, the proposed immunosensor was successfully used for
SA detection in serum samples with excellent precision and
ccuracy. The same group proposed another sandwich-type
mmunosensing strategy based on identical Ab2-tag and MWCNTs-
C4mpyr][NTf2]/thionine/Ab1 as biorecognition platform [44].
owever, in this case the analytical performance was  poorer due to

he absence of AuNPs, responsible for the catalytic activity toward
he reduction of hydrogen peroxide, and PAMAM, responsible for
he efficient immobilization of the biorecognition element. It is
mportant to remark that the proposed biosensor allowed the quan-
ification of PSA not only in serum samples but also in biopsies.
ang et al. [45] reported an Ab2 labeled with AuNPs and ferrocene
Fc) to develop a sandwich-type immunosensor using MWCNTs-

odified GCE as platform for attaching Ab1. The DPV signal of the
nchored Fc allowed the quantification of PSA between 0.01 and
00 ng mL−1, with a detection limit of 5.4 pg mL−1. Qin et al. [46]
eveloped an approach based on an ultrasensitive sandwich-type

mmuno-interface using cMWCNTs-modified GCE as support for
he covalent immobilization of Ab1 via EDC/NHS chemistry and
b2 labeled with gold-stained AuNPs. The analytical signal was
btained by anodic stripping voltammetry after the simultaneous
hemical dissolution and cathodic preconcentration of the gold
resent in the supramolecular architecture. The analytical perfor-
ance of this PSA biosensor was the best among the CNTs-based

SA electrochemical (bio)sensors reported in the period covered
y this review, showing the lowest detection limit (0.1 fg mL−1)
nd the widest linear range (from 0.18 fg mL−1 to 450 ng mL−1). Liu
t al. [47] developed a sandwich-type ECL immunosensor based
n the use of Ab1 immobilized at GCE modified with MWCNTs
nd Ru(bpy)3

2+ and Ab2 labeled with poly(dopamine) nanospheres
pDA-NSs). The efficient quenching ability of pDA-NSs allowed the
uthors to obtain a very good analytical performance, with a lin-
ar range from 0.1 pg mL−1 to 20 ng mL−1 and a detection limit of
5 fg mL−1. Another CNTs-based PSA immunosensor relied on the
se of a GCE modified with MWCNTs, AuNPs, and poly(dopamine)
pDA) as platform for the immobilization of Ab1 [48]. The Ab2
ioconjugate involved a PAMAM dendrimer to immobilize a super-
andwich DNA structure, Ru(dcbpy)3

2+, and histidine to greatly
mplify the ECL signal. The authors reported a very compet-
tive detection limit (4.2 fg mL−1) and a linear range between
.01 pg mL−1 and 40 ng mL−1 with successful application in spiked
ormal human serum samples.

CNTs have also been used as label of Ab2. As example, Liu
t al. [49] presented an Ab2 label constituted by MWCNTs and
nO quantum dots (ZnOQDs). The biorecognition platform was
uilt at screen printed electrodes (SPE) modified with AuNPs and
latinum nanoparticles (PtNPs) used as support for the immobi-

ization of Ab1. This platform allowed the ECL detection of PSA
n a wide linear range (from 1 pg mL−1 to 500 ng mL−1) with

 detection limit of 0.61 pg mL−1. Tian et al. [50] reported a

andwich-type immunosensor obtained by modification of GCE
ith rGO, AuNPs, and Ab1, using Ab2 labeled with MWCNTs, rGO,

nd palladium nanoparticles (PdNPs) (rGO-MWCNTs-PdNPs) as
mplification layer. The nanohybdrid rGO-MWCNTs-PdNPs exhib-
ted high electrocatalytic activity toward the reduction of H2O2
ls Today 9 (2017) 566–588

largely amplifying the signal of the immunosensor. The bioplatform
allowed the amperometric quantification of PSA at sub-pg mL−1

level. More recently, the same group [51] presented a sandwich-
type immunosensor based on the use of a GCE modified with AuNPs
as support for the immobilization of Ab1 and Ab2 labeled with
a nanohybrid of MWCNTs and Pd-Ag heterodimers (PdAgHDs).
The amperometric detection of H2O2 led to a competitive detec-
tion limit (0.03 pg mL−1) and a linear range broader than the
previous one [50]. Zhang et al. [52] developed a sandwich-type
immunosensor based on GCE modified with AuNPs as support for
Ab1 immobilization and Ab2 labeled with NiCoBP-MWCNTs via car-
bodiimide coupling method. The analytical signal was obtained
by DPV from the catalytic oxidation of glucose in the presence of
NiCoBP nanoparticles. The preparation of this sensor was relatively
simple although the analytical performance was not as good as the
previous ones, indicating the importance of the catalyst selected
for labeling Ab2.

In addition to the successful immunosensing of PSA, affin-
ity biosensors based on the use of PSA specific peptides have
been also reported. In a very innovative approach, He et al.
[53] proposed the use of the peptide CEHSSKLQLAK-NH2 for
the biorecognition of PSA. The scheme for the different steps
during the preparation of the biosensor is shown in Fig. 2.
The peptide was attached to the surface of a MWCNTs-PAMAM
modified GCE (GCE/MWCNTs-PAMAM) via cross-linking with
N-succimnimidyl-3-(2-pyridyldithiol)propionate (SPDP). Subse-
quently, the dithiobis(succinimidylpropionate)(DSP)-AuNPs-SiO2
conjugate, used as tracing tag, was  covalently bond to the pep-
tide via the interaction between DSP and the amino group of the
peptide. Once the recognition PSA-peptide occurred, the peptide
was specifically cleaved resulting in the loss of the tracing tag.
Further in situ deposition of silver on the remaining DSP-AuNPs-
SiO2 nanohybrids made possible the sensitivity quantification of
PSA, with a linear range between 0.001 and 30 ng mL−1 and a
detection limit of 0.7 pg mL−1. The biosensor showed satisfactory
recoveries in human blood serum samples spiked with different
concentrations of PSA. Wu  et al. [54] reported an ECL biosen-
sor based on resonance energy transfer (RET) for detecting PSA
using [Ru(bpy)3]2+. The platform constituted by a film of MWCNTs,
PAMAM, and AuNPs, offered a very active surface for the charge
transfer and a high density of amine groups for the immobiliza-
tion of the specific peptide CHSSKLQK labeled with gold nanorods
(AuNRs). The peptide worked as ECL-RET acceptor due to the excel-
lent overlap between the ECL emission spectrum of [Ru(bpy)3]2+

and the absorption spectrum of AuNRs, producing a decrease of
the ECL signal. The interaction of the peptide with PSA produced the
cleavage of the peptide and the release of AuNRs-peptide, allowing
the recovery of the ECL signal. Using this approach, the detection
limit was 30 fg mL−1 demonstrating an interesting improvement
compared to the PSA-peptide based biosensor described by He et al.
[53].

In addition to the interesting immunosensing and peptide-
based strategies previously discussed, innovative approaches based
on aptamers (the so-called “chemical antibodies”) as PSA biorecog-
nition elements have been also proposed. For example, Tahmasebi
and Noorbakhsh [55] prepared a label-free aptasensor for PSA
quantification based on the use of MWCNTs modified with Chit
for the covalent attachment of ssDNA probe (S1) as capture ele-
ment of the PSA-aptamer (S2). The analytical signal was obtained
from the response of the redox indicator methylene blue (MB)
originated from the preferential affinity of MB  to S1, compared

to the hybrid probe/aptamer (S1-S2), and the higher affinity of
the aptamer toward PSA, compared to its complementary DNA
sequence. As a result of this play of affinities, the response for MB
increased with the concentration of PSA, showing a linear range
from 0.85 to 12.5 ng mL−1 and a detection limit of 0.75 ng mL−1.
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Fig. 2. Schematic diagram of the electrochemical-p
eprinted from Ref. [53]. Copyright 2015 American Chemical Society.

eydari-Bafrooei and Shemszadeh [56] prepared a label-free
SA-aptasensor that relied on the use of a GCE modified with an
lectrochemically reduced GO (ERGO), MWCNTs, and AuNPs for the
mmobilization of the anti-PSA aptamer. The detection was based
n the variation of charge transfer resistance (Rct) (by EIS) and
eak currents (by DPV) using [Fe(CN)6]3−/4− as redox marker. The
ssociation of ERGO, MWCNTs, and AuNPs allowed an important
mprovement in the analytical characteristics of the biosensor with
inear ranges from 0.005 to 20 ng mL−1 and 0.005 to 100 ng mL−1

or DPV and EIS, respectively, and detection limits of 1 pg mL−1

n both cases. Even when these aptasensors do not represent an
mprovement in the analytical performance, they offer an inter-
sting alternative for building PSA biosensors due to the known
dvantages of aptamers compared to antibodies.

Finally, it is important to describe another strategy for PSA quan-
ification focused on the use of CNTs as a support matrix for the
reparation of MIPs. Patra et al. [57] described a PSA sensor with

 very interesting transduction of the recognition event through
he use of a three-dimensional MIP  matrix synthesized at a pencil

raphite electrode (PGE) modified with MWCNTs decorated with
nO2 nanoparticles (MnO2NPs) functionalized with thio-group to
ake a nano-iniferter. This nano-iniferter was  used as platform

o synthesize the MIP  by a controlled radical polymerization tech-
ique using PSA as template. The binding sites in the outer layer
 biosensor fabrication process for detection of PSA.

of the polymer grafted over the CNTs improved the accessibility of
the antigen and allowed the construction of a label-free sensor for
the detection of PSA based on the direct reduction of the disulfur
bonds of the captured PSA. The detection limits were 0.25 pg mL−1

and 3.04 pg mL−1 by SWV  and DPV, respectively. The proposed sen-
sor demonstrated an excellent selectivity and it was successfully
used for PSA detection in human blood serum, urine, and forensic
samples without any cross-reactivity, at the same time that offered
a very particular transduction of the biorecognition event without
involving additional reagents or labels.

2.3. Alpha-fetoprotein

Alpha-fetoprotein (AFP) is a plasma oncofetal glycoprotein with
a molecular weight of approximately 70 kDa mainly produced by
liver, yolk sac, and gastrointestinal tract of human fetus [58–60].
It is genetically and structurally related to albumin and it presents
physicochemical properties similar to this protein. In fact, in the
embryo, AFP has a biological role similar to the one of albumin in the

adult [61]. The average concentration in healthy adults is around
3.4 ng mL−1 while the newborns present higher levels of AFP up
to the first year of life. In pregnant women, AFP is an important
marker for the detection of neural tube and ventral wall defects. Ele-
vated levels of AFP have been found in patients with hepatocellular
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Table  3
CNT-based electrochemical biosensors for alpha-fetoprotein.

(Bio)sensor type Platform Label Detection Linear range Detection limit Sample Ref.

Immunosensor SPE/cSWCNTs/WGA-
Ab1

— EIS 0.001–0.1 ng mL−1 1 × 10−4 ng mL−1 Serum [68]

Immunosensor cSWCNTs/TMCS-MPS-
Ab1

— DPV 0.1–100 ng mL−1 0.06 ng mL−1 — [69]

Immunosensor GCE/PB/SWCNTs-
PLL/HRP-Ab1

— DPV 0.05–10.0 ng mL−1 0.011 ng mL−1 Serum [70]

Immunosensor GCE/MWCNTs-�-CD-
FcCOOH-Ab1

Ab2-ADA-�-CD-AgNPs-
GOx-ADA

SWV  0.001–5.0 ng mL−1 0.2 pg mL−1 Serum [64]

Immunosensor GCE/pDA-N-MWCNTs-
Ab1

Ab2-Au@Pt-NH2-Gr Amperometry 0.1 pg mL−1 to 10 ng mL−1 0.05 pg mL−1 — [71]

Immunosensor GCE/MWCNTs/AuNRs/Ab1 Ab2-AuNRs-HRP DPV 0.1–100 ng mL−1 30 pg mL−1 Serum [62]
Immunosensor GCE/cMWCNTs-Ab1 Ab2-Fe3O4@C@Pd Amperometry 0.5 pg mL−1 to 10 ng mL−1 0.16 pg mL−1 Serum [72]
Immunosensor GCE/AuNPs-Ab1 Ab2-Fe3O4-

MWCNTs@Au@Pb(II)
Amperometry 10 fg mL−1 to 100 ng mL−1 3.33 fg mL−1 Serum [73]

Immunosensor GCE/Gr-�-CD-Ab1 Ab2-MWCNTs-Pt@CuO Amperometry CV 1 pg mL−1 to 20 ng mL−1 0.33 pg mL−1 Serum [74]
Immunosensor GCE/AuNPs-MPTS-Ab1 Ab2-thionine-HRP/AuNPs-

PDDA-MWCNTs
DPV 0.01–50 ng mL−1 3 pg mL−1 Serum [75]

Immunosensor AuE/AuNPs-Ab1 Ab2-MWCNTs-PDDA-
AuNPs-Pb(II)

SWV  0.01–60 ng mL−1 4.5 pg mL−1 Serum [76]

Immunosensor GCE/nano-Au film-Ab1 Ab2-cMWCNTs-PdNPs-
GOx&HRP

ECL up to 100 ng mL−1 3.3 fg mL−1 Serum [77]

Immunosensor GCE/CNTs@PNFs/Chit-
Ab1

— ECL 0.1 pg mL−1 to 160 ng mL−1 0.09 pg mL−1 — [78]

Abbreviations:  AFP: alpha-fetoprotein; SPE: screen-printed carbon electrode; cSWCNTs: carboxylated single-walled carbon nanotubes; WGA: wheat-germ agglutinin lectin;
Ab1: anti-AFP primary antibody; EIS: electrochemical impedance spectroscopy; TMCS: trimethylchlorosilane; MPS: mesoporous silica; DPV: differential pulse voltammetry;
GCE:  glassy carbon electrode; PB: Prussian blue; SWCNTs: single-walled carbon nanotubes; PLL: polylysine; HRP: horseradish peroxidase; �-CD: cyclodextrin; FcCOOH:
f oxylic
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errocene carboxylic acid; Ab2: anti-AFP secondary antibody; ADA: adamantine carb
WCNTs: N-doped multi-walled carbon nanotubes; NH2-Gr: amino-graphene; AuN

anoparticles; MPTS: 3-mercaptopropyl trimethoxysilane; PDDA: poly(diallyldimet
anoparticles; SWV: square wave voltammetry; PNFs: nanofiber; Chi: chitosan, ECL

arcinoma (HCC) and yolk sac-derived germ cell tumors, benign
iver diseases (hepatitis and cirrhosis), and less frequently in
atients with other tumors [61–63]. AFP is an important biomarker
or the early diagnosis and monitoring of HCC and it is widely used
or monitoring anti-neoplastic drug therapy in patients with HCC or
erminal neoplasm [60,61]. Several methods have been developed
or the detection of AFP [59,64–66]; among them, electrochemi-
al biosensors have received enormous attention in the last years
ue to their known advantages [58,63,67]. Table 3 summarizes
he analytical characteristics of recent CNTs-based electrochemical
iosensors for the quantification of AFP, either label-free or labeled
ith different tags.

Yang et al. [68] developed a label-free glycobiosensor obtained
y covalent immobilization of wheat-germ agglutinin (WGA)

ectin at SPE modified with carboxylated SWCNTs (cSWCNTs). The
ncrease in Rct with the amount of AFP was used as analytical
ignal. The detection limit was 0.1 ng mL−1 and the linear range,
–100 ng mL−1. The lectin-based biosensor was also used to evalu-
te the glycan expression of AFP (AFP N-glycan) in serum samples
o discriminate between healthy and cancer patients. Lin et al. [69]
roposed a sensitive label-free detection of AFP using a biosensor
repared by covalent attachment of cSWCNTs and anti-AFP pri-
ary antibody (Ab1) inside the channels of mesoporous silica (MSP)

reviously grafted with aminopropylethoxysilane. The conju-
ate anti-AFP/cSWCNTs/TMCS–MPS (where trimethylchlorosilane
TMCS) was used to block the external silanol groups of MSP) and
r were immobilized at the electrode surface through a layer-by-

ayer self-assembly using polyvinyl alcohol as binding agent. The
lectrochemical response of the redox mediator FcCOOH, that was
mproved by the CNTs located inside the porous and the Gr present
t the electrode surface, was used as analytical signal through the

hanges produced by the blocking effect of AFP. This immunosen-
or presented a detection limit of 0.06 ng mL−1 and a linear range
rom 0.1 to 100 ng mL−1. Wang et al. [70] reported a label-free AFP
nmunosensor based on a Prussian blue (PB) film-modified GCE
oated with SWCNTs functionalized with polylysine (PLL-SWCNTs)
 acid; GOx: glucose oxidase; AgNPs: silver nanoparticles; pDA: poly(dopamine); N-
ld nanorods; cMWCNTs: carboxylated multi-walled carbon nanotubes; AuNPs: gold
monium chloride); AuE: gold electrode; CV: cyclic voltammetry; PdNPs: palladium
trochemiluminescence.

as a biocompatible platform to immobilize Ab1 modified with HRP.
The catalytic current of H2O2 obtained by DPV was  linearly related
to AFP concentration in the range of 0.05–10.0 ng mL−1 with a
detection limit of 0.011 ng mL−1. The immunosensor was success-
fully used for the determination of AFP in human blood plasma.

Regarding the sandwich-type immunosensors, several strate-
gies have been reported for the quantification of AFP. Gao et al.
[64] proposed a very innovative approach based on host–guest
interaction. Fig. 3 displays the different steps followed during
the preparation of the biosensor. A GCE modified with MWC-
NTs functionalized with �-CD and FcCOOH was  used for the
covalent attachment of Ab1. Ab2 labeled with ADA was attached
to glucose oxidase (GOx)-�-CD-functionalized AgNPs and the
resulting conjugate transformed glucose into gluconic acid, gen-
erating hydrogen peroxide, which was  catalytically reduced by
AgNPs, highly improving the oxidation of FcCOOH. The fabricated
immunosensor was very competitive, exhibiting high sensitiv-
ity, a linear range from 0.001 to 5.0 ng mL−1 and detection of
sub-pg mL−1 levels (detection limit of 0.2 pg mL−1). Jiao et al.
[71] reported a dual enhancing sandwich-type electrochemical
immunosensor using a GCE modified with N-doped MWCNTs
(N-MWCNTs) functionalized with pDA as support for the immobi-
lization of Ab1. The transduction of the signal was  performed using
Ab2 labeled with NH2-Gr loaded with mesoporous Au@Pt nanoden-
drites. The electrocatalytic reduction of hydrogen peroxide at this
surface was used as analytical signal. This relatively simple strat-
egy allowed the authors to obtain a very competitive detection limit
(0.05 pg mL−1). Guo et al. [62] proposed an immunosensor obtained
by assembling CNTs and AuNRs for the immobilization of Ab1,
using Ab2 labeled with HRP-functionalized AuNRs nanocompos-
ites (HRP-AuNRs) for the immunodetection of PSA. The analytical

′ ′
signal was obtained by DPV using H2O2 as substrate and 3,3 ,5,5 -
tetramethylbenzidine (TMB) as redox mediator. There was a linear
response between 0.1 and 100 ng mL−1 with a detection limit of
30 pg mL−1. Ji et al. [72] proposed a biorecognition platform pre-
pared by immobilization of Ab1 at GCE modified with cMWCNT,
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Fig. 3. Schematic illustration of the electrochemica
eprinted from Ref. [64], Copyright (2015), with permission from Elsevier.

sing a core-shell Fe3O4@C@Pd nanocomposite as label for Ab2.
he amperometric detection of H2O2 largely improved due to the
resence of Pd nanoparticles, allowing to reach a detection limit
f 0.16 pg mL−1 and a linear range from 0.5 pg mL−1 to 10 ng mL−1

ith good selectivity, reproducibility, and stability.
CNTs have also been used as labels of Ab2. Li et al. [73] reported

 sandwich-type electrochemical immunosensor that allowed to
btain the lowest detection limit from the CNTs-based AFP elec-
rochemical (bio)sensors published between 2013 and 2017. The
trategy was based on the immobilization of Ab1 at GCE modified by
lectrodeposition of AuNPs, and the use of (Pb(II)@Au@MWCNTs-
e3O4) nanocomposite as label for Ab2. The association of the
ifferent components of this nanocomposite demonstrated a syn-
rgic effect on the electrocatalytic activity toward the reduction
f H2O2 giving a linear range between 10 fg mL−1 and 100 ng mL−1

nd a detection limit of 3.33 fg mL−1. Jiang et al. [74] designed a

andwich-type electrochemical immunosensor for AFP, using �-CD
unctionalized Gr (Gr-�-CD) to capture efficiently Ab1. Pt@CuO-

WCNTs was used as support of Ab2 and catalyst for the reduction
f hydrogen peroxide. The electrocatalytic reduction of hydrogen
unosensor fabrication process for detection of AFP.

peroxide was  monitored by amperometry giving a linear range
from 1 pg mL−1 to 20 ng mL−1 and a detection limit of 0.33 pg mL−1.
Yang et al. [75] proposed the immobilization of Ab1 at AuNPs-
(3-mercaptopropyl) trimethoxysilane (AuNPs-MPTS) and the use
of Ab2 labeled with HRP and thionine (Ab2-thionine-HRP) bond
to AuNPs-functionalized MWCNTs nanocomposite. AuNPs-MPTS
increased the surface area and improved the capture of a larger
amount of Ab1. The catalytic peak current of thionine in the
presence of H2O2 was  used as analytical signal. The proposed
sensing strategy provided a stable, selective, and reproducible
response with a detection limit of 3 pg mL−1. Feng et al. [76]
developed a sandwich-type electrochemical immunosensor for
simultaneous detection of CEA and AFP based on the use of mod-
ified AuNPs as platform for immobilizing the primary antibodies
corresponding to each biomarker and AuNPs-decorated MWCNTs
(AuNPs@MWCNTs) as carriers to immobilize a large amount of the

both Ab2 and the two metallic tags, Pb(II) and Cd(II). The mul-
tiplexed immunoassay exhibited good sensitivity and selectivity
with excellent linear ranges and detection limits for both ana-
lytes (detection limits of 3.0 pg mL−1 for CEA and 4.5 pg mL−1 for



5 ateria

A
r
f
s

e
f
e
l
t
a
w
a
[
b
s
p
d

2

s
i
d
t
C
t

t
m
t
r
I
b
r
S
f
b
C
M
C
o
c
r
l
[
T
a
G
(
a
d
o
a
f
l
r
w
s

i
I
m
o
[

74 G.A. Rivas et al. / Applied M

FP), representing an interesting work for addressing the current
equirements of multianalytes detection. The method was  success-
ully used for the quantification of AFP and CEA in human serum
amples.

ECL biosensors have also been used for AFP detection. Niu
t al. [77] reported an AFP immunosensor based on peroxydisul-
ate without conventional luminescent reagents by coupling two
nzymes to in situ generate the co-reactant with PdNPs as cata-
yst for the ECL reaction peroxydisulfate/O2. PdNPs were attached
o oxidized carbon nanotubes to bind Ab2 and two enzymes, HRP
nd GOx. In the presence of glucose, GOx generates H2O2 which
as subsequently reduced by HRP to in situ produce O2. The

ssay allowed the detection of AFP at fg mL−1 level. Dai et al.
78] reported a biosensing platform based on electrospun car-
on nanotubes nanofibers (CNTs@PNFs) composite, which enabled
trong ECL emission of peroxydisulfate with favorable analytical
erformances, (linear range from 0.1 pg mL−1 to 160 ng mL−1 and
etection limit at sub-pg mL−1 level.

.4. Cytokines

Cytokines are small proteins with important roles as cell
ignaling and immunomodulating agents and their quantification
s very important for early prognosis and diagnosis of numerous
iseases [79]. In this section, we present different schemes for elec-
rochemical biosensing of several cytokines based on the use of
NTs either in the primary biorecognition platform or as part of
he label conjugate.

Tumor necrosis factor-alpha (TNF-�)  is a cytokine related
o diabetes, graf rejection, and many infectious and inflam-

atory diseases such as rheumatoid arthritis, HIV infec-
ion, neonatal listeriosis, systemic erythema nodosum lep-
osum, endotoxic shock, and severe meningococcemia [80].
n the last years, some CNTs-based immunosensors have
een developed to detect TNF-�. Mazloum-Ardakani et al.
eported two label-free immunosensors based on the use of
PE, in one case modified with MWCNTs funtionalized with
ullerene (C60) and the ioinic liquid 1-butyl-3-methylimidazolium-
is(trifluoromethylsulfonyl)imide ([C4mimi][NTf2]) (MWCNTs-
60-[C4mimi][NTf2]) [81], and in the other, modified with
WCNTs associated with bimetallic Ag@Pt core-shell NPs and

hit (MWCNTs-Ag@Pt-Chit) [82]. The analytical signals were
btained from the decrease in the oxidation current of cate-
hol due to the surface blockage produced by TNF-�. Linear
anges from 5 to 75 pg mL−1 and 6 to 60 pg mL−1, and detection
imits of 2 and 1.6 pg mL−1, were obtained for SPE/MWCNTs-C60-
C4mimi][NTf2]/anti-TNF-� and SPE/MWCNTs-Ag@Pt-Chit-anti-
NF-�, respectively. Mazloum-Ardakani et al. [83] also reported

 sandwich-type immunosensor prepared by modification of
CE with a nanocomposite based on MWCNTs, AuNPs, and Chit

MWCNTs-AuNPs-Chit) as platform for the immobilization of the
nti-TNF-� primary antibody (Ab1) via EDC/NHS chemistry. The
etection of TNF-� was performed using an anti-TNF-� sec-
ndary antibody (Ab2) labeled with HRP, H2O2 as substrate, and
cetaminophen as redox mediator. Compared to the previous plat-
orm, the linear range was wider (from 6 to 100 pg mL−1) and the
ong-term stability was better (96% of the initial response was
etained after 30 days). Moreover, the developed immunosensor
as successfully used for the determination of TNF-� in spiked

erum samples with quantitative recoveries.
Adiponectin (APN), a protein of 244-aminoacids, is an anti-
nflammatory cytokine involved in glucose and lipid metabolisms.
t is a possible biomarker for the metabolic syndrome and the deter-

ination of APN levels is useful for the prevention and treatment
f obesity, insulin resistance, hyperlipidemia, and atherosclerosis
84]. Ojeda et al. [85] developed an electrochemical immunosensor
ls Today 9 (2017) 566–588

for APN based on the use of SPE modified with 4-carboxyphenyl
radical grafted-double-walled carbon nanotubes (DWCNTs-Phe-
COOH) and the metallic-complex chelating polymer Mix&GoTM for
the oriented and stable immobilization of anti-APN primary anti-
body through the bond of the polymer to Fc-domain antibody as
anchoring point. The subsequent sandwich interaction of APN with
HRP-labeled anti-APN secondary antibody allowed the detection
of APN between 0.05 and 10 �g mL−1 with a detection limit of
14.5 ng mL−1. The proposed immunosensor showed high selectivity
by testing proteins such as BSA, ceruloplasmin, C-reactive protein
(CRP), TNF-�, and ghrelin, and it was successfully used for the deter-
mination of APN in human serum.

Interleukins (IL) belong to another important group of cytokines
considered as biomarkers for several diseases. Wang et al. [86]
developed an immunosensor for the detection of IL-6, a suitable
biomarker overexpressed in several types of cancer, including head
and neck squamous cell carcinoma. They proposed the use of
ITO chips modified with AuNPs-Gr-silica sol-gel as platform for
the immobilization of the biorecognition interface. The sandwich-
type immunosensor was  obtained by using an anti-IL-6 secondary
antibody (Ab2) labeled with HRP and a nanocomposite based
on CNTs, AuNPs, and pDA. The detection of IL-6 was performed
by amperometry using H2O2 as substrate and hydroquinone as
redox mediator providing a dynamic working range between 1 and
40 pg mL−1 and a detection limit of 0.3 pg mL−1. Yang et al. [87]
developed a simple, extremely sensitive, and label-free impedimet-
ric immunosensor for the detection of IL-6. In this case, anti-IL-6
primary antibody (Ab1) was covalently immobilized at SiO2/Si
modified with horizontally aligned SWCNTs decorated with AuNPs.
The immunosensor was  highly sensitive making possible the detec-
tion of 0.01 fg mL−1 IL-6. The immunosensor also demonstrated
very good long-term stability since the response remained almost
constant even after 1-month storage. This label-free approach gave
a considerably better detection level with a relatively simple strat-
egy. Sardesai et al. [88] described the incorporation of a CNTs-based
microwell ECL immunoarray into a microfluidic system for the
simultaneous detection of PSA and IL-6 in serum samples. SWC-
NTs forests were assembled at the bottom of the microwells and
Ab1 was  attached to their carboxylated ends. The quantification
was performed by using Ab2 modified with [Ru(bpy)3]2+-SiO2NPs.
Ultralow detection limits (100 fg mL−1 for PSA and 10 fg mL−1 for
IL-6) were reached in calf-serum samples. Moreover, PSA and IL-
6 were detected in cancer patient serum samples in 1.1 h with
very good correlation with ELISA. More recently, Kadimisetty et al.
[89] reported a similar protocol to develop an inexpensive auto-
mated multiplexed protein immunoarray featuring an on-board
microprocessor to control micropumps, and a microfluidic sam-
ple/reagent cassette upstream of a microwell ECL immunoarray.
They simultaneously detected IL-6, PSA, prostate specific mem-
brane antigen (PSMA), and platelet factor-4 (PF-4) in calf-serum
samples with high specificity and selectivity in 36 min, reaching a
detection limit of 100 fg mL−1. Sánchez-Tirado et al. [90] recently
reported a dual electrochemical immunosensor for the simulta-
neous determination of IL-1� and TNF-� based on a SPE modified
with DWCNTs functionalized with p-aminobenzoic acid, which
exhibited the oriented immobilization of Ab1 with the commercial
polymeric coating Mix&GoTM and Ab2 conjugated with poly-HRP
(Fig. 4). This immunosensing device made possible the sensitive
quantification of both cytokines (detection limits of 0.38 pg mL−1

for IL-1� and 0.85 pg mL−1 for TNF-�), being adequate for their
selective determination in human serum and saliva samples in a

very competitive way  taking times shorter than the commercial
ELISA kit (2.5 h).

Procalcitonin (PCT) is a protein of 116 amino acids with molec-
ular weight of 13 kDa related to inflammatory cytokines. This
protein has received great attention as ideal diagnostic indicator
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Fig. 4. Schematic display of the different steps involved in the preparation of the dual electrochemical immunosensor for multiplexed determination of IL-1� and TNF-�
cytokines.

Reprinted from Ref. [90], Copyright (2017), with permission from Elsevier.
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Fig. 5. Schematic diagram for fabrication of an electrochemical immunosen
eprinted from Ref. [92], Copyright (2015), with permission from Elsevier.

f systemic inflammation produced by bacterial infection in early
tages [91]. In this context, different CNTs-based electrochemical
onfigurations have been developed for PCT detection. Li et al.

92] used a GCE modified with a MWCNTs-AuNPs nanohybrid as
latform to increase the capture of anti-PCT primary antibodies
Ab1). An interesting amplification scheme was based on the use
f an anti-PCT secondary antibody (Ab2) labeled with GOx and
r the detection of PCT and the corresponding catalysis amplifying principle.

a nanocomposite containing fullerene C60, Fc, and PtNPs (C60-Fc-
PtNPs-GOx). The hydrogen peroxide generated after the addition
of glucose was  further reduced by C60-Fc-PtNPs nanocomposite

(Fig. 5). This amplification scheme allowed detecting PCT in the
range of 0.01–10 ng mL−1, with a detection limit of 6 pg mL−1. Yang
et al. [93] reported a similar scheme using a nanohybrid based on
MWCNTs functionalized with cobalt phthalocyanine nanoparticles
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MWCNTs-CoPcNPs) and choline oxidase (ChOx) as label of Ab2.
hOx catalyzes the oxidation of choline with production of H2O2,
hich is then oxidized at MWCNTs-CoPcNPs, without the addition

f other redox mediators, resulting in an important amplification.
he proposed immunosensor exhibited a wide linear range (from
.01 to 100 ng mL−1) and a detection limit of 1.23 pg mL−1, with
o cross-reactivity with carbohydrate antigen 19-9 (CA19-9), BSA,
nd human cytomegalovirus (HCMV). Liu et al. [94] prepared a
andwich-type immunosensor based on a GCE modified with ERGO
nd AuNPs for Ab1 immobilization, and Ab2 labeled with a com-
lex of single-walled carbon nanohorns and hollow Pt chains. The
se of thionine and HRP allowed the amplification of the catalytic
ctivity giving a linear range from 0.001 to 20 ng mL−1, and a detec-
ion limit of 0.43 pg mL−1. Fang et al. [95] developed a platform
ased on the layer-by-layer modification of GCE with Gr, MWCNTs,
nd Chit for the immobilization of Ab1 via glutaraldehyde reac-
ion. The amplification was obtained using an Ab2 labeled with a
onjugate based on mesoporous silica MCM-41 modified with thio-
ine, AuNPs, and HRP. The authors reported a wide linear range,

rom 0.01 to 350 ng mL−1, with a detection limit of 0.5 pg mL−1 and
uccessful application in serum samples.

.5. Cardiac biomarkers

Cardiovascular disease (CVD) includes several heart and circu-
ation pathologies like coronary heart disease, angina, heart attack,
ongenital heart disease, and stroke. CVD represents 46.2% of death
ue to non-communicable diseases according World Health Orga-
ization (WHO) statistics [96]. Therefore, early and quick diagnosis

s crucial for successful prognosis of these diseases. One of the
riteria of WHO  for the diagnosis of CVD is the elevation of the
iochemical markers in blood samples.

Cardiac markers are proteins that leak out of injured myocar-
ial cells through their damaged membranes into the blood stream
97,98]. Elevated concentrations of these cardiac markers in serum
re associated with recurrent CVD events and higher death rates. At
resent, there are four biomarkers established for the diagnosis of
yocardial infarction (MI)-related CVD: cardiac troponin I (cTnI)

nd T (cTnT), MB  isoform of creatine kinase (CK-MB), and myo-
lobin (Mb) [99]. Mb is the cardiac biomarker that changes more
apidly after cardiac injury. Due to its small size (17.8 kDa), it is
uickly released into circulation (as early as 1–3 h upon onset of
ymptoms) reaching the maximum 6–12 h after [100]. The expres-
ion level of Mb increases up to ∼600 ng mL−1 (the normal range
oes from 50 to 200 ng mL−1). The muscle isoenzyme CK-MB is
pecific for cardiac injury and its level in serum becomes abnor-
al  within 4–6 h after onset of acute MI,  peaking at 18–24 h in the

ange of 39–185 ng mL−1 [101,102]. cTnT and cTnI are more sensi-
ive and specific than Mb  and CK-MB [103]. Both are released from
he death cell within 2–4 h and 3–4 h, respectively, after the onset
f MI  symptoms. In principle, cTnT and cTnI remain in the blood
tream more than 10 days, reaching the maximum concentration
pproximately 1–2 days after myocardial injury, becoming useful
iagnosing tools for sub-acute MI.  In normal patients, the level of
TnI is around 0.001 �g L−1 increasing to 100 �g L−1 in MI  patients
104]. Even a concentration as low as 0.01 �g L−1 can be related to
eart failure.

Table 4 displays the analytical parameters of the cardiac
iomarkers-immunosensors based on CNTs published in the period
overed by this review. Most of the lately reported CNT-based elec-
rochemical biosensors for cardiac biomarkers relied on the use of

ntibodies as biorecognition elements [105–109]. In these cases,
he target biomarker binds specifically to a primary biomarker
ntibody attached to CNTs at the electrode surface. As in previ-
us cases, the detection is performed indirectly either using an
uter redox probe or an enzyme-linked secondary antibody. Due
ls Today 9 (2017) 566–588

to the electrocalytic properties of CNTs toward the usual redox
probes [Fe(CN)6]3−/4− and H2O2, the detection limits reported for
cTnT [105,106], cTnI [107–109], CK-MB [109], and Mb  [109] are
perfectly suited for their detection in the relevant clinical concen-
tration intervals.

Some other non-immunosensing strategies based on the use
of aptamers and MIP  as (bio)recognition elements and CNTs have
been reported. A summary of the analytical parameters of these
cardiac biomarkers aptasensors and MIP-sensors is presented in
Table 4. Kumar et al. [110] developed a label-free aptamer-based
electrochemical biosensor by drop-casting an anti-Mb aptamer at
a SPE modified with an hybrid of rGO and MWCNTs. The selec-
tive affinity interaction between the aptamer and Mb  allowed
the efficient immobilization of the protein at the electrode. The
quantification was  performed from the direct reduction of Fe(III)-
hem to Fe(II)-hem at around −0.5 V (Fig. 6). The assay showed a
dynamic response range between 1.0 ng mL−1 and 1 �g mL−1 and
a detection limit of 0.34 ng mL−1. Ma  et al. [111] developed a MIP
at a MWCNTs-based GCE electrode for selective determination of
cTnI. This electroactive platform was  fabricated by depositing Gr
nanoplatelets, MWCNTs, and Chit followed by the interaction with
the template cTnI protein using glutaraldehyde overnight. After-
wards, MIP  polymer was  synthesized using methacrylic acid as
the monomer, ethylene glycol dimethacrylate as the cross-linker,
and �-�′-azobisisobutyronitrile as the initiator. The detection of
the cardiac biomarker was  made by comparing the DPV  peak of
[Fe(CN)6]3−/4− before and after the recognition of the target pro-
tein. This methodology presented a detection limit of 0.8 pg mL−1

and the platform retained its response after 14 days of contin-
uous use by washing the adsorbed cTnI with a methanol:acetic
acid solution (9:1 v/v). As it was previously mentioned, the use of
aptasensors represent an interesting and very promising alterna-
tive to immunosensors for the quantification of cardiac biomarkers.

2.6. Other protein biomarkers

Insulin growth factor-1 (IGF-1), a peptide hormone of 70 amino
acid residues plays important roles in several human malignancies
contributing to unregulated cell proliferation. Serafin et al. [112]
reported for the first time an electrochemical immunosensor for
the determination of IGF-1. GCE modified with MWCNTs and elec-
trogenerated poly(pyrrole propionic acid) was used as transducer
providing a high content of carboxyl groups for the immobilization
of the anti-IGF-1 primary antibody (Ab1) via carbodiimide cou-
pling method. The transduction of the biorecognition event was
performed by amperometry using an anti-IGF-1 secondary anti-
body (Ab2) labeled with HRP, catechol as redox mediator and H2O2
as substrate. The proposed immunosensor showed a wide linear
range from 0.5 to 1000 pg mL−1, and a detection limit more than
one hundred times lower than the one reported for ELISA kits
(0.25 pg mL−1). This new immunosensor was successfully used for
the determination of IGF-1 in spiked serum samples with excellent
recoveries.

�-Galactoside-�-2,6-sialyltransferase (ST6Gal-I) is another
important cancer biomarker. It is member of sialyltransferases
family and it is a critical regulator of tumor cell survival by inhibi-
ting a multiplicity of cell death pathways [113]. Zhang et al. [114]
developed a novel electrochemical immunosensor for ST6Gal-I
detection based on the modification of GCE with a PB-hybrid
material containing GO, PB nanoparticles (PBNPs), PTA (an ami-
nated derivative of 3,4,9,10-perylenetetracarboxylicdianhydride),

MWCNTs, and Chit. The high density of amine groups at chitosan
and PTA allowed the adsorption of AuNPs onto the surface of
the nanocomposite, providing a large surface area that facilitated
the immobilization of anti-ST6Gal-I primary antibody. The affinity
recognition of ST6Gal-I was  monitored from the PB DPV signal with
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Table  4
CNTs-based electrochemical biosensors for cardiac biomarkers.

Biomarker Platform Technique/Methodology of
detection

Linear range
detection limit

Comments Ref.

cTnT SPE-MWCNTs-
NH2/Ab

DPV: indirect determination
via change in [Fe(CN)6]3−/4−

current

0.0025–0.5000 ng mL−1

0.0035 ng mL−1
Calibration plot was also made
in serum samples and
confronted with ECLIA

[105]

cTnT AuE/PEI/cMWCNTs/Ab CV: indirect determination
with anti-cTnT-HRP coupled to
the platform, using H2O2 as
mediator

0.1–10.0 ng mL−1

0.033 ng mL−1
Calibration plot was also made
in serum samples and
confronted with ECLIA

[106]

cTnI GCE/Gr-
MWCNTs/PyBu/Ab

EIS: indirect determination via
change in [Fe(CN)6]3−/4− Rct

0.001–10.0 ng mL−1

0.94 pg mL−1
Sampled interferents: serum
sample spiked with IgG and
CRP
Real sample: serum sample
spiked with cTnI

[107]

cTnI GCE/Gr-
MWCNTs/PyMA/MPA-
PtNPs/Ab

EIS: indirect determination via
change in [Fe(CN)6]3−/4− Rct

0.001–10.0 ng mL−1

1.0 pg mL−1
Sampled interferents: IgG and
CRP
Real sample: serum sample
spiked with cTnI

[108]

Mb  GCE/MWCNTs-
SU8/Ab

EIS: indirect
determination via
change in
[Fe(CN)6]3−/4− Rct

1.0–50.0 ng mL−1

0.1 ng mL−1 — [109]
cTnI GCE/MWCNTs-

SU8/Ab
0.1–10.0 ng mL−1

CK-MB GCE/MWCNTs-
SU8/Ab

10.0 ng mL−1–10.0 �g mL−1

Mb  SPE/rGO-
MWCNTs/Aptamer

CV: direct determination
through electron transfer of
Mb  heme group.

1–1024 ng mL−1

0.34 ng mL−1
Sampled interferents: BSA and
Hb

[110]

cTnI GCE/Gr-MWCNTs-
Chit/MIP

DPV: indirect determination
via change in [Fe(CN)6]3−/4−

current

0.005–10.0 ng mL−1

0.8 pg mL−1
Sampled interferents: CEA,
NSE, BSA, p24, and HCG.
Real sample: serum sample
spiked with cTnI

[111]

Abbreviations: cTnT: cardiac troponin T; SPE: screen printed electrode; MWCNTs-NH2: aminated multi-walled carbon nanotubes; Ab: capture antibody; DPV: differential
pulse  voltammetry; ECLIA: electrochemical chemiluminescence immunoassay; AuE: gold electrode; PEI: polyethyleneimine; cMWCNTs: carboxylated multi-walled carbon
nanotubes; CV: cyclic voltammetry; HRP: horseradish peroxidase; cTnI: cardiac troponin I; GCE: glassy carbon electrode; Gr: graphene; PyBu: 1-pyrenebutyric acid; EIS:
electrochemical impedance spectroscopy; IgG: immunoglobulin-G; CRP: C-reactive protein; PyMA: 1-pyrenemethylamine; MPA: mercaptopropionic acid; PtNPs: platinum
nanoparticles; Mb: myoglobin; SU8: epoxy-based negative photoresist; CK-MB: MB  isoform of creatine kinase; rGO: reduced graphene oxide; BSA: bovine serum albumin;
Hb:  hemoglobin; Chit: chitosan; MIP: molecularly imprinted polymer; CEA: carcinoembryonic antigen; NSE: neuron specific enolase; p24: human immunodeficiency virus
p24;  HCG: human chorionic gonadotropin.

Fig. 6. Scheme showing the streptavidin labeled gold nanoprobes mediated SELEX method for specific anti-Mb aptamer generation (left) and its subsequent usage in the
development of rGO/CNT modified aptasensor for the label free detection of Mb  (right).

Reprinted from Ref. [110], Copyright (2015), with permission from Elsevier.
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 detection limit as low as 3 pg mL−1, attributed to the electrocat-
lytic effect of the PB-based hybrid nanocomposite and AuNPs.

. Carbon nanotubes-based electrochemical (bio)sensors
or nucleic acids biomarkers

.1. microRNA

microRNAs (miRNAs) were discovered more than 20 years ago
115]. The term microRNA or miRNA was introduced in 2001
n order to describe these short (19–25 nucleotides) non-coding
ibonucleic acid (RNA) molecules that regulate gene expression
y repression of messenger RNA (mRNA) translation or by mRNA
egradation at the post-transcriptional level [116]. More than
0% of human protein-coding genes are under miRNA regula-
ion; that is the reason for the outstanding importance of miRNAs
n gene regulation [117]. A single miRNA molecule can regulate
undreds of mRNAs and, therefore, it has power over a whole
xpression network [118,119]. Consequently, due to this enor-
ous regulatory power, abnormal miRNAs expression levels have

een involved in several pathologies including neurodegenerative
iseases and central nervous system injury [120,121], diabetes
122,123], cardiovascular [124,125], kidney [126–128], and liver
129–133] diseases, and even immune dysfunction [134–136]. In
his sense, several miRNAs have been already reported as reliable

arkers for diagnosis and prognosis since they are present in dif-
erent body fluids (blood, saliva, urine) in stable form allowing
on-invasive extraction ways [120,122,126,132]. Thus, the quan-
ification of the expression levels of one, or more commonly, a set
f miRNAs, has significant clinical relevance and strong impact on
ealth care [137]. Table 5 summarizes the analytical characteris-
ics of the most representative CNTs-based miRNA electrochemical
iosensors reported between 2013 and 2017.

In 2013, Ramnani et al. [138] developed an original and specific
lectronic detection of miRNA at attomolar level using a SWCNTs
eld-effect transistor involving the specific interaction between
he protein p19 and double stranded RNA (dsRNA) sequences.
he authors used as a model miRNA-122a, a specific liver marker
xpressed in 70% of liver cells [131], which is involved in lipid
etabolism and liver homeostasis [139] and hepatitis C virus repli-

ation [130]. p19 is a small protein (19 kDa) which binds with
igh affinity only to dsRNA [140,141]. This molecular recogni-
ion is size-specific and sequence-independent and presents the
ighest affinity for dsRNA sequences of 21–23 bases whereas
he affinity decreases for sequences longer than 23 bases and
horter than 19. The design of the nanobiosensor was based on
icrofabricated interdigitated gold electrodes acting as source

nd drain on Si/SiO2 modified by SWCNTs networks attached by
sing 3-aminopropyltriethoxy silane to bridge the interdigitated
lectrodes, followed by the platform modification with p19. The
ecrease in the currents of I-V profiles was used as analytical signal.
his label-free nanobiosensor was able to perform the selective and
ensitive detection of miRNA-122a between 1 aM and 10 fM miRNA
n a million-fold excess of other nucleic acids.

Tran et al. [142] proposed two sensing strategies for miRNA-
41 as prostate cancer biomarker. In the first one, the label-free
nd reagentless sensing approach was based on the use of an
nterpenetrated network of cMWCNTs and an electroactive poly-

er  with embedded quinone groups in the backbone, and further
ovalent attachment of the DNA probe. The analytical signal was

btained from the changes in the electrochemical response of
uinone groups. The biosensor allowed the selective discrimina-
ion of miRNA-141 in the presence of non-complementaries miRNA
i.e. miRNA-103, colorectal cancer or miRNA-29b as lung cancer
iomarkers) with a detection limit of 8 fM.  The biosensor presented
ls Today 9 (2017) 566–588

the disadvantage of the incapacity for the detection of low
concentrations of miRNA-141 (10 fM)  added to diluted normal
serum samples. The second approach to quantify miRNA-141
involved an electrochemical ELISA-like immunosensor based on
a screen-printed gold electrode (SPAuE) modified with rGO and
cMWCNTs [143] followed by the covalent immobilization of an
NH2-modified DNA probe. Once the hybridization took place,
the detection of miRNA-141 proceeded with the addition of
anti-RNA.DNA primary antibody (Ab1) and further association of
HRP-conjugated anti-RNA.DNA secondary antibody (Ab2-HRP). The
electrochemical signal was  obtained by SWV  in the presence of
H2O2 and hydroquinone, and the detection limit obtained under
these conditions was 30 fM.  Li et al. [144] proposed two biosens-
ing approaches based on oxidized-MWCNTs for miRNA-24, which
is involved in cell proliferation [145,146] and cancer cell differ-
entiation [146]. The first strategy [144] was  based on the use of
GCE modified with cMWCNTs as support for the covalent attach-
ment of DNA probe and allowed the detection of pM levels of the
miRNA. The analytical signal was  obtained by DPV from the oxi-
dation of guanine residues at GCE/cMWCNTs. The biosensor was
challenged with total RNA extracted from human cultured cervi-
cal cancer (HeLa) cells samples enriched with miRNA-24, showing
good recovery (108.9%) although the reproducibility was  limited
(RSD of 15.6%). The other approach presented by these authors was
focused on the use of a PAMAM dendrimer covalently attached to
cMWCNTs dropped onto GCE as platform for the covalent immo-
bilization of the 5′-carboxyl modified capture-DNA probe using
MB as redox indicator [147]. The presence of PAMAM modified-
MWCNTs hybrids contributed to the increase of the amount of
capture-DNA probe and, therefore, to the enhancement of the MB
mediated detection signal. In addition, PAMAM functionalization
minimized the unspecific adsorption of MB  on cMWCNTs surface.
The estimated detection limit was  0.5 fM although the biosensor
demonstrated limited selectivity. Recovery assays for miRNA-24
in total RNA sample (HeLa cells) presented very good correlation
with quantitative PCR detection results. Liu et al. [148] devel-
oped an ultrasensitive electrochemical biosensor for miRNA-21, a
biomarker implicated in cell cycle regulation and apoptosis and
associated with several types of cancer [149–151]. The biosensor
was prepared using a 3D layer-by-layer nanostructure contain-
ing oxidized-SWCNTs and nanodiamonds on gold electrodes and
AuNPs deposited on the last layer of oxidized-SWCNTs. The result-
ing platform was modified by tetrahedral DNA nanostructures
that have mechanical rigidity and structural stability and allows
the effective anchoring of a diversity of targets. The amplification
strategy was obtained by addition of DNA-functionalized AuNPs
modified with long hemin-G-quadruplex DNAzyme nanowires,
which exhibit peroxidase activity (Fig. 7). This biosensing sys-
tem displayed a linear relationship between reduction current
and log CmiRNA-21 from 10 fM to 1 nM and a detection limit of
1.95 fM.  The biosensor presented excellent stability for 2 weeks
at 4 ◦C. Although recovery assays using serum samples enriched
with miRNA-21 gave excellent results, the biosensor failed on the
detection of mismatches sequences. Rafiee-Pour et al. [152] pre-
sented another electrochemical biosensor for miRNA-21, using GCE
modified with a dispersion of cMWCNTs in DMF  as support for the
covalent attachment of ssDNA probe and MB  as redox marker. The
analytical signal was  obtained by DPV from the changes in MB  oxi-
dation currents after the hybrid formation. A linear relationship
was obtained in the range of 0.1–500 pM with a detection limit of
84.3 fM,  with good discrimination of a mismatch target.
3.2. DNA

Circulating cell-free DNA holds promise as a new generation
of biomarkers for a variety of clinical, environmental, and food



G.A. Rivas et al. / Applied Materials Today 9 (2017) 566–588 579

Table  5
CNT-based electrochemical biosensors for microRNAs.

miRNA biomarker Platform Detection Linear range
detection limit

Sample Comments Ref.

dsRNA(miRNA-122a/probe) Silicon/SiO2/Ti/
Au/SWCNTs/p19

FET 1 aM to 10 fM
1 aM

Total RNA from yeast - Very high specificity:
detection of miRNA-122a in a
million fold-excess of other
nucleic acids

[138]

miRNA-141 GCE/cMWCNTs/poly
(JUG-co-JUGA)/ODN probe

SWV  1 fM to 100 pM
8  fM

2% diluted serum
solution

- Unspecific physisorption of
serum proteins on platform

[142]

miRNA-141 SPAuE/rGO/cMWCNTs/ODN-
141-P/miRNA-141/Ab1/Ab2-
HRP

SWV  10 fM to 10 nM
30 fM

— - Good specificity: recognition
of miRNA-141 from
non-complementary
miRNA-29b target

[143]

miRNA-24 GCE/cMWCNT/NH2-DNA probe DPV 1 pM to 1 nM
1 pM

Total RNA from HeLa
cells

- Good specificity: recognition
of miRNA-24 from
non-complementary
miRNA-29 target, no
discrimination of central single
base-mismatched miRNA-24

[144]

miRNA-24 GCE/cMWCNT-
PAMAM/probe + MB

DPV 10 fM to 1 nM
0.5 fM

Total RNA from HeLa
cells

- Good specificity: recognition
of miRNA-24 from
non-complementary
miRNA-29 target, somewhat
discrimination of central single
base-mismatched miRNA-24
- Detection of miRNA-24
comparable with quantitative
PCR

[147]

miRNA-21 Au/oxSWCNTs/ND/
oxSWCNTs/depAuNPs/TSPs

DPV 10 fM to 1 nM
1.95 fM

Serum - High specificity: recognition
of miRNA-21 from single-base,
two-base and three-base
mismatch oligonucleotides,
non-complementary target,
miRNA-126, and miRNA-141
-  Good stability: 2 weeks
stored at 4 ◦C
- Recovery assays from 99.3%
to 101.6%

[148]

miRNA-21 GCE/cMWCNT/ss-DNA + MB  DPV 0.1 to 500 pM
84.3 fM

— - Good specificity: recognition
of miRNA-21 from
non-complementary
miRNA-192 target

[152]

Abbreviations: SWCNTs: single walled carbon nanotubes; p19: RNA binding protein from Carnation Italian ringspot virus; FET: field-effect transistor; GCE: glassy carbon
electrode; cMWCNTs: carboxylated multi-walled carbon nanotubes; JUG: 5-hydroxy-1,4-naphthoquinone monomer; JUGA: 3-(5-hydroxy-1,4-dioxo-1,4-dihydronaphthalen-
2(3)-yl) propanoic acid monomer; poly (JUG-co-JUGA): JUG and JUGA polymer; ODN probe: amino-modified DNA probe; SWV: square-wave voltammetry; SPAuE: gold
s ed DN
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creen-printed electrodes; rGO: reduced graphene oxide; ODN-141-P: amino-modifi
RP:  horseradish peroxidase; PAMAM: polyamidoamine dendrimer; probe: 5′-carb
xidized single walled carbon nanotubes; ND: nanodiamonds; depAuNPs: deposite
ctivity; ss-DNA: DNA probe.

pplications including the diagnostic and prognostic of cancer
nd the detection of bacteria, parasites, and viruses. For this rea-
on, the interest in the detection and quantification of specific
NA sequences has grown tremendously in the last decade. In

he following section, we present the most relevant CNTs-based
enosensors for DNA biomarkers reported between 2013 and 2017.
he most significant information about their analytical character-
stics is summarized in Table 6.

Wang et al. [153] developed a novel electrochemical impedi-
etric genosensor for the quantification of PML-RAR alpha fusion

ene, which represents a specific tumor marker for the diagnosis
nd monitoring of acute promyelocytic leukemia. This genosensor
as obtained via (i) the modification of GCE with a DWCNTs-

thylenediamine-FePtNPs suspension (GCE/DWCNTs-en-FePtNPs)
o enhance the conductivity and surface area, and (ii) the immo-
ilization of a 18-base single strand DNA sequence (DNA probe)
t the resulting GCE/DWCNT-en-FePtNPs. The hybridization was

3−/4−
etermined from EIS through the changes in Rct of [Fe(CN)6] .
his genosensor was highly sensitive and reproducible, and reached

 detection limit of 0.1 pM.
Fayazfar et al. [154] also used EIS for the detection of a 26-base

ragment of the TP53 tumor suppressor gene, the most frequently
A; Ab1: anti-RNA.DNA primary antibody; Ab2: anti-RNA.DNA secondary antibody;
odified capture DNA probe; MB:  methylene blue; Au: Gold electrode; oxSWCNTs:

 nanoparticles; TSPs: DNA tetrahedron-structured nanowire probe with DNAzyme

mutated gene in human cancer, which is exploited in the clinics as
biomarker for early detection, diagnosis, and prognosis of breast,
colon, and lung cancer. The authors proposed a bioplatform based
on the electrochemical growth of AuNPs on the vertically aligned
MWCNTs array deposited onto tantalum electrodes (TaE). This
strategy provided synergistic interactions of aligned MWCNTs and
AuNPs, which improve the density of the DNA probe attachment
and the analytical performance of the resulting DNA biosensor.
In fact, this impedimetric genosensing device presented: (a) high
selectivity (able to distinguish one-base mismatched); (b) very
high sensitivity (detection at attomolar level (10 aM)), and (c) wide
linear range (1.0 × 10−15 to 1.0 × 10−7 M).  These analytical charac-
teristics make the device highly competitive, with clear analytical
superiority over other electrochemical biosensors reported for the
detection of TP53 gene mutation.

Wang et al. [155] designed hybridization-based impedimet-
ric sensors for recognition of DNA sequences related to both

hepatitis B virus (HBV) and human papillomavirus (HPV). These
label-free genosensing platforms were developed by electrochem-
ical deposition of AuNPs on SWCNTs arrays prepared in situ onto
SiO2/Si wafer, followed by self-assembly of the corresponding thi-
olated ssDNA probe onto the SWCNTs/AuNPs platform. A linear
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Fig. 7. Schematic illustrations of the electrochemical biosensor fabricatio
eprinted from Ref. [148], Copyright (2015), with permission from Elsevier.

elationship between the change in Rct of [Fe(CN)6]3−/4− and
he logarithm of HBV-ssDNA concentration was obtained in the
ange from 1 aM to 1 �M,  with a detection limit of 1 aM.  For HPV
iosensing, the linear relationship ranged between 1 aM and 1 pM,
nd the detection limit was the same as the one obtained for
BV DNA.

Lee et al. [156] reported a new electrochemical DNA assay for the
etermination of the P185 BCR-ABL oncogene. This oncogene is a
aluable molecular marker because it is found in most Philadelphia
hromosome-positive patients with acute lymphocytic leukemia
nd serves as a specific genetic biomarker for the early relapse
etection, prognosis, and therapeutic decision-making [157]. Fig. 8
isplays a schematic representation of the protocol for P185 BCR-
BL oncogene biosensing. Capture DNA probes immobilized on
arboxylated magnetic beads allowed the recognition of a spe-
ific region (373–390 bp) of the DNA target. After hybrid formation,
he secondary DNA sequence tagged with (CNTs-HRP)-based labels
ybridized with another region (401–418 bp) of P185 BCR-ABL
ncogene (Fig. 8A). After the sandwich hybridization event took
lace, the analytical signal was obtained at SPE (Fig. 8B) by SWV
rom the reduction of the enzymatic product of 2-aminophenol (2-

P) generated by HRP in the presence of H2O2. The proposed assay
howed an excellent sensitivity (Fig. 8C), a detection limit of 1.7 pM,
nd an efficient discrimination between the target and a three-base
ismatch sequence, resulting in a very interesting alternative to
cess for detection of miRNA-21. Note: n represents the number of cycles.

the real-time quantitative polymerase chain reaction methods for
the quantification of P185 BCR-ABL oncogene.

4. Carbon nanotubes-based electrochemical (bio)sensors
for dopaminergic biomarkers

4.1. Dopamine

There are more than 100 recognized neurotransmitters,
the most representative being dopamine (Do), serotonine,
epinephrine, norepinephrine, acetylcholine, glutamate, nitric oxide
and tryptamine [160]. Considering the great importance of Do and
the enormous attention received by electroanalytical chemists, in
this review we  discuss CNTs-based electrochemical (bio)sensors
for Do quantification. Do is an important biomarker for different
pathologies. In fact, elevated levels of Do have been associated with
neurological disorders like Parkinson’s, Alzheimer’s, and Hunting-
ton’s diseases, Tourett’e syndrome, schizophrenia, and psychosis
[161]. Dopaminergic neurotransmission plays a major role in moti-
vation, learning/cognition, movement regulation, and addictive

behavior [161]. Drugs such as nicotine, amphetamine, cocaine,
and ecstasy, change the Do levels and, in some cases, dam-
age the monoaminergic system producing drug addiction with
severe social and psychological consequences. The basal levels of
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Table  6
CNTs-based electrochemical biosensors for DNA.

DNA biomarker Platform Technique/Methodology
of detection

Linear range
detection limit

Comments Ref.

PML-RAR alpha fusion
gene
(acute promyelocytic
leukemia)

GCE/DWCNTs-en-
FePtNPs/DNA
probe

EIS: indirect
determination via �Rct

of [Fe(CN)6]3−/4−

1.0 × 10−12 to
1.0 × 10−7 M
2.1 × 10−13 M

- Interelectrode
reproducibility:
RSD = 4.25%, n = 6
- Reusability via
dehybridization in
boiling water for
10 min

[153]

TP53 tumor suppressor
gene
(several type of human
cancers)

TaE/aMWCNTs-
AuNPs/DNA
probe

EIS: indirect
determination via �Rct

of [Fe(CN)6]3−/4−

1.0 × 10−15 to
1.0 × 10−7 M
1.0 × 10−17 M

- High specificity
-  Interelectrode
reproducibility:
RSD = 2.1%, n = 5
- Good stability: 2
weeks stored at 4 ◦C
-  Reusability via
dehybridizationin hot
water (80 ◦C) for 5 min

[154]

Hepatitis B virus DNA SiO2/Si/SWCNTs-
AuNPs/DNA
probe

EIS: indirect
determination via �Rct

of [Fe(CN)6]3−/4−

1 × 10−18 to 1 × 10−6 M
1 × 10−18 M

- Very good stability: 4
weeks stored at 4–8 ◦C
- Reusability via
dehybridization in hot
water

[155]

Human papillomavirus
DNA

1 × 10−18 to
1  × 10−12 M
1 × 10−18 M

P185 BCR-ABL
oncogene
(acute lymphocytic
leukemia)

- Functionalized
magnetic bead/capture
DNA probe
- Label: cSWCNTs-HRP-
detection DNA probe
- Electrode: SPE

SWV: indirect
determination via
reduction current of
3-APZa

8.0 × 10−12 to
2.0 × 10−10 M
1.7 × 10−12 M

- High specificity
-  Interelectrode
reproducibility:
RSD = 7.7%, n = 8

[156]

mga gene of
Streptococcus pyogenes
(rheumatic heart
disease)

SPE/cMWCNTs/DNA
probe

DPV: indirect
determination via
oxidation current of
MB

Up to 0.33 ng �L−1

0.0023 ng �L−1
- High specificity
-  Excellent stability: 24
weeks stored at 4 ◦C
-  DNA target isolated
from patients with S.
pyogenes infection

[158]

Hypermethylated
glutathione-S-
transferase P1 gene
(prostate cancer)

SPE/cMWCNTs/DNA
probe

DPV: direct
determination via
oxidation current of
guanine bases

—
5.4 × 10−8 M

- High specificity
-  Interelectrode
reproducibility:
RSD = 10.8%, n = 3
- Very good stability: 6
weeks stored at 4 ◦C
-  Reusability via
dehybridization at
applied potential of
+1.8 V

[159]

Abbreviations: GCE: glassy carbon electrode; DWCNTs: double-walled carbon nanotubes; en: ethylenediamine; FePtNPs: iron-platinum nanoparticles; EIS, electrochemical
impedance spectroscopy; �Rct, charge transfer resistance change; TaE, tantalum electrodes; aMWCNTs: aligned multi-walled carbon nanotubes; AuNPs: gold nanopar-
ticles;  cSWCNTs: carboxylated single-walled carbon nanotubes; HRP: horseradish peroxidase; SPE: screen printed electrode; SWV: square-wave voltammetry; 3-APZ:
3 d carb
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-aminophenoxazone; 2-AP: 2-aminophenol; cMWCNTs: carboxylated multi-walle
a Electroactive reaction product of the HRP-catalyzed oxidation of 2-AP by H2O.

xtracellular Do are around 0.01 and 0.03 �M and in the phasic
elease during a burst of neuronal firing they can reach 0.1–1 �M
162]. Therefore, it is necessary to have selective and fast method-
logies that allow the quantification of Do at nanomolar levels. In
his sense, CNTs-based electrochemical sensors have allowed the
anomolar detection of Do not only in pure solutions but also in bio-

ogical samples with in vivo non-invasive applications [61]. Table 7
ummarizes the most representative strategies reported between
013 and 2017 for the electrochemical quantification of nanomolar

evels of Do using CNTs-based electrochemical (bio)sensors.
One important strategy to build CNTs-based Do electrochemical

ensor is the direct growth of CNTs by chemical vapor depo-
ition since the resulting coatings are more homogenous than
hose obtained using the conventionally used methods such as
ip coating and drop-casting [163,164]. For instance, Sansuk et al.

163] used networks of pristine SWCNTs onto insulating Si/SiO2
ubstrates for flow injection analysis (FIA) with electrochemical
etection of Do in artificial cerebral fluid with a very good detection

imit of 0.05 nM.
on nanotubes; DPV: differential pulse voltammetry; MB: methylene blue.

The oxidation of CNTs have been also used to build success-
ful electrochemical (bio)sensors. For example, the use of MWCNTs
oxidized in basic media demonstrated a very good electrocatalytic
activity toward the oxidation of Do [165], showing better detec-
tion limits than those obtained using CNTs oxidized in acidic media
[166] mainly due to the advantages offered by the basic treatment
that preserve the integrity of the tubes and produced highly puri-
fied nanomaterials [167].

In the last years, (bio)polymers of different nature have been
used for the functionalization of CNTs. It has widely demonstrated
that polymers can modify the physical and chemical properties
of CNTs, provide them of useful functional groups able to inter-
act with Do (such as –COOH, –CN, –NH2, –SH), and facilitate their
deposition at electrode surfaces. The strategy used to produce these
polymer-CNTs composites is very important to modulate the elec-

trochemical properties toward Do detection and the performance
of the resulting sensors [168–176]. Gutiérrez et al. [168] proposed
the modification of GCE with SWCNTs covalently functionalized
with polylysine. The selection of the polymer and the strategy
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Fig. 8. Schematic representation of signal-amplified electrochemical detection of DNA target using cSWCNT-based labels: (A) Sandwich hybridization assay performed on
magnetic beads. (B) The targets were quantified by measuring the electroactive enzymatic product, formed by the HRP-catalyzed reaction with 2-AP–H2O2 substrate solution
using  a SPE. (C) Typical SWV  responses with increasing concentrations of P185-ssDNA, and the resulting calibration plot.

Adapted from Ref. [156] with permission of The Royal Society of Chemistry.

Table 7
CNTs-based electrochemical biosensors for dopamine.

Platform Detection Linear range Detection limit Sample Ref.

Si or SiO2/SWCNTs FIA Amperometry 0.025–1 �M 0.05 nM Artificial cerebral spinal fluid [163]
NbME/MWCNTs CV — 11 nM In vivo analysis: anesthetized

male rats
[164]

GCE/bMWCNTs SWV  0.03–55 �M 8.5 nM Serum and urine [165]
GCE/aMWCNTs Amperometry 0.1–1000 �M 30 nM Artificial sample [166]
GCE/SWCNTs-PLL DPV 0.1–2 �M 16 nM Urine [168]
Au-MEA/MWCNTs-Naf SWV  0.0001–1 �M 0.05 nM Serum [169]
ITO-MEA/MWCNTs-dsDNA Amperometry 0.001–10 �M 1 nM Hippocampal neuronal

cultures and hippocampal
slices

[170]

GCE/bCNTs-dsDNA DPV 0.5–7 �M 74 nM Urine [171]
GCE/hCNTs-PDDA DPV 0.25–10 �M 80 nM Serum [172]
ITO/MWCNTs-PVI DPV 0.1–10 �M 40.5 nM Serum [173]
CPE/MWCNTs-PEDOT DPV 0.1–20 �M 20 nM Artificial mixture [174]
GCE/PANI/MWCNTs-PSMVM CV 0.1–1000 �M 50 nM Artificial mixture [175]
AuE/MWCNTs-PEI-AuNPs DPV 0.05–4 �M 6.56 nM Serum [176]
GCE/N-MWCNTs-[BMIM][BF4] SWV  0.001–40 �M 1 nM Pharmaceutical sample [177]
GCE/GO-[BMIM][PF6]-MWCNTs SWV  8 × 10−6 to 15�M 3 × 10−3 nM Artificial mixture [178]
GCE/MWCNTs-PPy-MIP DPV 5 × 10−5 to 5 �M 1 × 10−2 nM Serum and urine [179]
Gr-CNTs-MIP CV 2 × 10−9 to 1 × 10−6 �M 6.67 × 10−7 nM Artificial mixture [180]
AuE/CA/Tyrosinase/Naf/MWCNTs-Naf AmperometryDPV 0.05–100 �M1–100 �M 3 nM 50 nM Pharmaceutical mixtures [182]
GCE/MWCNTs/CaCO3NPs-Tyrosinase Amperometry 0.015–30 �M 15 nM Artificial samples [183]

Abbreviations:  SWCNTs: single-walled carbon nanotubes; FIA: flow injection analysis; NbME: niobium microelectrode; MWCNTs: multi-walled carbon nanotubes; CV: cyclic
voltammetry; GCE: glassy carbon electrode; bMWCNTs: oxidized multi-walled carbon nanotubes in basic media; SWV: square wave voltammetry; aMWCNTs: oxidized multi-
walled  carbon nanotubes in acid media; PLL: polylysine; DPV: differential pulse voltammetry; Au-MEA: gold microelectrode array; ITO-MEA: indium tin oxide microelectrode
array;  Naf: nafion; dsDNA; double stranded DNA; bCNTs: bamboo-like carbon nanotubes; hCNTs: helical carbon nanotubes; PDDA: poly(diallyldimethylammonium) chloride;
PVI:  poly(vinyl imidazole); CPE: carbon paste electrode; PEDOT: poly(3,4-ehylenedioxythiophene); PANI: polyaniline; PSMVM: P(St-alt-MAn)-co-P(VM-alt-MAn) copolymer;
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uE:  gold electrode; PEI: polyethyleneimine; AuNPs: gold nanoparticles; N-MWCN
etrafluorobromate; GO: graphene oxide; [BMIM][PF6]: 1-butyl-3-methylimidazou
raphene; CNTs: carbon nanotubes; CA: cysteamine; CaCO3NPs: calcium carbonate

sed to functionalize the CNTs allowed an efficient dispersion of
he carbon nanostructures and the selective Do quantification in
rine samples with a detection limit of 16 nM.  Samseya et al.
169] developed a gold microelectrode array (Au-MEA) modified
ith Nafion-modified MWCNTs. This platform allowed the sensi-

ive (0.05 nM)  and selective Do quantification in the presence of

scorbic acid.

The overall conductivity of CNTs and the performance of the
esulting Do sensors have been improved by incorporating other
onducting materials. For example, Xu et al. [174] prepared a plat-
orm based on the electrodeposition of the conducting polymer
doped multi-walled carbon nanotubes; [BMIM][BF4]: butyl-1-methyl-imidazolium
hexafluorophosphate; PPy: polypyrrole; MIP: molecularly imprinted polymer; Gr:
particles.

poly(3,4-ethylenedioxythiophene) (PEDOT) in the presence of
MWCNTs at a carbon paste electrode (CPE). The PEDOT-MWCNTs
film showed improved electrocatalytic activity toward the oxi-
dation of Do due to the combination of the excellent catalytic
properties of both components, allowing the sensitive and selec-
tive Do electrochemical sensing. Liu et al. [175] developed an

electrochemical Do-sensor based on a GCE modified with PANI
and micelle-encapsulated MWCNTs with P(St-alt-Man)-co-P(VM-
at-Man) (PSMVM) copolymer (MWCNTs-PSMVM) which presented
a wide linear range (0.1–1000 �M).  Lin et al. [176] reported a sensor
based on the modification of gold with a PEI, MWCNTs, and AuNPs
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ig. 9. (A) The chemical route to the preparation of MWCNTs-PPy-MIP. (B) The cal
nd  (c) MWCNTs modified GCE.

dapted from Ref. [179], Copyright (2014), with permission from Elsevier.

anocomposite, which presented a detection limit of 6.56 nM and
uccessful application for the determination of Do in serum sam-
les.

Ionic liquids have demonstrated to be suitable modifiers
or the preparation of CNT-composite materials with electro-
hemical sensing applications for Do. Imidazolium-based ionic
iquids allowed a successful dispersion of CNTs and the expo-
ure of a 3D functional structure that made possible the fast
odification of the nanomaterials without disruption of their

onjugated structure. Joshi et al. [177] reported the use of com-
osites based on N-MWCNTs and butyl-1-methyl-imidazolium
etrafluoroborate ([BMIM][BF4]). The resulting composites made
ossible the detection of Do at nM levels without interference of
scorbic acid. Wang et al. [178] reported a MWCNTs-GO-1-butyl-
-methylimidazoulium hexafluorophosphate ([BMIM][PF6]) ionic

iquid composite that showed excellent electrochemical properties
oward the detection of Do in the presence of a large excess of uric
cid and ascorbic acid, with a very low detection limit (3 × 10−3 nM)
nd wide linear range (8 × 10−6 to 15 �M).

As in the case of the other biomarkers, the use of MIPs
ffered an interesting alternative for Do quantification. Qian
t al. [179] proposed an electrochemical sensor based on the
odification of GCE with a MIP  synthetized from a mixture of

NTs-pyrrole-FeCl2-Do for in vivo detection of Do (Fig. 9). The par-
icular polypyrrole (PPy) structure with plenty cavities allowed
he binding of Do through �–� stacking of aromatic rings and
ydrogen bonds between the amino groups of Do and the oxygen-
ontaining groups of the polymer (Fig. 9A). Thus, the prepared
CE/MWCNTs-PPy-MIP sensor exhibited high sensitivity and very

ow detection limit (1 × 10−2 nM)  compared to GCE/MWCNTs-PPy-
IP and GCE/MWCNTs (Fig. 9B), indicating the advantages of the
WCNTs-PPy-MIP composite. Li et al. [180] reported the modi-

cation of a hybrid graphene foam/CNTs surface with a MIP  film
Gr-CNTs-MIP), with an excellent Do performance mainly due to
he high surface area of CNTs-3D skeleton and the selectivity and
nti-interference capability of MIP  film. The detection limit of this
o sensor (6.67 × 10−7 nM)  was the lowest obtained from the elec-

rochemical (bio)sensors reported in the period covered by this
eview.

Tyroninase-based electrochemical sensors are highly selective
evices for Do detection. This enzyme catalyzes the oxidation
f o-diphenols like Do to their respective o-quinone deriva-
ives, which in turn are electrochemically reduced back to Do

t the electrode surface without any mediator [181]. In this
ense, Canbay et al. [182] developed a novel Do biosensor based
n a cysteamine/tyrosinase/Nafion/MWCNTs-Nafion composite
lm-modified Au electrode. The results indicated that (a) the

mmobilized tyrosinase almost retained its native structure and
n curve of dopamine obtained with (a) MWCNTs-PPy-MIP, (b) MWCNTs-PPy-NIP,

displayed a high electrocatalytic response of dopamine, and (b) the
high porosity and conductivity of the MWCNTs skeleton improved
the electrochemical transduction and ensured the easy access
of Do to the active site of the enzyme. In fact, this biosensor
showed a wide linear amperometric response (0.05–100 �M),  a
good detection limit (3 nM), high selectivity, and a high opera-
tional stability. Cosnier et al. [183] reported the advantages of using
CaCO3 nanoparticles (CaCO3NPs) with MWCNTs for the fabrica-
tion of a sensitive tyroninase-based Do electrochemical biosensor.
CaCO3NPs acted as a biocompatible host matrix for tyrosinase and
MWCNTs provided a highly porous conductive skeleton enhancing
the enzyme immobilization, ensuring the easy access of Do to the
active site of tyrosinase, and improving the electrochemical trans-
duction of enzyme reaction. However, as can be seen in Table 7, the
detection limits of these CNTs-Tyrosinase-based detectors are not
as good as those obtained with direct electrochemical detection of
Do.

5. Conclusions and perspectives

We presented a critical discussion about the most representa-
tive CNTs-based electrochemical (bio)sensors for the quantification
of biomarkers of clinical relevance reported between 2013 and
2017, emphasizing the advantages of using CNTs in the different
steps during the construction of the supramolecular architectures.

The large surface area and the existence of functional groups
resulting from the oxidation and/or functionalization of CNTs have
demonstrated to play a crucial role as support for the biorecogni-
tion elements and the bioconjugates used to amplify the analytical
signal. The combination of the unique electronic properties of
CNTs, the excellent electrochemical activity of their edge-plane
like defects, the advantages inherent to the affinity and enzymatic
recognition, catalysis, and direct charge transfer, made possi-
ble the development of a large number of (bio)sensing schemes
for the highly sensitive and selective quantification of biomark-
ers. Particularly, the variety of affinity interactions used in the
different approaches: antigen-antibody, aptamer-complementary
DNA sequence/target, peptide-target, DNA-miRNA, protein-dsRNA,
DNA-DNA, MIP-target, host–guest, allowed the development of a
long list of bioanalytical platforms with different schemes for the
transduction of the biorecognition event and the generation the
analytical signal.

In spite of the clear success of CNTs-based electrochemical

(bio)sensors for biomarkers, there are still some requirements of
the medicine and clinical chemistry of XXI-century that need to
be addressed. The development of miniaturized, non-invasive, fast,
simple, and efficient devices able to be used for point-of-care (POC)
measurements is one of the most urgent challenges. Therefore, in
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ddition to sensitivity and selectivity, the robustness and long-term
tability of the (bio)sensors are very important aspects to be consid-
red for future devices. In this sense, the incorporation of aptamers,
eptides, and MIPs represents a new and promising alternative due
o the advantages inherent to these (bio)recognition molecules.
nother aspect important to remark is that, even when the signal
mplification with secondary antibodies/markers have demon-
trated high efficiency, one-step (label free) biosensing schemes
hould be highly recommended for sensitive, selective, fast, and
imple-to-operate POC devices. Another important challenge is the
evelopment of multi-target platforms to allow the simultaneous
uantification of different biomarkers in the same sample. As it
as previously illustrated, at present there are some interesting

ttempts although the validation with a large number of patient
amples is still required.

No less important is the careful control of the CNTs synthe-
is, especially connected with their chirality and density/type of
efects. This is a key aspect to ensure high efficiency in the mass-
roduction of CNTs-based biosensors and reproducibility in the
nalytical performance. The knowledge of the toxicity of CNTs is
nother aspect that have started receiving great attention in the
ast years mainly due to possible in vivo applications and the effect
n the environment.

As final consideration, it is important to remark that, while
arbon nanotubes and graphene derivatives have been the most
idely used carbon nanoallotropes for the construction of biomark-

rs electrochemical biosensors; in the last years, carbon nanohorns,
arbon dots, and nanohybrids based on the combination of carbon
anoallotropes have started to receive increasing attention due to
heir unique characteristics. It is expected that the knowledge of
asic aspects of these supramolecular architectures based on the
ombination of multiple basic carbon nanoallotropes or the dec-
ration of the outer surface of carbon nanotubes and graphene
ith other nanoallotropes will revolutionize the field of biomarkers

lectrochemical (bio)sensors.
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