ﬂ SCNSors m\py

Review

Recent Advances in Electrochemical Immunosensors

Benoit Piro * and Steeve Reisberg

University Paris Diderot, Sorbonne Paris Cité, ITODYS, UMR 7086 CNRS, 15 rue J-A de Balif,
75205 Paris CEDEX 13, France; steeve.reisberg@univ-paris-diderot.fr
* Correspondence: piro@univ-paris-diderot.fr; Tel.: +33-1-57-27-72-24

Academic Editor: Heinz-Bernhard Kraatz
Received: 8 February 2017; Accepted: 5 April 2017; Published: 7 April 2017

Abstract: Immunosensors have experienced a very significant growth in recent years, driven by
the need for fast, sensitive, portable and easy-to-use devices to detect biomarkers for clinical
diagnosis or to monitor organic pollutants in natural or industrial environments. Advances
in the field of signal amplification using enzymatic reactions, nanomaterials such as carbon
nanotubes, graphene and graphene derivatives, metallic nanoparticles (gold, silver, various
oxides or metal complexes), or magnetic beads show how it is possible to improve collection,
binding or transduction performances and reach the requirements for realistic clinical diagnostic
or environmental control. This review presents these most recent advances; it focuses first on
classical electrode substrates, then moves to carbon-based nanostructured ones including carbon
nanotubes, graphene and other carbon materials, metal or metal-oxide nanoparticles, magnetic
nanoparticles, dendrimers and, to finish, explore the use of ionic liquids. Analytical performances
are systematically covered and compared, depending on the detection principle, but also from a
chronological perspective, from 2012 to 2016 and early 2017.

Keywords: immunosensors; electrochemical sensors; nanoparticules; carbon nanotubes; graphene;
enzyme; redox probe; antibodies; hapten; dendrimers; magnetic nanoparticles; ionic liquids; ELISA;
sandwich-type immunosensors; competitive immunosensor

1. Introduction

The field of electrochemical immunosensors is very rich and dynamic. To give a general but concise
overview of the current state-of-the-art, we have focused this review only on the major publications of
the last five years (2012-2017), i.e., those which could justify of several tens of citations to date for the
oldest (2012-2014), and at least some for the most recent ones.

Of course, several reviews are already available on this topic, but these do not cover the period
covered by this review, or are less general. A relatively brief review published by Ricci et al. in 2012 [1],
presented a guide to all researchers interested in entering the electrochemical immunosensor domain,
by reviewing the literature over the 20082012 period and focusing particularly on practical aspects.
Another review, published by Yang et al., also in 2012 [2], focused on new trends in signal amplification
in enzyme-based immunosensors (combination of enzymatic reactions, multienzyme labels, use of
magnetic beads...). The other reviews available since 2012 are more specialized, focusing on materials,
transductions or applications. Concerning materials and transductions, Hasanzadeh et al. [3] dealt
in 2013 with mesoporous silica materials for use in electrochemical immunosensing. Pei et al. [4]
published also in 2013 a review dealing specially with sandwich-type immunosensors exploiting
nanostructured materials. More recently, in 2016, Arduini et al. [5] reviewed more particularly
screen-printed electrodes modified by nanomaterials such as carbon nanotubes, graphene, metallic
nanoparticles (gold, silver and magnetic nanoparticles) coupled with enzymes or antibodies and
showed how it could improve performances. They gave, as perspective, some recent examples of
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paper-based, wearable or smartphone-driven devices. Concerning reviews which focus on precise
applications rather than on materials, Wan et al. [6] dealt in 2013 with generalities on point-of-care
diagnostics for early detection of diseases. They also reviewed attempts to propose integrated systems,
several being commercially available today. Bahadir et al. [7] did the same in 2015 for early clinical
diagnostics of cancer and cardiac diseases. More focused on one given application, or specific for a class
of biomarkers or pollutants, Chikkaveeraiah et al. [8] reviewed in 2012 the most recent advances at that
time in electrochemical immunosensors for detection of cancer protein biomarkers, with strategies to
increase densities of capture molecules and sensitivities. On their side, in 2013, Vidal et al. [9] reviewed
electrochemical affinity biosensors for detection of mycotoxins in food. This review focused on affinity
probes in general but antibodies, including recombinant antibodies, are addressed. Also in 2013,
Diaconu et al. [10] reviewed electrochemical immunosensors for precise applications in breast and
ovarian cancer. Finally, Campuzano et al. [11] reviewed very recently (2017) electrochemical bioaffinity
sensors for salivary biomarkers.

This review presents the most recent advances in electrochemical immunodetection using enzymes
and redox reactions for transduction and amplification, or enzyme-less strategies using innovative
inorganic catalylists. We will focus first on classical electrode substrates, then move to carbon-based
nanostructured ones including carbon nanotubes, graphene and other carbon materials. We will follow
with the use of metal or metal-oxide nanoparticles, magnetic nanoparticles, dendrimers and, finally,
we cite a few works using ionic liquids.

2. Glossary of Acronyms

Because a lot of different structures or molecules are cited here, sometimes repeatedly, we used
most of the time acronyms instead of the full names; for the sake of clarity, a glossary of acronyms is
provided below (Table 1).

Table 1. Glossary of acronyms used in this review.

Acronyms Definitions Acronyms Definitions
Ab Antibody INF interferon-y
ACTH Adrenocorticotropin OEG Oligoethyleneglycol
AFP a-FetoProtein o-PD o-PhenyleneDiamine
Ag Antigen ITO Indium Tin Oxide
Ag Silver LoD Limit of Detection
AlkP Alkaline Phosphatase LSV Linear Sweep Voltammetry
ALV Avian Leukosis Virus MB Magnetic Bead
APN AdiPoNectin MCF Mesoporous Carbon Foam
APTES 3-AminoPropylTriEthoxySilane MEG Multi-layer epitaxial graphene
Ara-hl ARAchis Hypogaea antigen MMP-9 Matrix MetalloPeptidase-9
ASV Adsorptive Stripping Voltammetry MPS MesoPorous Silica
ATZ Atrazine MWCNT MultiWalled Carbon NanoTube
ApB (1-42) Amyloid beta 142 NB Nile Blue
BQ Benzoquinone NP NanoParticle
CA Cancer Antigen OCA OChratoxin A
CA Carbohydrate Antigen OEG OligoEthyleneGlycol
C-dot Carbon dot PAMAM PolyAMidoAMine
CEA CarcinoEmbryonic Antigen (CEA) PANi Polyaniline
CFU Colony Forming Unit pAPP p-AminoPhenyl Phosphate

Chi Chitosan PB Prussian Blue
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Acronyms Definitions Acronyms Definitions
ChOx Choline Oxidase PBA BisPhenol A
CLB Clenbuterol PDA PolyDopAmine
CoPc Cobalt PhtaloCyanine PDDA Poly(DiallylDimethyl Ammonium)
CRP C-reactive protein PDMS PolyDiMethylSiloxane
cInT Cardiac Troponin T PE-CVD Plasma Enhanced Chemical Vapor Deposition
Ccv Cyclic voltammetry PEI PolyEthylenelmine
DPV Differential Pulse Voltammetry PfHRP2 Plasmodium falciparum histidine-rich protein 2
DTSP DiThiobisSuccinimidyl Propionate PNIPAAmM poly(N-isopropylacrylamide)
E. coli Escherichia coli PPy PolyPyrrole
ECP Electrically Conducting Polymer PSA Prostate Specific Antigen
EE2 EthynylEstradiol PVA PolyVinylAlcohol
EGFR Epidermal Growth Factor Receptor RCA Rolling Circle Amplification
EIS ImpeEciZitcrsCS};)eercricoaslcopy RGO Reduced Graphene Oxide
EpCAM Epithelial Cell Adhesion Molecule SA Sulfonamide
Fc Ferrocene SAM Self-Assembled Monolayer
GC Glassy Carbon SCCA Squamous Cell Carcinoma Antigen
GCE Glassy Carbon Electrode scFv Single Chain Variable Fragment
GNR Gold NanoRod SPE Screen-Printed electrode
GNS Graphene NanoSheets SU-8 Epoxy-based negative photoresist
GO Graphene Oxide SWASV sg;f;;;‘{:‘{%ﬁf;ﬁgg‘;e
GPP N-glycosylated pentapeptide SWCNT Single-Walled Carbon NanoTube
GQD Graphene Quantum Dots SWV Square Wave Voltammetry
GR Graphene TB Toluidine Blue
HbAlc Glycated Gaemoglobin TC TetraCycline
hCG Human Chorionic Gonadotropin TCID Tissue Culture Infective Dose
Hb Haemoglobin TGF Transforming Growth Factor
HE 4 Human Epididymis protein 4 Thi Thionine
HIV Human Immunodeficiency Virus TMB 3,3',5,5'-Tetramethylbenzidine
HQ Hydroquinone TNF-oc Tumor Necrosis Factor o
HRP Horse Radish Peroxidase TREM-1 Triggegirrlligeeig}i);ocreﬁ;qiressed
HSA Human Serum Albumin tTG Tissue TransGlutaminase
HSL Hormone-Sensitive Lipase UME UltraMicroElectrode
ICP Infiniet Coordination Polymer Vangl1 human Vang-like protein
Ide InterDigitated Electrode VH Variable Heavy
IgA ImmunoGlobulin A Vio Viologen
IgG ImmunoGlobulin G VL Variable Light
IL Ionic Liquid a-SYN «-SYNuclein
IL-6 InterLeukin-6 BCD B-CycloDextrin

3. Discussion

Works were sorted depending on whether they rely on enzymes for transduction (enzyme-based),
or not (enzyme-less) and their analytical performances are given systematically. In each section or
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sub-section, articles are cited by type of detected target, then by chronological order from 2012 to 2017
to evidence progressive evolutions.

3.1. Conventionnal Electrode Substrates

Most of the works reviewed here report the use of nanomaterials; however,
conventional electrodes and materials were also investigated during the considered period.

3.1.1. Enzyme-Based Immunosensors

Enzymes are generally used not for detection itself but for transduction and amplification,
taking profit of the enzyme turn-over (for one event of biorecognition, one antibody or antigen
captured, several molecules of enzyme product are produced at the vicinity of the electrode
surface and electrochemically detected). HRP, horse radish peroxidase, is probably the most used
enzyme label in immunosensors because it is commercially available and catalyzes the oxidation of
numerous chromogenic substrates using H,O; as co-substrate. However, some other enzymes are also
encountered such as alkaline phosphatase (AlkP) and glucose oxidase (GOx).

e Detection of antibodies

The term “immunosensor” could mean that the target could be either an antigen (Ag) or
an antibody (Ab). Even if the most popular approach remains targeting Ag using antibodies,
some works report Ab detection, as for example in the framework of serological diagnosis,
i.e., the research and the determination of specific antibodies linked to a pathogenic infection.

In 2013, Bhimiji et al. [12] described an interesting route to detect human immunodeficiency virus
(HIV) antibodies by immobilization of antigenic peptides derived from a complex transmembrane
protein, HIV-1 gp41 or HIV-2 gp36, covalently attached to a SU-8 substrate (a negative epoxy
photoresist) close to microelectrodes. The detection of HIV antibodies was achieved using an alkaline
phosphatase (AlkP)-conjugated secondary antibody (Figure 1A). The linear detection range was
reported between 1 ng mL~! and 1 ug mL~!, with a limit of detection (LoD) of 1 ng mL~! (6.7 pM).
More recently in 2016, Montes et al. [13] used a composite graphite-epoxy substrate into which
an HRP-labelled antibody was incorporated, for detection of IgG. Transduction was classical, with a
competitive assay using HyO, and hydroquinone (HQ) in solution. Amperometric measurements
(reduction of benzoquinone BQ into HQ at the electrode) led to a high LoD of 1.4 ug mL~! and
a relatively reduced linear range up to 2.8 g mL~!. There is no other recent cited work reporting
enzyme-based immunosensor for detection of antibodies, the literature being now more focused on
nanostructured electrodes rather than on classical substrates.

e Detection of antigens

Detection of antigens on such substrates is still popular. For example, in 2012, Ojeda et al. [14]
described an electrochemical immunosensor for estradiol sensing, based on carbon screen-printed
electrodes (SPE) sequentially modified with p-aminobenzoic acid, streptavidin and biotinylated
anti-estradiol. Transduction was performed by applying a competitive immunoassay between
peroxidase-labeled estradiol (HRP—estradiol) and estradiol for the binding sites of the immobilized
antibodies. The reaction between estradiol and biotinylated anti-estradiol was amperometrically
detected by addition of HyO; in the presence of HQ. The linear range was between 1 and 250 pg
mL~! and the LoD was 0.77 pg mL~!. Also in 2012, Qi et al. [15] reported an array of carbon SPE
for simultaneous detection of several tumor biomarkers such as carcinoembryonic antigen (CEA)
and o-fetoprotein (AFP, a tumor markers used in the early diagnosis of cancer). Electrodes were
modified by grafting p-phenylenediamine via the diazonium route, followed by crosslinking the
primary capture antibody using a Schiff base reaction. Transduction was made by using a sandwich
assay with HRP-labelled secondary antibodies. (Figure 1B). The detection range was from 0.10 to
50 ng mL~! and the LoD of ca. 40 pg mL~!.
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Figure 1. (A) (a) Au microelectrodes obtained by electroreduction of HAuCly in 5 pm apertures;
(b) Immunorecognition. HIV-1 antigens are covalently immobilized on a SU-8 layer, then target
antibodies are bound, followed by secondary AlkP-labelled anti-IgG binding. p-Aminophenyl
phosphate (pAPP) is added as substrate; (c) Transduction: (c) AIkP converts pAPP to p-aminophenol
which is electrooxidized at the electrode and produces a current proportional to the amount of target
antibody bound to the sensor; (d) Resulting DPV. Reprinted with permission from [12]. Copyright 2013
American Chemical Society; (B) Above. Detection principle of the screen-printed bi-analyte array,
including a BSA (reference) electrode. Below. Change in current for different concentrations of AFP,
for blank (lowest current) to 50 ng mL~! (highest current); calibration curve in inset. Adapted from [15]
with permission from The Royal Society of Chemistry.

Still in 2012, Moreno-Guzman et al. [16] described a competitive electrochemical immunosensor
for adrenocorticotropin hormone (ACTH) using disposable phenylboronic-modified carbon SPE used
to efficiently immobilize ACTH antibodies. Transduction was designed using competition equilibrium
for the binding sites of the immobilized antibody, between the target ACTH and a biotinylated ACTH
(Figure 2A,B). The electroanalytical response was generated by using an AlkP-labelled streptavidin
and 1-naphtyl phosphate as enzyme substrate. Differential pulse voltammetry (DPV) was used to
monitor the enzyme activity (instead of classical CV, to suppress the capacitive component). A very
low LoD of 18 fg mL~! was obtained.

A competitive immunosensing approach was also followed by Conzuelo et al. [17] in 2013,
for determination of sulfonamide (SA or SPY) and tetracycline (TC), two antibiotics which could be
present in milk. The originality was to use Protein G coupled to 4-aminobenzoic acid electrografted on
the electrode, as anchoring point for oriented immobilization of anti-SA and anti-TC (Figure 2C,D).
Using HRP-labelled TC, they obtained a LoD of ca. 1 nM (ca. 200-500 pg mL 1) for both SA and
TC. As for the previous ACTH competitive detection, no linear range was given, probably because it
is relatively difficult to obtain such linear response with competitive transduction. For detection of
cancer antigen 125 (CA-125), Singh et al. [18] described a Ru(NHj3)s3"-mediated glucose oxidase (GOx)
labelling instead of routinely used enzymes such as HRP or AlkP. The LoD, for an incubation period of
5 min, was slightly lower 0.1 U mL~! for CA-125, comparable to the other reported electrochemical
immunosensors. However, the authors claimed a shorter incubation time compared to HRP or
AlkP amplifications.
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Figure 2. (A) Reactions involved in the ACTH immunosensor using SPEs modified with phenylboronic
acid; (B) DPV obtained with the Strept-AlkP-Biotin-ACTH /anti-ACTH/SPCE electrode for 0 (1),
0.05 (2), 0.50 (3), and 1.00 (4) pg mL~! ACTH. Reprinted from [16], Copyright 2012, with permission
from Elsevier; (C) Above, scheme of the immunosensor principle for SA and TC antibiotics.
Below, surface chemistry involved for covalent binding of Protein G; (D) Calibration curves obtained
with the SPY/TC immunosensor for SPY and TC in a 1:1 PBS:milk mixture. Reprinted from [17],
Copyright 2013, with permission from Elsevier.

More generally, for enzyme-based amplification routes, the turnover of the enzyme (more precisely
the Kcat /Ky ratio, which should be as high as possible) is a crucial parameter for a good amplification.
Jiang et al. [19] described an electrochemical immunosensor for detection of tumor necrosis factor
o (TNF-x) with a strategy to avoid non-specific adsorption. For this purpose, they used an original
layer of phenylphosphoryl choline (PPC) and phenylbutyric acid (PBA). The capture antibody was
grafted on the working ITO electrode along with this anti-adsorption layer and, in a sandwich
configuration, the signaling (labelled) antibody was coupled to HRP. HyO, was added in solution
as well as ferrocene (Fc) to recycle HRP. The immunosensor was shown to detect TNF-oc with a LoD
of 10 pg mL~! with a wide linear range between 0.01 ng mL~! to 500 ng mL~!. More recently,
Serafin et al. [20] reported in 2017 a tyrosine kinase immunosensor involving a sandwich architecture
with a capture antibody covalently immobilized on poly(pyrrolepropionic acid)-modified electrodes
and a HRP-labeled secondary antibody. The LoD was 337 pg mL 1.

Due to the relative instability, limited robustness and severe limitation of the operating conditions
required for most enzymes, a strategy to get rid of enzymes is to design non-amplified sensors.
However, for the sake of sensitivity, enzyme-free catalytically-amplified immunosensors should be
considered as one of the most promising perspectives. These two approaches are reviewed below.

3.1.2. Enzyme-Free Immunosensors

Ciani et al. [21] developed gold SPE electrodes modified with specific thiolated antibodies
for direct detection of infection biomarkers, using electrochemical impedance spectroscopy (EIS),
more particularly measuring the charge transfer resistance of FeCNgz>~/4~ on the gold electrode
depending on the presence or not of the targeted antigen (TREM-1, MMP-9 and HSL). Limits of
detection were between the pM and the nM range, depending on the target. Also with an
enzyme-free transduction procedure, Tran et al. [22] described a label-free electrochemical competitive
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immunosensor based on an electroactive conducting polymer coupled with a molecule close to
atrazine (a common pesticide) (Figure 3A,B). This quinone-based polymer presented a current decrease
following anti-atrazine antibody complexation, and a current increase after atrazine addition in
solution, with a very low detection limit of 1 pM, i.e., 0.2 pg mL~! estimated by square wave
voltammetry (SWV). One originality relies on the fact that the redox probe is not diffusing in solution
but immobilized on the electrode surface, and another originality is the competitive equilibrium
between an immobilized mimic of the target (so-called hapten) and the diffusing target to detect.
Compared to many other examples in the literature, it should be noted that this non-amplified method
gave an electroactivity increase upon recognition of the target.

The same year (2012), a similar idea was developed by Liu et al. [23] They reported an electrochemical
immunosensor for detecting glycosylated hemoglobin (HbAlc) based on glassy carbon (GC) electrodes
modified with a mixed layer of oligo(phenylethynylene) and oligo(ethyleneglycol), obtained by
electrografting of the corresponding aryldiazonium salts.

1,1’-Di(aminomethyl)ferrocene and an epitope a pentapeptide, glycosylated-VHLTP (GPP) were
covalently attached to oligo(phenylethynylene) (GPP is a peptide mimetic to HbAlc, to which
an anti-HbAlc antibody could bind). As for Tran et al. HbAlc was detected by a competitive assay
based on the competition for binding to anti-HbAlc between the analyte in solution, HbAlc, and the
surface bound GPP peptide. However, exposure of the GPP-modified interface to the mixture of
anti-HbAlc IgG antibody and HbAlc resulted in the attenuation of Fc electroactivity due to steric
hindrance generated by the antibody bound to the surface (Figure 3D,E), and not to an increase
in electroactivity as reported by Tran et al. The authors found that HbAlc could be detected from
4.5% to 15.1% of total hemoglobin in serum. The same authors, the same year, adapted this method
to AuNPs-modified surfaces (reference cited later in the text). Still in order to avoid addition of
a diffusing redox probe in solution, Wang et al. [24] reported later a similar approach, based on
an electroactive polymer onto which an antibody was coupled, to detect bisphenol A (BPA) by
competitive binding assay with a detection limit of 2 pg mL~! using SWV. A current decrease was
obtained upon anti-BPA binding and an opposite current increase upon BPA addition in solution.
The same authors described a similar approach for detection of acetaminophen. [25] The detection
limit was ca. 10 pM (1.5 pg mL~!). These approaches present the great advantage to use a simple
design, with few reactants, all immobilized on the sensing electrode.

However, other more complicated design could also perform well. One of them, using DNA,
was reported by Lu et al. [26]. They described detection of human epididymis-specific protein 4
(HE4) with a chitosan—titanium carbide-modified ITO electrode (Chi-TiC/ITO) onto which AuNPs
were deposited. The capture antibody was adsorbed onto the Au and TiC NPs. For transduction
and amplification, secondary antibodies were labelled with DNA strands, followed by rolling circle
amplification (RCA). Using doxorubicin as DNA intercalator and DPV for detection, the redox current
responded to HE4 linearly in the concentration range of 3-300 pM, with a LoD of 0.06 pM (respectively
3-300 ng L~! and 0.06 pg mL~!) (Figure 3C). This is a good example of enzyme-free amplification
where the authors tried to increase the surface density of the redox probe by multiple intercalation
within the DNA strands. The high surface density of doxorubicin achieved by this strategy provided
high currents, so high sensitivity.

These approaches could appear very complicated. For this reason, Electrochemical Impedance
Spectroscopy (EIS) combined with a diffusing redox probe stayed popular. Hayat et al. [27] described
the immobilization of anti-okadaic acid antibody on 4-carboxyphenyl film. The Ab/Ag binding was
transduced simply using electrochemical impedance spectroscopy with FeCNg3~/4~ as diffusing
redox probe. The increase in electron transfer resistance was linearly proportional to the okadaic acid
concentration in the range 0.195-12.5 pg L1, with a LoD of 0.3 ng mL~!. In 2013, Vasudev et al. [28]
described a similar procedure for epidermal growth factor receptor (EGFR) detection, by immobilizing
anti-EGFR antibody on dithiobissuccinimidyl propionate (DTSP) SAM on Au electrodes. EIS measures
with Fe(CN)s3~/4~ exhibited a linear range from 1 pg mL~! to 100 ng mL~! and a LoD of 1 pg mL~".
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Vasudev et al. [29] also presented the same procedure but replaced conventional Au electrode by
microfabricated interdigitated ones. As a proof-of-concept, cortisol antibodies were immobilized using
the same SAM as previously described. Cortisol (MW 362 g mol~!) was detected using CV over
a linear range of 10 pM to 100 nM (3.6 pg mL~'-36 ng mL~1).

Competitive Inhibition Assay

(A)
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Figure 3. (A) Strategy for the electrochemical detection of atrazine based on the change in electroactivity
of a polymer film poly(juglone-ATZ); (1) polymer/hapten-modified electrode; (2) after complexation
with anti-ATZ; (3) after addition of ATZ in solution; (B) Calibration curve measured from SWV at
—450 mV /SCE, after addition of ATZ from 1 pM up to 10 uM. Adapted from [22], Copyright 2012,
with permission from Elsevier; (C) RCA-based immunosensor for HE4 detection. Reprinted from [26],
Copyright 2012, with permission from Elsevier; (D) Scheme of the competitive inhibition assay for
detecting HbAlc (anti-HbAlc: blue Y; HbAlc: red triangle; GPP: pink triangle, surface bound);
(E) Above, a representative SWV for a FDMA-modified electrodes after (a) grafting of GPP and
(b) incubation in 2 pg mL~1 anti-HbA1lc and 13.5% HbAlc. Below, corresponding calibration curve.
Reprinted from [23] with permission from The Royal Society of Chemistry.

This example is probably the occasion to recall here that the relative size of the target molecule
compared to that of an antibody should determine the choice of the transduction architecture
of an electrochemical immunosensor. Indeed, the most popular Ab reported in biosensors are
immunoglobulins G (IgG), with a typical molecular weight of 150 kDa, i.e., a volume of between 300
and 700 nm?) or a projected area of ca. 60 nm?. This should be compared to the molecular weight of the
target antigen. If this one is a for example a small protein of 30 kDa, it corresponds to a projected area of
22 nm?, i.e., ca 30% of the antibody’s. But for a molecule (such as pesticide, industrial or pharmaceutical
pollutant) of 200 g mol~!, this ratio falls to 1% of the antibody’s projected surface, which is negligible
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and cannot play a significant role in changing the steric hindrance at the solution/electrode interface;
for such situations, other transduction schemes should be considered.

It is possible to go beyond this steric hindrance limitation and play on electrostatic repulsions
rather than on the size of the target. For detection of a bulky protein (porcine serum albumin),
Lim et al. [30] reported a carbon nanofiber-modified SPE electrofunctionalized with a 4-carboxyphenyl
diazonium salt onto which antibodies were covalently bound. Taking profit of the strong affinity
of serum albumins towards anions, an anionic redox probe was used in solution. An increase in
cathodic peak current was measured after immunocomplex formation between antibodies and proteins.
The linear range was from 0.5 to 500 pg mL~! and the LoD of 0.5 pg mL 1.

Reducing the size of the capture antibody by using only Ab fragments or an analog of
protein (a peptidomimetic) is also a solution. Using Fe(CN)s>~/4~ as an electroactive diffusing
probe, Jarocka et al. [31] reported detection of hemagglutinin from avian influenza virus H5NI.
Gold electrodes were modified with a SAM of 4,4'-thiobisbenzenethiol (TBBT), itself modified by gold
nanoparticles (AuNPs) and single chain variable fragments of antibodies (scFv) against hemagglutinin
H5 (Figure 4A). Interactions between the fragment of antibodies and hemagglutinin were sensed by
EIS, giving a LoD of 0.6 pg mL~! and a linear range from 4.0 to 20.0 pg mL L. This fragment makes
25 kDa and corresponds to the variable domains; it is the smallest fragment that holds a complete
binding site of an antibody and therefore keeps its specificity (Figure 4B). Figures of merit discussed in
this section are summarized in Table 2.

Figure 4. (A) Hemagglutinin H5 immunosensor based on a SAM of 4,4’-thiobisbenzenethiol carrying
single chain variable fragments (scFv) of antibodies as probes. Reprinted from [31], Copyright 2016,
with permission from Elsevier; (B) Schematic representation of a scFv fragment. A scFv fragment makes
25 kDa and corresponds to the VH + VL domains; it is the smallest fragment that holds a complete
binding site of an antibody and therefore provides its specificity. From Antibody Design Laboratories
(http:/ /www.abdesignlabs.com/technical-resources /scfv-cloning/); access 29 January 2017.

Table 2. Figures of merit of enzyme-based and enzyme-free immunosensors using conventional
electrode substrates.

Target Probe LoD Method Reference
AbHIV Peptides IngmL~! AlkP/DPV [12]
IgG Ag 1.4 ug mL~! HRP/CV—Sandwich [13]
Estradiol Ab 0.77 pg mL 1 HRP/CV—Competitive [14]
CEA Ab 40 pg mL~! HRP—Sandwich [15]
ACTH Ab 18 fg mL~! AIkP/DPV—Competitive [16]
Sulfonamide Ab 200-500 pg mL~! HRP—Competitive [17]
CA-125 Ab 01UmL! GOx—Sandwich [18]
TNE-oc Ab 10 pg mL~! HRP/CV—Sandwich [19]
Tyrosine kinase Ab 337 pg mL~1 HRP—Sandwich [20]
TREM-1 Ab 30 pg mL~! FeCNg3—/4~ /EIS [21]
Atrazine Hapten 02ng L1 ECP/SWV—Competitive [22]
HbAlc Peptide - Fc/CV—Competitive [23]
Bisphenol A Hapten 2 pgmL~! ECP/SWV—Competitive [24]
Acetaminophen Hapten 1.5 pg mL~! ECP/SWV—Competitive [25]
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Table 2. Cont.

Target Probe LoD Method Reference
HE4 Ag 0.06 ng L1 DNA/DNA—Sandwich [26]
Okadaic acid Ag 03ngmL~! FeCN,3~/4~ /EIS (27]
EGFR Ag 1pgmL~? FeCNg>~/4~ /EIS [28]
Cortisol Ag 3.6ngL~! FeCNg3~/4=/CV [29]
Porcine albumin Ag 0.5 pg mL~! FeCNg3—/4~/CV [30]
Hemagglutinin scFv 0.6 pg mL~! FeCNg®~/4~ /EIS (31]

3.2. Nanostructured Carbon Substrates

As shown above, one of the best way to increase sensitivity is to increase the specific area of
the probe-modified surface, which increases contacts with the analyte in solution. For this purpose,
nanomaterials have been widely investigated these last years.

3.2.1. Carbon Nanotubes

e Enzyme-Based Immunosensors

In 2013, Dou et al. [32] described an electrochemical immunosensor for enterobacterial detection
using a carbon SPE modified by multi-walled carbon nanotubes (MWCNTs)/alginate/chitosan
composite onto which HRP-labeled capture antibodies were immobilized. Detection of the Ag/Ab
binding was transduced using CV with thionine (Thi) and H,O, diffusing in solution, without the use
of any secondary antibody (Figure 5A,B). They found a linear range from 10* to 10'° CFUmL~! and a
LoD of 5 x 10° CFUmL .

Gomes-Filho et al. [33] reported the use of conventional oxidized CNTs immobilized on
polyethyleneimine to bind anti-cInT (cardiac troponin T, a diagnostic biomarker for myocardial
infarction or heart muscle cell death) capture antibodies. After a conventional sandwich assay with
a HRP-labelled anti-cTnT and upon addition of HyO, in solution, they measured the cathodic peak
current of Fe(CN)g3~/4~ also added in solution and achieved a LoD of 0.033 ng mL~! and a linear
range between 0.1 and 10 ng mL ™. In 2016, still using a diffusing redox probe and not an immobilized
one, Zhang et al. [34] described an electrochemical immunosensor for detection of a mycotoxin
(aflatoxin By) based on SWCNT/ chitosan electrodes, using a conventional indirect competitive binding
with an AlkP-labelled secondary IgG antibody. AIkP was used to catalyze the hydrolysis of x-naphthyl
phosphate (added in solution), which in turn produced an electrochemical signal at the electrode.
Using DPV, they found a linear response between 0.01 and 100 ng mL~!, with a LoD of 3.5 pg mL~! for
aflatoxin By. At last for immunoassays using diffusing redox probes, Sanchez-Tirado et al. [35] reported
in 2016 an electrochemical immunosensor for the determination of Transforming Growth Factor (31
cytokine using MWCNT-modified SPE. MWCNTs were functionalized by azide—alkyne click chemistry
for covalent coupling of alkyne-functionalized anti-TGFE. The target was detected through sandwich
immunoassay with HRP-labeled anti-TGEF. The affinity reaction was monitored amperometrically at
—0.20 V using the HQ/H,O, system. Linearity was obtained between 5 and 200 pg mL~! and the LoD
was 1.3 pg mL L.

It could be more pertinent not to add diffusing redox probes in solution, for the sake of simplicity,
reproducibility, or simply to make the sensors compatible with in-situ measurements for which redox
mediators could not be added to the analyzed medium. This is what Salimi et al. [36] reported
using thionine as redox probe integrated on the electrode substrate. They developed a sensor for
detection of prostate specific antigen (PSA) based on immobilization of a PSA antibody using a
composite of MWCNTs and an ionic liquid (1-butyl-methylpyrrolidinium bis(trifluromethyl- sulfonyl)
imide, [C4ympyr][NTf;]). Anti-PSA was immobilized in this composite as well as thionine (Thi),
and HRP-labeled anti-PSA was used in a sandwich type immunoassay with HyO, as substrate.
Using DPV to oxidize Thi at the electrode, the linear range was between 1 and 40 ng mL~!, with a



Sensors 2017, 17, 794 11 of 63

LoD of 20 pg mL~!. More recently, Wang et al. [37] reported a poly-L-lysine/SWCNT-modified
electrode coated with Prussian blue (BP) for a-fetoprotein detection. Poly-L-lysine is a positively
charged synthetic polymer of L-lysine containing amino groups able to bind bioactive materials onto
an electrode surface, or to link some active groups such as epoxy groups, hydroxyl groups, or carboxyl
groups present on the SWCNTs surface. All these components were crosslinked with glutaraldehyde
to stabilize the interface. Immunosensing was measured based on the catalytic activity of the HRP with
H,0, added in solution and BP acting as mediator immobilized on the electrode surface. Using DPV
to recycle Prussian Blue, the authors found that peak current was linearly related to x-fetoprotein in
the range 0.05-10.0 ng mL !, with a LoD of 10 pg mL~!. In the same spirit, Yang et al. [38] described
cobalt phthalocyanine (CoPc)-functionalized MWCNTs as label for signaling antibodies (Aby) in a
sandwich-type immunosensor, for detection of procalcitonin (a peptide biomarker of severe sepsis).
The originality and pertinence of this approach was that the electrochemical signal directly originates
from the CoPc without the addition or any redox mediator in solution or any label, which makes such
kind of tranuduction scheme more efficient for a real application. However, to enhance sensitivity,
choline oxidase (ChOx) was added on the electrode. H,O; produced by this enzyme was catalytically
oxidized by CoPc, resulting in a signal amplification (Figure 5C,D). Using DPV, they reported linearity
from 0.01 to 100 ng mL~! and a LoD of 1 pg mL~!, but choline had to be added in solution, which did
not make this system reactant-free.
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Figure 5. (A) Preparation of the immunoelectrode, and reactions occurring at the electrode surface
for determination of E. sakazakii and E. coli O157:H7. Thi(ox) and Thi(red) are the oxidized and
reduced forms of thionine, respectively; (B) CVs after incubation with E. sakazakii (1019 ¢fu mL1)
(left) and E. coli O157:H7 (right). Curves al and b1 were obtained before incubation; curves a2 and b2
were obtained after incubation. Reprinted from [32], Copyright 2013, with permission from Elsevier;
(C) (a) Preparation procedure of the ChOx/Ab, /CoPc-MWCNTs bioconjugates; (b) Transduction and
amplification mechanisms; (D) DPV responses after incubation with PCT (from 0.01 to 100 ng mL~1),
and corresponding calibration curve of the anodic peak current. Reprinted from [38], Copyright 2016,
with permission from Elsevier.

e Enzyme-Free Immunosensors

For enzyme-free detection of aflatoxin-B;, Singh et al. [39] reported a method of functionalization
of an ITO electrode by electrophoretic deposition of MWCNTs (lying flat on the electrode surface)

onto which aflatoxin antibodies were grafted. Using Fe(CN)>~/4~ as redox probe diffusing in
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solution and CV as electrochemical technique, their immunosensor was sensitive to the association of
the aflatoxin-B1 on the immobilized Ab, showing a LoD of 0.08 ng mL~! and a linear detection
range between 0.25 and 1.4 ng mL~!. The most interesting example, however, was given by
Liu et al. [40] in 2012. They reported a sensor for detection of endosulfan (an organochlorine insecticide)
by electrografting of a mixed layer of 4-aminophenyl and phenyl with the aryldiazonium route,
for covalent grafting of SWCNTs on conventional GC electrodes. They also used the diazonium
electrografting route for functionalization of these SWCNTs with anti-adsorption chains such as
poly(ethylene glycol) (PEG). Ferrocenedimethylamine was attached to the upper end of SWNTs through
amide bonding followed by the attachment of the endosulfan hapten to which an antibody bind
(Figure 6A,B). Association/dissociation of the antibody on the sensing interface causes a modulation
of the ferrocene electroactivity. SWV was used to sense this electroactivity change, with a linear
detection range of ca. 0.01-20 pg mL~!. It must be emphasized that, through this competitive assay,
without the use of any diffusing redox probe in solution nor additional reactant, they achieved a
excellent LoD of 0.01 pg mL~!; this approach certainly paved the way for enzyme-free, reactant-free,
diffusion-free immunosensors.

3.2.2. Nanoparticles Combined with Carbon Nanotubes

e Enzyme-Based Immunosensors

Because CNTs are difficult to functionalize, or poorly conducting after some oxidative treatments,
and also to bring more efficient and more specific catalytic properties to the electrode, some works
were reported where CNTs were modified with metal NPs. For example, Lu et al. [41] reported an
electrochemical immunosensor based on MWCNTs modified with Au nanoparticles (AuNPs) for
detection of human chorionic gonadotrophin (hCG), widely used as a marker in some pregnancy
test. AuNPs were used to increase further the surface area of the electrode to track down a large
amount of capture antibodies as well as to lower the electronic transfer resistance of generated by
poorly conductive CNTs. HRP-labeled secondary anti-hCG antibodies were used for the sandwich
immunoassay. Linearity was obtained from 5 uIU mL~! to 500 mIU mL~! with a LoD of 3 ulU mL~!.
A similar approach was described by Neves et al. [42] for detection of IgA- and IgG-type anti-tissue
transglutaminase (anti-tTG) autoantibodies in real samples from patients suffering with celiac disease,
using MWCNT/AuNPs as substrate and AlkP-labeled secondary anti-IgG antibodies for amplification.
The analytical signal was based on the anodic redissolution of the enzymatically generated silver
from Ag* added in solution (Figure 6C). No quantification and even no detection limit were claimed,
but positive (+) or negative (—) results, for real diluted serum samples. The fact that silver must be
added in solution impede the use of such sensor for real applications, however.

e Enzyme-Free Immunosensors

Only one example of enzyme-free immunosensor could be found during this period, very recently
published by Liu et al. in 2017. [43] They described a label-free amperometric immunosensor
for the direct determination of zearalenone (a mycotoxin). GC electrodes were modified
with polyethyleneimine (PEI)-functionalized MWCNTs, then AuPtNPs were electro-deposited.
They demonstrated that AuPtNPs increased the surface concentration of antibodies and enhanced
sensitivity. Capture monoclonal antibodies were immobilized on these NPs. Using CV with
Fe(CN)3~/4~ as redox probe (diffusing in solution), they probed the target capture over a wide
linear range from 5 pg mL~! to 50 ng mL~!, with a LoD of 1.5 pg mL .

3.2.3. Other Carbon Materials

CNTs are not the only carbon-based nanoparticles. For example, Xu et al. [44] reported an
immunosensor using carbon nanospheres and AuNPs, which were used for labeling secondary
antibodies in a sandwich-type immunoassay format. For transduction, these AuNPs were
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electro-oxidized to produce AuCly~ at the electrode surface, detected by DPV. The high-loading
capability of AuNPs on carbon nanospheres led to obvious signal amplification. Using human
immunoglobulin G (IgG) as model target, they obtained a linear dependence on the logarithm of target

concentration ranging from 10 pgmL~! to 10 ngmL~!, with a LoD of ca. 10 pgmL~!. No external
reactants were necessary.
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Figure 6. (A) SWNT-modified GC electrodes for detection of endosulfan; (B) SWVs for GC-Ph-
NH,/SWNT/PEG/FDMA /endosulfan/anti-endosulfan electrode after incubation in with 0, 0.02,
0.05, 0.1, 0.2, 04, 08, 1, 2, and 4 ppb endosulfan, respectively. Adapted with permission
from [40]. Copyright 2012 American Chemical Society; (C) Immunosensing architecture used for
tissue transglutaminase. 3-IP: 3-indoxyl phosphate disodium salt; (D) CVs obtained for anti-tTG at
various concentrations. Inset: relationship between the peak current and the anti-tTG concentration.
Reprinted from [42], Copyright 2012, with permission from Elsevier.

Using carbon nanohorns instead of nanospheres, Sanchez-Tirado et al. [45] reported a sensor for
determination of 8-isoprostane, a biomarkers of lipid peroxidation in the human body, derived of
essential fatty acids (Figure 7A,B). A competitive immunoassay involving HRP-labeled 8-isoprostane
was designed and detection was based on the steric hindrance generated by bound 8-isoprostane on
the electrode surface, expected to impede diffusion of the redox species (i.e., HyO and BQ). A linear
response was obtained up to 700 pg mL~! with a LoD of 12 pg mL~!.
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Figure 7. (A) Functioning of the 8-isoprostane immunosensor on a SPE; (B) Corresponding calibration
plot for 8-isoprostane. Adapted from [45], Copyright 2016, with permission from Elsevier; (C) Schematic
representation of electrode modification by the nanohorns-bienzyme-Ab, complex, for AFP detection;
(D) Nyquist diagrams of bienzyme/Ab,; /SWCNHs bioconjugates, for various AFP concentrations.
Adapted from [46], Copyright 2014, with permission from Elsevier.

Another procedure, which guaranties diffusion hindering (then efficient transduction)
independently of the size of the targets and probes, was interestingly reported by Yang et al. [46] who
described detection of a-fetoprotein (AFP) with the use of single-walled carbon nanohorns. Based on a
sandwich-type immunoreaction, a bienzymatic (HRP and GOx) cascade was used for transduction and
amplification (Figure 7C,D). 4-Chloro-1-naphthol, used a redox cosubstrate for HRP, was catalytically
oxidized by HyO; to yield to an insoluble product on the electrode surface, which was probed with
Fe(CN)g*~/3~ using CV and EIS. The sensor showed a wide linear range from 1 pg mL~! to 60 ng mL~!
and a LoD of 0.33 pg mL~!. Recently (2016), Gupta et al. [47] showed that such nanocarbon structured
could be featured into integrated devices. Indeed, they described a multiplexed electrochemical
immunosensor for label-free detection of three cardiac markers (C-reactive protein, cardiac troponin-I
and myoglobin) using carbon nanofibers as electrodes. Carbon nanofibers were grown vertically using
plasma enhanced chemical vapor deposition (PE-CVD), onto which capture antibodies were coupled by
conventional carbodiimide chemistry. The complexation of the cardiac markers on the corresponding
antibodies were characterized using Fe(CN)g> /4~ as redox probe (Figure 8A). No detection limits
were given but this device finds its originality in the nanofibers displayed in a relatively dense array
(however not electrochemically addressable individually), providing a very high surface area for
Ab immobilization.
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Figure 8. (A) Biosensor chip for CRP, cTnT and myoglobin; (a) SEM image of an array of 9 electrodes,
and (b) of an individual electrode; (c) AFM image of an array carbon nanofibers (bright dots); (d) AFM
profile of the carbon nanofibers height; (e) 3D AFM micrograph after antibody immobilization.
Reprinted from [47], Copyright 2016, with permission from Elsevier; (B) (a) Ab,—Cgo—AuPtNPs and
(b) scheme of the Vangl1 immunosensor using these C¢ templates. Reprinted from [48], Copyright 2016,
with permission from Elsevier.
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At last, Chen et al. [48] reported Cgo-templated AuPtNPs for human Vang-like protein (Vangl1)
detection (a biomarker for dysontogenic diagnostic). These Cgo/AuPtNPs were used for signal
amplification and immobilization of the signaling antibodies, whereas reduced graphene oxide (RGO)
was used to immobilized capture antibodies on the working electrode. An electrochemical signal was
derived from the catalytic reduction of HyO; by Cg—AuPt (Figure 8B). The authors observed a linear
range from 0.1 pg mL~! to 450 pg mL~! and a LoD of 0.03 pg mL 1.

As shown, it is generally assumed that transduction should be based whether on the steric effect
of antibodies or on the use of labeled secondary antibodies; most architectures needed addition of a
reactant in solution, which could be satisfactory for laboratory proof-of-concept but seem unusable in
real conditions. Figures of merit discussed in this section are summarized in Table 3.

Table 3. Figures of merit of selected immunosensors using carbon nanostructures.

Target Probe LoD Method Reference
E. coli Ab 5x 103 CFUmL™! HRP/CV [32]
Cardiac troponin T Ab 0.033 ng mL~! HRP/Fe(CN)g3~/4= /CV [33]
Aflatoxin By Ab 35pg mlL~! AlkP/a-NP/DPV [34]
TGF protein Ab 1.3 pgmL~! HRP/HQ/Amperometry [35]
PSA protein Ab 20 pg mL~1 HRP/TH/DPV [36]
a-Fetoprotein Ab 0.011 ng mL™1 HRP/PB/DPV [37]
Procalcitonin Ab 123 pg mL?! ChOx/H,0,-CoPC/DPV [38]
Aflatoxin By Ab 0.08 ng mL~! Fe(CN)g3~ /4= /CV [39]
Endosulphan Hapten 0.01 pg mL~! Fc/SWV [40]
Gonadotrophin Ab 3ulUmL! HRP/CV [41]
a-Transglutaminase Ab - AlkP/ Ag0 -Ag* [42]
Zearalenone Ab 15pg mL~1 Fe(CN)3 /4~ /CV [43]
IsG Ag 9 pgmL~! AuNP/AuCly~ /DPV [44]
8-Isoprostane Ag 12 pg mL~! HRP/HQ/Competition/CV [45]
AFP protein Ag 0.33 pg mL ! GOx/HRP/Fe(CN)s3~/4=/CV [46]
CRP protein Ag - Fe(CN)g3~ /4~ /CV [47]
Vang]l1 protein Ag 0.03 pg mL~! AuNPs/H;0,/ Amperometry [48]

3.3. Graphene and Graphene Derivatives

Graphene offers, among other features, large surface area and high electrical conductivity. It has
been widely used in electrochemical sensor devices in which it participates to increase current
densities and contact area capture probe and target molecules. The advantage that graphene (but not
graphene oide) could have compared to CNTs or related carbon NPs is its intrinsic conductivity
as well as, if correctly prepared (that is, in a well-dispersed form and not as bundles) a higher
surface-to-volume ratio.

3.3.1. Enzyme-Free Immunosensors

As for classical substrates, most of the graphene-based immunosensors concern detection of
antigens; however, some immunosensors were described for antibody detection. All of them proposed
transduction architecture strictly similar to those used to detect antigens. In 2012, Loo et al. [49]
reported a conventional label-free electrochemical impedimetric immunosensor for detection of
IgG antibodies as model, based on chemically modified graphene serving as electrode substrate.
Anti-IgG were immobilized on the electrodes and EIS used with FeCNg3~/4~ as diffusing redox
molecule for probing Ab/Ag interaction on the electrode surface. The linear range of detection
was from 0.3 pg mL~! to 7 pg mL~! (LoD of 0.1 ug mL~!). In 2013, Wang et al. [50] presented a
sandwich electrochemical immunosensing strategy with AuNP-functionalized graphene, also used
as immobilization substrate for probe antibodies, and 1,1’-ferrocenedicarboxylic acid as label on the
signaling antibodies. Human IgG was detected using DPV with a LoD of 0.4 ng mL~! and a linear
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dynamic range from 1 to 300 ng mL~!, that is much lower values than those obtained from the
previous example, with a sensor that does not need a redox label to be added in solution. More recently,
Zhang et al. [51] reported an IgG immunosensor based on AuNPs/polydopamine-functionalized RGO
as substrate for probe antibodies, and AgNPs/carbon dots (C-dots) as signal probe and catalytic
material onto which signaling antibodies were immobilized. The presence of the IgG target was
detected by monitoring the electroreduction current of BQ coming from the reaction of H,O, and
HQ (both added in solution) on the AgNPs/C-dots. The current responses were linear between 0.01
and 100 ng mL~!, with a LoD of 1 pg mL~!. There are more examples of immunosensors for antigen
detection. For this reason, we sorted them between sensors needing diffusing redox probes and the
ones, more interesting, which use immobilized redox probes without needing added reactant.

e Diffusing Redox Probes

Eissa et al. [52] described in 2012 an immunosensor for (3-lactoglobulin (a milk antigen) using
graphene-modified SPE. They demonstrated electrografting of an aryl diazonium salt on graphene as
substrate, for covalent grafting of the 3-lactoglobulin capture antibodies through a Schiff base reaction
(Figure 9). CV and DPV were carried out using Fe(CN )6~ /%~ added in solution to characterize Ab/ Ag
association. Currents decreased linearly with increasing the concentration of 3-lactoglobulin due to
the steric hindrance generated by the antibody-antigen complex on the modified electrode surface.
With this classical transduction scheme, the LoD was 0.85 pg mL~! and the dynamic range was from
1 pg mL~! to 100 ng mL~1.
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Figure 9. (A) Electroreduction of a diazonium salt on a SPE, for covalent immobilization of
B-lactoglobulin antibodies; (B) DPVs of the immunosensor incubated with different concentrations
of B-lactoglobulin (inset: calibration curve); (C) Comparison of the DPV response of the
graphene-modified electrodes to 1000 ng mL~1 ovalbumin, BSA, casein, lysozyme, and 100 ng mL™1!
B-lactoglobulin. Reprinted from [52], Copyright 2012, with permission from Elsevier.

In 2013, Zhao et al. [53] reported an enzyme-free immunosensor for detection of x-fetoprotein
(AFP), using a sandwich-like format with catalytic AuPdNPs-labeled antibodies and N-doped graphene
for grafting of the capture antibody on the electrode. AuPdNPs were used for their catalytic
properties towards H,O, added in solution. The LoD was 5 pg mL~! and the linear range between
0.05 and 30 ng mL~!. Still in 2013, Huang et al. [54] also described a label-free amperometric
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immunosensor for AFP detection, based on a TiO, /graphene/chitosan/AuNPs film deposited on a
GC electrode. Antibodies were immobilized by adsorption on the AuNPs. The Ab/Ag interaction at
the electrode interface generated a steric hindrance, resulting in the decrease of DPV signals when
Fe(CN)y3 ~/* ~ was added in solution. The detection range was between 0.1 and 300 ng mL~! and
the LoD of 0.03 ng mL~1. Again, for AFP detection, Lin et al. [55] inserted anti-AFP and SWCNTs
inside the channels of mesoporous silica (MPS) and immobilized this MPS/SWCNTs/anti-AFP
assembly on graphene using a layer-by-layer approach. Capture of AFP was probed by DPV using
ferrocenecarboxylic acid diffusing in solution. The authors reported detection of AFP within a linear
range from 0.1 to 100 ng mL~! and a LoD of 0.06 ng mL~!. In 2015, Liu et al. [56] described a
GR/5n0O;/Au nanocomposite used to immobilize anti-AFP. Using Ru(NH;)e% as redox probe added
in solution, the authors demonstrated that the DPV peak currents decreased due to the interaction
between Ab and Ag on the electrode. AFP was quantified between 0.02 and 50 ng mL~!, with a LoD
of 0.01 ng mL~1. In 2016, last example for AFP detection, Wei et al. [57] presented a sandwich-type
electrochemical immunosensor where AuNPs were electrodeposited on GCE to bind capture anti-AFP.
Graphene oxide functionalized with CeO,NPs and PANPs was utilized as labels for labelling secondary
anti-AFP. PANPs played the role of catalyst towards H,O, reduction. The immunosensor exhibited a
linear range from 0.1 pg mL~! to 50 ng mL~! with a LoD of 0.033 pg mL~!.

Back in 2013, Li et al. [58] reported label-free detection of carbohydrate antigen 15-3 (CA 15-3),
a biomarker of breast cancer. Capture antibodies were immobilized on N-doped graphene-modified
electrodes. Upon recognition of the carbohydrate antigen and using DPV to probe the electroactivity
of Fe(CNg)3~ /4~ added in solution, a LoD of 12 mU mL~! was achieved, and a linear range between
0.1 and 20 U mL~!. In 2014, Teixeira et al. [59] reported an immunosensor for human chorionic
gonadotropin (hCG), a key hormone for pregnancy diagnostic. Multi-layer epitaxial graphene
(MEG) was grown on SiC substrates, then patterned using electron beam lithography to make
channels. These short channels were then functionalized with 3-aminopropyltriethoxysilane (APTES)
to covalently bind the anti-hCG antibody (Figure 10A,B). Detection was made by monitoring the redox
current of diffusing Fe(CNg)>~/4~ on the graphene sheet, or by monitoring changes in the channel
resistance upon exposure to hCG. The LoD was 0.62 ng mL~! and the linear response was in the range
0.6-6 ng mL~1.

In 2015, Jang et al. [60] used AuNPs-modified graphene to bind PSA antibodies. CV was used with
Fe(CNg)®>~/4~ as diffusing redox probe to quantify PSA binding on immobilized anti-PSA. The LoD
was 0.6 ng mL~! and the linear range was obtained for up to 10 ng mL~!. Also in 2015, Sun et al. [61]
described an original paper substrate modified by reduced graphene oxide (RGO), ZnO nanorods
and capture antibodies. They used a sandwich assay where the signaling antibodies were coupled to
graphene sheets and AgNPs. With H,O, as redox probe and CV for measuring H,O, electroreduction,
the authors demonstrated a linear response between 1 pg mL~! and 110 ng mL~!. This sensor was
also employed for human chorionic gonadotropin (linearity between 2 nIU mL~! and 120 mIU mL~1)
and to carcinoembryonic antigen (CEA) (linearity between 1 pg mL~! and 100 ng mL~!). In 2016,
Ma et al. [62] also reported PSA detection but for a sandwich-type device. AuNPs-decorated
APTES-functionalized graphene sheets (Au/APTES/GR) were employed as substrate, and Cu,O
NPs decorated with ferrocene were employed as label. CuyONPs presented a good electrocatalytic
activity towards Fc and hydrogen peroxide (added in solution) electrooxidation and electroreduction,
respectively (Figure 10C,D). The linear range was between 0.05 and 100 pg mL~! and the LoD of
0.05 pg mL~!. Last example of PSA detection, Han et al. [63] reported in 2017 AgNPs-functionalized
RGO for immobilization of anti-PSA antibodies. Using CV with FeCNg>~/4 as diffusing redox
probe (Figure 11A), the authors demonstrated peak current changes which varied linearly with PSA
concentration between 1 and 1000 ng mL~!, with a LoD of 0.01 ng mL~!.

Also using Fe(CNg)®>~/4~ as redox probe, Pandey et al. [64] reported RGO sheets decorated by
cysteine and CuONPs deposited on Au electrode, for detection of Escherichia coli O157: H7. With EIS to
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measure changes in electron transfer resistance, they found a detection range from 10 CFU mL~! to
10® CFUmL ! and a LoD of 3.8 CFUmL ™!,

1100 T T T T !
- & hCG d

H
800 =
> '
i
]
2

ane 1
g .
e —Blan
. HH2 (] 7]
ans. AB
T

800
7004 i
600
500
400
300
200 *
1004

L NH2
o f
OH OH OH /0§

Hydroxylation Silanization oL NH2
e _— 0 J

Graphene _ 0§

0

N?Hz NH, _|_

Measured resistance (Ohm)

a4 08 05 18

OH OH OH 0 . ; :
2o H ° ! : 2 g .
CFEOH )

Concentration (ng/mL)

(A) (B)

outiide

Vatags (V)
T

80 4

40

20 4
N

? Y A, Potential ﬁl 0 4 z g
¢ F°\ "N 0.0 0.2 0.4 06
/ /

.
Gr;r:;!Eene . \Fc Potential W}
(o) (D)

L @ra'
=X -
0-0'gs
Current (pA)

Figure 10. (A) Covalent attachment of 3-aminopropyltriethoxysilane (APTES) to a hydroxyl-terminated
graphene surface; (B) Resistance across a 100 um x 4 mm graphene channel as a function of the hCG
concentration. Resistance across the channel as a function of the urea and cortisol concentration
(inset, top left). I-V curves are plotted (inset, bottom right) for the unmodified device (black curve),
amine-terminated (red curve), and Ab-modified (blue curve) graphene surface. Reprinted from [59],
Copyright 2014, with permission from Elsevier. (C) Sandwich-type electrochemical immunosensor
based of Fc-modified CuyONPs, for PSA detection. (D) SWVs for detection of 0.05 pg mL! (a),
0.1 pgmL~! (b), 0.5 pg mL~! (c), 1 pg mL~! (d), 5 pg mL~! (e), 10 pg mL~" (f), 50 pg mL~! (g) and
100 pg mL~! (h) PSA. Reprinted from [62], Copyright 2016, with permission from Elsevier.

Liu et al. [65] described a sandwich-type electrochemical immunosensor for detection of squamous
cell carcinoma antigen (SCCA). Graphene nanosheets were immobilized on the electrode surface and
functionalized with -cyclodextrin, used to immobilize capture antibodies. Signaling antibodies
were modified with Pt/PdCu nanocubes anchored on graphene sheets. Pt/PdCu exhibited high
electrocatalytic activity toward the reduction of HyO, added in solution (Figure 11B). The results
showed linearity between 0.1 pg mL~! and 1 ng mL~!, with a LoD of 25 fg mL~!.

Pd/V;05 also presents a catalytic activity towards H,O, reduction, demonstrated by
Han et al. [66], in 2016, for a non-enzymatic sandwich-type immunosensor for carcinoembryonic
antigen (CEA) detection. Pd/V,05 was immobilized on MWCNT-labelled secondary antibodies.
A nanocomposite of SnO, /RGO was used as high specific surface area substrate for immobilizing
AuNPs coupled to capture antibodies. With this architecture, the authors obtained a linear range
between 0.5 and 25 ng mL~! and a LoD of 0.17 pg mL~!. Still with a sandwich-type architecture,
Feng et al. [67] described a CEA immunosensor based on signal amplification using Fc-functionalized
Fe30/Si0, as labels and AuNP /GO as substrate. Anti-CEA were immobilized on both the substrate
and the signaling NPs, the latter having catalytic properties towards H,O, oxidation (Figure 12).
DPV was used to reoxidize Fc. The linear range was found between 1 pg mL~! and 80 ng mL~!, with a
LoD of 0.2 pg mL~1.
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Figure 11. (A) RGO and RGO/AgNPs for PSA detection, with Fe(CN)63_/ 4= as diffusing redox
probe. Reprinted from [63], Copyright 2017, with permission from Elsevier; (B) Cyclodextrin-modified
graphene (a); functionalization by Pt/PdCulNPs and Ab, (b); and (c) global immunosensing scheme.
Reprinted from [65], Copyright 2016, with permission from Elsevier.
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Figure 12. (A) Fe30,@SiO,-Fc-Ab, /HRP particles for enzyme-less catalytic immunodetection of CEA.
(B) DPV curves of the above-described sensor for various CEA concentrations in PBS + 4 mM H;0O»;
(C) Calibration plots. Adapted from [67], Copyright 2016, with permission from Elsevier.

Very recently (2017), Miao et al. [68] also reported a sandwich-type assay for CEA, based on IrNPs
acting as electrochemical signal amplifier. Polydopamine-reduced graphene oxide (PDA-RGO) was
employed to immobilize anti-CEA capture antibodies, and IrNPs for coupling on signaling antibodies.
The large surface area of PDA-RGO and the electrocatalytic properties of IrNPs for H,O, reduction
allowed a working potential of —0.6 V (vs. SCE) without the use of HRP. The sensor presented a linear
range from 0.5 pg mL~! to 5 ng mL—1 and a LoD of 0.2 pg mL~!. Finally, still for its catalytic property
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towards H,O,, AgPtNPs-functionalized GR was reported by Dai et al. [69]. The detection range was
from 0.5 ng mL~! to 140 ng mL~! with a LoD of 0.2 ng mL 1.

These works demonstrated that that novel metallic nanoparticles sch ag AgPt, AuPt or Ir NPs
could efficiently replace an enzyme such as HRP for the catalytic oxidation of a redox probe through
H,O, reduction, which ensures a more robust sensor (HRP, as any other enzymes, is fragile and
works properly only in given conditions such at mild temperature, mild pH, etc.). The other way to
get rid of enzymes is to use classical diffusing redox probes but, without amplification procedure,
sensitivities are generally lower. Figures of merit discussed in this section are summarized in Table 4.

Table 4. Figures of merit of selected enzyme-less immunosensors using graphene and diffusing
redox probe.

Target Probe LoD Method Reference
B-Lactoglobulin Ab 0.85 pg mL ™! Fe(CN)¢3~/4~/DPV [52]
AFP protein Ab 5pg mL~1 H,0,/AuPdNPs/CV [53]
AFP protein Ab 0.03ngmL~!  Fe(CN)s>~ /4~ /TiO,/GR/Chi/AuNPs/DPV [54]
AFP protein Ab 0.06 ng mL~! Fc/DPV [55]
AFP protein Ab 0.01 ng mL~! Gr/SnO,/Au Fe(CN)3~/4~ /DPV [56]
AFP protein Ab 12mUmL™! Fe(CN)¢3—/4~/DPV [57]
CA 153 Ab 0.033 pg mL~! H,0,/CeO,NPs [58]
hCG Ab 0.62 ng mL ! Fe(CN)g3—/4—/CV [59]
PSA protein Ab 0.6 ng mL~! Fe(CN)g3~/4~/CV [60]
PSA protein Ab 1pgmL~! H,0,/Zn0O/AgNPs/CV [61]
PSA protein Ab 0.05 pg mL~! H,0,/Fc/DPV [62]
PSA protein Ab 0.01 ng mL~! Fe(CN)>~/4~ /AgNPs/CV [63]
E. Coli Ab 3.8 CFUmL"! Fe(CN)g3~/4~ /CuONPs/EIS [64]
SCCA protein Ab 25 fg mL~! H,0, /PtPdCuNPs [65]
CEA protein Ab 0.17 pg mL~! H,0, /PtV,0s5 [66]
CEA protein Ab 02pg mL~1 H,0, /Fe3ONPs [67]
CEA protein Ab 02pg mL~1 H>0, /IrNPs [68]
CRP protein Ab 0.17 ng mL~1 H,0,/AgPtNPs [69]

e Immobilized Redox Probes

To avoid some drawbacks generated by the use of diffusing redox probes, Among those who
used immobilized redox probes, Mao et al. [70] described in 2012 an immunosensor for PSA using
GR/MB/Chi as electrode material, onto which capture antibodies were immobilized. GR provided
high specific area for increasing both the redox probe and the capture probe surface concentration.
Using current changes of the CV peaks, induced by specific Ag-Ab interactions, the signal decreased
linearly with PSA concentration (0.05-5.00 ng mL~1), with a LoD of 13 Pg mL~!. Wei et al. [71]
described a similar idea where the redox probe (here Thi) was immobilized on graphene/PtNPs,
for detection of kanamycin, an antibiotic used to treat severe bacterial infections. The anti-kanamycin
Ab was immobilized onto the modified electrode through electrostatic adsorption (Figure 13A).

The authors claimed that Thi electroactivity was improved not only by graphene but also by
PtNPs (due to an increase in surface area and conductivity). They reported a LoD of 6 pg mL~! and a
linear range from 0.01 to 12 ng mL~!. In 2013, Yu et al. [72] also described a kanamycin sensor with
capture antibodies labelled with Ag/Fe;O4NPs and immobilized on a thionine/graphene-modified
electrode. CV and SWV were used to characterize the recognition of kanamycin through change in
Thi electroreduction currents, which decreased upon increase of kanamycin concentration. The LoD
was 15 pg mL~!, and the linear range was from 0.050 and 16 ng mL~!. Cai et al. [73] described in
2012 a nanotubular mesoporous PdCu alloy for a label-free electrochemical immunosensor for CEA.
It operated through physisorption of anti-CEA on NM-PdCu sulfonated graphene sheets modified
with Thi as immobilized redox probe. From CV peak currents, a linear response was observed
between 0.01 and 12 ng mL~! with a LoD of 5 pg mL~!. In 2014, Wu et al. [74] also reported an
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immunoassay for CEA and squamous cell carcinoma antigen (SCCA) for the diagnosis of cervical
cancer. Tetraethylene pentaamine-modified RGO was used to immobilize the primary antibody;,
and Au@mesoporous carbon CMK-3 were used to couple secondary antibodies (Ab,) with Neutral Red
or Thi as redox probes. A conventional sandwich assay followed by DPV measurements showed that
the immunosensor presented a linear range up to 20 ng mL~! and a LoD of 10 pg mL~!. Han et al. [75]
also reported a CEA sensor, but based on graphene decorated with AuNPs and Thi as redox probe;
anti-CEA were immobilized on the AuNPs. The immunosensor showed a very low LoD of 0.05 fg mL !
and a linear response from 0.1 fg mL~! to 1 pg mL 1.

Lin et al. [76] described a AuNP-functionalized mesoporous carbon foam (MCF) coupled with
carbon—Au synergetic silver enhancement for immunosensing of CEA. Antibodies were grafted on
RGO/Chi-modified electrodes. Through a sandwich-type immunoreaction, Au/MCF tags were
captured on the immunoconjugate to induce a silver deposition process. Using anodic stripping
voltammetry (ASV) for silver redissolution, the authors found a linear range from 0.05 pg mL~! to
1ng mL~! and a LoD of 0.024 pg mL~!. This technique of deposition/redissolution of metallic NPs
is particularly efficient because it provides a very large amplification compared to other approaches.
The other approaches which were published later did not feature such strategy and showed less
satisfactory limits of detection.

Chen et al. [77] also reported CEA detection, but with a sandwich-format, using graphene
sheets modified by toluidine blue for labeling anti-CEA, and Prussian Blue (PB) for labeling anti-AFP.
The capture antibodies were immobilized onto chitosan-AuNPs immobilized on the electrode
(Figure 13B). Using the electroactivity of the two different immobilized redox probes, a linear range
of 0.5-60 ng mL~! was obtained for both targets, and LoDs were of 0.1 ng mL~! for CEA and
0.05ng mL~! for AFP. Wang et al. [78] described a CEA immunosensor using AuNPs-decorated
mesoporous silica KIT-6. AuNPs were used to immobilize both the secondary antibodies and toluidine
blue. For the immobilization of primary antibodies (Ab;), APTES-functionalized graphene sheets
decorated with AuNPs were used as substrate on glassy carbon electrodes (GCE). Using DPV to
sense toluidine blue electroactivity, this immunosensor exhibited a LoD of 3fg mL~! and a linear
range from 107> ng mL~! to 102ng mL~!. More recently, in 2016, Peng et al. [79] reported an
electrochemical immunosensor for CEA, based on GR/Chi/Fc used to immobilize the primary
antibodies. Fe3O4/AuNPs were also functionalized with antibodies, for signaling through a
sandwich pathway. p-Aminophenol was used as redox probe, and Fc as catalyst of p-aminophenol
electrooxidation. This immunosensor offered a linear signal between 1 pg mL~! and 30 ng mL~!, with a
LoD of 0.4 pg mL~!. Last example for CEA detection, Gao et al. [80] described a Nile blue-modified GO
which was electrochemically reduce in the presence of AuCls~, to led to a AuNPs/NB/RGO-modified
electrode. CEA antibodies were immobilized on this nanocomposite. Upon formation of the Ab/Ag
immunocomplex, Nile Blue electroactivity decreased proportionally to the CEA concentration. A linear
response was obtained between 1 pg mL~! and 40 ng mL~!, with a LoD of 0.5 pg mL~!.

No more for CEA but for AFP detection, Qi et al. [81] reported a PANPs-functionalized RGO
used as substrate for anti-AFP immobilization. HyO, was used as redox probe added in solution.
Upon formation of the Ab/Ag immunocomplex, the amperometric current of HyO, reduction was
proportional to the concentrations of AFP. The LoD was 5 pg mL~! and the response linear from
0.01 to 12 ng mL~!. Very recently (2017), and for AFP detection, Wang et al. [82] used Cu,O-decorated
GO as substrate for immobilization of AFP-antibodies. Toluidine Blue (TB) was used as redox probe,
adsorbed on the GO. Detection was performed using SWV to monitor the electroactivity of TB upon
immunoreaction. The linear range was between 1 fg mL~! and 100 ng mL~!, with a LoD of 0.1 fg mL .

Other antigens were also reported. For example, Wang et al. [83] described a sandwich
electrochemical immunoassay for avian leukosis virus, using Fe3O4 NPs modified with graphene
quantum dots (GRD), apoferritin-encapsulated CuNPs and signaling antibodies (Aby). After a
sandwich-type assembly with capture antibodies immobilized on the working electrode, CuNPs were
released from the apoferritin cavity under anodic stripping voltammetry (ASV). Detection was achieved
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between 120 and 30,000 TCIDsy mL~! (50% Tissue Culture Infective Dose) with a detection limit of
115 TCIDsg mL~!. The same year, Wu et al. [84] reported a dual signal amplification strategy for
tumor cells detection. Graphene was used to increase the electrode area, covalently immobilize capture
antibodies and accelerate electron transfer, and ZnSe or CdTe-coated SiO,NPs were used to label
signaling antibodies. A classical sandwich-type immunoreaction was followed by dissolution of the
tracing NPs into HNOg; this solution was then analyzed by SWV, which gave signals proportional
to the quantity of capture tags, therefore proportional to the quantity of detected cell, from 10 to
106 cells mL~!. Shi et al. [85] reported an electrochemical immunoassay for interleukin-6 (IL-6) and
matrix metallopeptidase-9 (MMP-9) using polystyrene/polydopamine/silverNPs (PS/PDA/AgNPs)
and graphene nanoribbon (GNR), in a sandwich assay format. Capture antibodies were immobilized
on graphene and PS@PDA /AgNPs were used to label signaling antibodies. The detection range
was reported between 107> and 10°> ng mL~! and the LoD was 5 fg mL~! for IL-6 and 0.1 pg
mL~! for MMP-9. Zhang et al. [86] described an immunosensor for simultaneous detection of
estradiol and diethylstilbestrol. Amino-functionalized mesoporous Fe3O4 NPs was loaded with
Pb?* or Cd?*, and then incubated with anti-estradiol and anti-diethylstilbestrol antibodies, respectively.
Estradiol and diethylstilbestrol antigens were adsorbed on graphene sheets deposited on GC electrodes.
Using SWASV, two well-separated peaks were generated by the redox reaction of Pb?* or Cd?*
on the electrode, making the simultaneous detection of the two antigens possible (Figure 14A).
Peak currents were proportional to the concentrations of estradiol and diethylstilbestrol in the range
from 0.050 pg mL~! to 100 ng mL~! and 1.0 pg mL~! to 100 ng mL~!, respectively. The detection
limits were of 0.015 pg mL~! and 0.38 pg mL !, respectively.
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Figure 13. (A) Ab/PtNPs/Thi/Nafion/GR/GC electrode for detection of kanamycin. Reprinted from [71],
Copyright 2012, with permission from Elsevier; (B) Antibody-modified and Prussian blue-modified
GO (a) and multiplexed electrochemical immunoassay protocol for CEA and AFP detection (b);
(C) Left: DPV responses of the immunosensor after incubation with CEA and AFP; center and right:
corresponding calibration curves. Reprinted from [77], Copyright 2013, with permission from Elsevier.

Again, one can see form these works that strategies using the electroactivity of metallic NPs
generally provide lower detection limits than more classical approaches.

Liu et al. [87] reported an amperometric immunosensor based on AuNPs and GO for detection
of cardiac troponin-I. GO and AuNPs were anchored on the electrode surface by covalent bonding
using aryldiazonium coupling. Antibodies were immobilized on GO along with Fc as signal reporter
(Figure 14B). Using SWYV, they demonstrated a LoD of 0.05 ng mL~!. Tuteja et al. [88] described a
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label-free immunosensor based on EIS for detection of myoglobin. Graphene quantum dots (GQDs)
have been used as an immobilized template on SPE. GQDs were conjugated with anti-myoglobin
antibodies and charge transfer resistance was used as sensing parameter, with a linear variation
between 0.01 and 100 ng mL~! and a LoD of 0.01 ng mL~!. At last, Tran et al. [89] reported an
original label-free immunosensor for detection of microRNAs (miRNA) based on a conducting
polymer/reduced graphene oxide-modified electrode. SWV was used to record the redox signal
of the conducting polymer. Current increases upon hybridization (signal on) from 1 fM to 1 nM
of target miRNA. The limit of quantification was 5 fM. To double-check its selectivity, two specific
RNA-DNA antibodies recognizing miRNA-DNA heteroduplexes were used, anti-poly(A)—poly(dT)
and anti-59.6 (Figure 15). Complexation of the antibody with the hybrid led to a current decrease that
confirmed the presence of miRNA, down to a concentration of 8 fM. Last, when the RNA/DNA hybrid
was added in solution, the authors observed a specific re-increase of the SWV current, attributed
to the competitive decomplexation of the antibodies. This last example shows, as it was the case
for [75], the superiority of immobilized redox probes over diffusing ones in terms of limit of detection.
Figures of merit discussed in this section are summarized in Table 5.
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Figure 14. (A) (a) Fe304/M?* / Ab labels and (b) immunosensing and transduction for estradiol and
diethylstilbestrol detection. Reprinted from [86], Copyright 2014, with permission from Elsevier.
(B) (a) GO/AuNP; (b) Fc-modified and Ab-modified GO; (c) Assembly of these functionalized
GO sheets for ¢Tnl detection. Drawings are not at scale. Reprinted from [87], Copyright 2016,
with permission from Elsevier.
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Table 5. Figures of merit of selected enzyme-free immunosensors using graphene and immobilized

redox probe.

Target Probe LoD Method Reference
PSA Ab 13 pgmL~! Graphene/MB/CV [70]
Kanamycin Ab 6 pg mL-1 GR/PtNPs/Thi/CV [71]
Kanamycin Ab 15 pg mL~! Ag/Fe304 NPs/Thi/SWV [72]
CEA protein Ab 5pg mL~1 PdCu-GR/Thi/CV [73]
CEA protein Ab 10 pg mL~! Carbon CMK-3/Thi/DPV [74]
CEA protein Ab 0.05 fg mL~! AuNPs/Thi [75]
CEA protein Ab 0.024 pg mL~! AgNPs/ASV [76]
CEA protein Ab 0.1ng mL~! GR/Toluidine blue [77]
CEA protein Ab 33fg mL! AuNPs/Toluidine blue/DPV [78]
CEA protein Ab 04 pgmL~! GR/CHI/Fc [79]
CEA protein Ab 0.5pg mL~! GO/AuNPs/NB [80]
AFP protein Ab 5pgmL~! PdNPs/RGO/Amperometry [81]
AFP protein Ab 0.1 fgmL~! Cu,O/GO/TB/SWV [82]
Avian leukosis virus Ab 115 TCIDs5y mL ™1 Fe304/CuNPs/ASV [83]
Tumor cells Ab 10 cells mL~! CdTe/SWV [84]
Interleukin-6 Ab 5fg mL~! GR nanoribbon/AgNPs [85]
Estradiol Ab 0.015 pg mL~! Fe304/Pb** /ASV (86]
Cardiac troponin-I Ab 0.05ng mL~1 GO/AuNPs/Fc/SWV [87]
Myoglobin Ab 0.01 ng mL~1 Graphene QDs/EIS [88]
miRNA Ab 5fmol L1 RGO/PCE/SWV [89]

3.3.2. Enzyme-Based Immunosensors

The previously cited immunosensors were designed to transduce Ab-Ag complexation without
amplification, or with a non-enzymatic catalytic amplification process. However, despite their
limitations in terms of stability, enzyme-based immunosensors are also widely reported.

There are again few examples of immunosensors for antibody detection, and most
works report human IgG detection not for practical application but as a model analyte.
Liuetal. [90] reported in 2012 an IgG sensor based on layer-by-layer assembly of MWCTs
and RGO, using poly(diallyldimethylammonium) (PDDA) as binding polymer between layers.
In a sandwich-type immunoassay, human IgG was uFsed as the target antigen, HRP-conjugated IgG
as the probing antibody and hydroquinone (HQ) as the electron mediator. The LoD was 0.2 ng mL !
and the linearity was observed from 1 ng mL~! to 500 ng mL ™. In 2014, Lai et al. [91] also described
an immunoassay for IgG as a model analyte. The working electrode was modified with RGO/ AuNPs
and capture antibodies, whereas signaling antibodies were coupled to AuNPs-labeled HRP.

After performing a sandwich immunoreaction, HRP catalyzed the oxidation of aniline (added in
solution along with H,O,) to produce electroactive polyaniline on the electrode surface (Figure 16A).
Polyaniline (PANi) electroactivity was probed by DPV. The LoD was 10 pg mL~! and the linear range
was reported from 100 pg mL ! up to 1 ug mL 1.

There are much more examples of enzymatic immunosensors for antigen detection. In 2012,
Yan et al. [92] described a PSA sandwich-type immunosensor using graphene nanosheets and
HRP-labeled signaling antibody coupled to AuNPs. AuNPs provided a large surface area for the
immobilization of HRP-Ab but the authors claimed that they are used also for their participation
in the electroreduction of H,O,. HQ was used as redox mediator, and DPV as the electrochemical
technique. This immunosensor showed a linear range between 2 pg mL ™! (the LoD) and a few pg mL ™.
Sun et al. [93] described in 2013 an electrochemical immunoassay for CEA based on 3D AuNPs/GR as
substrate to immobilize anti-CEA capture antibodies, and nanoporous AgNPs onto which Thi, HRP and
signaling antibodies were immobilized (Figure 16C). Using DPV, the authors found a detection range
from 1 pg mL~! to 10 ng mL~! and a LoD of 0.35 pg mL~!. Liu et al. [94] also reported a CEA
immunosensor, based on a GR macroporous foam as substrate for non-covalent immobilization of the
capture antibody. A lectin (concanavalin A) monolayer was immobilized on the GR electrode using
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polydopamine as linker. HRP-labeled capture anti-CEA were immobilized on the lectin through the
specific sugar-protein interaction (specific affinity between concanavalin A and sugar chains located
on the surface of HRP). With Fe(CN)s>~/4~ as redox probe and DPV for measurements, CEA was
detected within a linear range of 0.1-750 ng mL~! (LoD of ca. 90 pg mL~!). This approach must
attract our attention because, conversely to conventional grafting of antibodies on a solid substrate,
which cannot be well controlled in terms of Ab orientation on the surface, this immobilization by
affinity insures that all probe antibodies are well oriented on the surface and are available for further
target (antigen) recognition.
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Figure 16. (A) Sandwich immunoassay for IgG detection using HRP-AuNP for oxidation of aniline into
polyaniline; PANi is detected by DPV. Adapted with permission from [91]. Copyright 2014 American
Chemical Society; (B) DPV responses of the immunosensor toward different concentrations of IgG
(I) and (II) corresponding calibration curve. Curves a—g correspond to IgG concentrations from 0.01
to 500 ng mL~! (C) Fabrication process of HRP-Ab; /Thi/ AuNPs and electrochemical transduction;
(D) (III) Calibration curves for CEA in pH 7.0 PBS + 2 mmol L1 H,0, for different electrode materials:
(a) 3D-AuNPs/GR (inset: DPV curves), (b) GR, (c) AuNPs. (IV) Interferents and associated currents.
Reprinted from [93], Copyright 2013, with permission from Elsevier.

Still for CEA detection, Yang et al. [95] described a streptavidin-functionalized nitrogen-doped
graphene where biotinylated antibodies were immobilized. HRP-labelled antibodies were used with a
sandwich immunoassay, with Thi and H>O, as redox probes. With DPV, the authors demonstrated a
linear detection range from 0.02 to 12 ng mL~! and a LoD of 0.01 ng mL~1.

Graphene-based immunosensors were also designed for detection of hormones. For example,
Li et al. [96] described in 2013 a 17p-estradiol immunosensor based on a GR/PANi composite as
electrode substrate, and HRP-labelled signaling antibodies coupled to GO sheets. They used a
competitive immunoassay with HQ as redox mediator. With DPV, they obtained a linear response to
estradiol in the range 0.04-7.00 ng mL~! and a LoD of 0.02 ng mL~!. Cincotto et al. [97] also reported
ethynylestradiol (EE2) detection using a AgNPs/SiO,/GO composite grafted on a GC electrode
through the diazonium route, onto which anti-EE2 was also covalently bound. HRP-EE2 was used
in a competitive assay, with HQ as substrate. The current was monitored at a constant potential of
—200 mV and led to a LoD of 65 pg mL~! and a linear range between 0.1 and 50 ng mL~!. Sun et al. [98]
reported very recently (2017) detection of cortisol using AuNPs/GO. Cortisol, was first coupled to
AuNPs/GO immobilized on a GCE by a Nafion membrane. Upon addition of HRP-labeled anti-cortisol
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antibodies, a competition occurred, which was quantified by measuring the HRP activity by DPV
(o-phenylenediamine and HyO, as substrate and co-substrate, respectively, diffusing in solution).
This immunosensor displayed a detection range from 0.1 to 1000 ng mL~! and a LoD of 0.05 ng mL 1.

Detection of protein biomarkers was also described. Yang et al. [99] reported detection of matrix
metalloproteinase-2 (MMP-2) by immobilizing AuNPs on N-doped graphene sheets, onto which
capture antibodies were immobilized. Signaling antibodies were coupled to GO sheets decorated by
HRP-labelled signaling antibodies (Figure 17A). Upon addition of Thi and H,O; in solution, DPV was
used to measure the HRP activity through Thi reduction. They found a linear range from 0.5 pg mL !
to 50 ng mL~!, with a LoD of 0.1 pg mL 1.

These works show that two approaches could be followed to improve the sensors signal. The first
approach consists in using a surface area which is increased by using a nanostructured substrate where
probes are immobilized at a high surface density, then a classical labelling of secondary antibodies
brings amplification. A second approach, different, tries to increase the surface concentration of the
labels by immobilizing them on NPs or other nanostructures such as nanosheet; it is not the surface
density of probes which is increased, but that of the redox label.

In 2015, Fang et al. [100] reported the detection of HIV-p24 protein (the protein envelope of
HIV) using MWCNTs-silica as a matrix for HRP and capture antibodies, and GO as carrier of Thi
and HRP-modified signaling antibodies. In a sandwich immunoreaction, HRP/MWCNTs/SiO,
and HRP/Thi/GO captured onto the electrode surface produced an amplified electrocatalytic
response by electroreduction of the Thipx produced by HRP. The increase of current was
proportional to the HIV-p24 concentration between 0.5 pg mL~! and 8.5 ng mL~!, with a LoD
of 0.15 pg mL~!. At last, Arenas, Sanchez-Tirado et al. [101] presented the detection of adiponectin
(APN), an hormone involved in glucose and lipid metabolism with a central role in the regulation
of insulinoresistance, with a sandwich-type assay involving a metal complexes-based polymer
(Mix & Go™) for immobilization of the anti-APN capture antibody, and HRP-anti-APN as signaling
antibody (Figure 17C). Using amperometry at —200 mV and the H,O, /HQ redox system in solution,
they obtained a linear calibration within 0.5-10.0 ug mL~; the LoD was 60 ng mL 1.

There is one example of carbohydrate immunosensor. Yang et al. [102] reported a sandwich-type
sensor for carbohydrate antigen (CA19-9), using AuNPs-functionalized GO as substrate where capture
antibodies were immobilized, and Au@PdNPs-functionalized GR as signal enhancer, bearing thionine
(Thi) and HRP-labelled signaling antibodies. Upon addition of H,O, and using DPV for Thisy
reduction, the electrochemical immunosensor exhibited linearity between 0.015 and 150 U mL~!and a
LoD of 6 mU mL ™.

At last, there is one example of miRNA immunodetection. Piro et al. [103] reported a composite
of RGO and MWCNTs as substrate for immobilization of single-stranded oligonucleotide probes.
Upon hybridization of the target miRNA on this probe, HRP-labelled anti-DNA /RNA hybrids were
added. Upon addition of HQ and H;O, in solution, HQ was oxidized into BQ, which was then
re-reduced into HQ at the electrode (Figure 18). Using SWYV, the authors reported a LoD of 10 fM
miRNA and a linear range between 10 fM and 0.1 nM. Figures of merit discussed in this section are
summarized in Table 6.

Table 6. Figures of merit of selected enzyme-based immunosensors using graphene.

Target Probe LoD Method Reference
IgG Ab 02ngmL~! RGO/HRP/HQ/Sandwich [90]
IgG Ab 10 pg mL ! RGO/AuNPs/HRP/ Anilin [91]
PSA Ab 2 pgmL~! GR/AuNPs/HRP [92]
CEA Ab 0.35 pg mL ™! GR/AuNPs/Thi/HRP/DPV [93]
CEA Ab 90 pg mL~! GR/Lectin/Fe(CN)s®>~ /4~ /DPV [94]
CEA Ab 0.01 ng mL~! N-doped GR/Thi/HRP/DPV [95]
17pB-Estradiol Ab 0.02 ng mL~! GO/HQ/HRP/DPV [96]

Ethynylestradiol Ab 65 pg mL~! AgNPs/Si0,,GO/HQ/HRP [97]
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Table 6. Cont.

Target Probe LoD Method Ref.
Cortisol Ab 0.05 ng mL~! AuNPs/GO/o-PD/HRP/DPV [98]
MMP-2 Ab  01lpgmL-! AuNPs/GR/GO/Thi/DPV [99]

HIV-p24 protein Ab 0.15 pg mL™1 GO/Thi/HRP [100]
Adiponectin Ab 60 ng mL~1. RGO/Thi/HRP/ [101]
CA19-9 carbohydrate Ab 6mUmL™! Au@PdNPs/GR/Thi/HRP [102]
miRNA Ab 10 fmol L1 RGO/MWCNT/HQ/HRP [103]
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Figure 17. (A) Preparation and detection procedures for the MMP-2 immunosensor. Reprinted from [99],
Copyright 2013, with permission from Elsevier; (B) Typical DPVs corresponding to MMP-2
concentrations from a to j (0, 0.0005, 0.005, 0.02, 0.05, 0.25, 1.0, 5.0, 10.0 and 50.0 ng mL~1) in
PBS + 4 mM H,0,, and corresponding calibration curve; (C) The different steps involved in the
construction of the adiponectin (APN) immunosensor using a metallocomplex polymer (CMC) and
RGO on a screen-printed carbon electrode; (D) Corresponding calibration plot. Reprinted from [101],
Copyright 2016, with permission from Elsevier.

Figure 18. Electrochemical ELISA-like immunosensor for micro-RNA detection. Reprinted from [103],
Copyright 2014, with permission from Elsevier.
3.4. Metal or Metal Oxide Nanoparticles

In the previous section dealing with graphene-based devices, metal nanoparticles (e.g., AuNPs)
were already implemented in addition to graphene. In the following section are more generally
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reviewed electrochemical immunosensors featuring metal or metal-oxide NPs, used to increase the
surface area of the sensing layer but also and mainly to provide a catalytic activity in order to replace
an enzymatically-catalyzed reaction (in enzyme-less immunosensors) or even to catalyze enzymatic
products (in enzyme-based immunosensors).

3.4.1. Enzyme-Based Immunosensors

There is only one example of antibody sensor, published in 2013. Gao et al. [104] described a
signal-amplified sensor for IgG using TiO, nanotube array, for their large surface area, high pore
volume and good electrochemical conductivity. AuNPs were functionalized with HRP-tagged
antibodies and immobilized on the nanotubes. This architecture allowed for a higher surface
concentration of HRP-labelled Ab compared to flat electrodes, which led to higher amplified
electrochemical signals from the catalytic reaction of HRP relative to hydrogen peroxide (HyO,)
and its electroreduction of the AuNPs. It exhibited a detection range from 0.1 to 10° ng mL~! with a
LoD of 0.01 ng mL 1.

All other works described immunosensors for antigens, mostly proteins. In 2013, Cao et al. [105]
described bimetallic AuPt nanochains (NC) onto which HRP-conjugated anti-CEA signaling antibodies
were attached, giving “hairy” enzyme-labeled nanoparticles (HRP-anti-CEA-NCAuPt). Detection of
CEA was performed in a sandwich-type immunoassay format, with H,O, as enzyme substrate
and Prussian Blue (PB) as mediator, both added in solution. PB was immobilized under a AuNPs
layer on the electrode (Figure 19A). The linear detection range was 0.01-200 ng mL~! and the LoD
0.11 pg mL~ 1.
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Figure 19. (A) (a) Preparation of the HRP-anti-CEA-AuPt nanochains as label; (b) sandwich-type
recognition; (c) transduction. (B) Corresponding LSV (I) and calibration (II) curves for CEA at different
concentrations in PBS + 0.8 mM H,O,. Reprinted from [105], Copyright 2013, with permission from
Elsevier. (C) Detection of CEA with AuNPs-Ab,-GOx as label. (D) EIS (III) for CEA at different
concentrations: (a) 5, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, (h) 70 and (i) 80 ng mL~!in 0.1 MKCl +
5.0 mM Fe(CN)63*/ 4= (IV) corresponding calibration curve. Reprinted from [106], Copyright 2016,
with permission from Elsevier.
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Song et al. [106] described more recently a CEA immunosensor, based on an original transduction
scheme based on a sandwich architecture. Signaling antibodies were modified with AuNPs, GOx and
concanavalin A and macroporous carbon modified with capture antibodies as signal collector
(substrate) (Figure 19C). Concanavalin A was used because its surface charge varies significantly
with pH. Therefore, when Fe(CN)63’/ 4= was used as redox mediator in solution, the GOx activity,
generating local acidification, changed the neat charge of the NPs and repulsed the redox probe
from the NPs surface, therefore lowered the current. Using EIS, the charge transfer resistance
changed proportionally toward CEA concentration from 4 pg mL~! to 50 ng mL~! with a LoD of
1.3 pg mL~!. Hong et al. [107] presented also in 2016 an electrochemical immunosensor for detection
of three tumor markers: CA125, CEA, and PSA. They used as substrate a temperature-responsive
polymer (poly(N-isopropylacrylamide—PNIPAAm) for temperature-induced regeneration of the
electrode/electrolyte interface (Figure 20A). HRP-labeled antibodies were coupled to polypyrrole
NPs for signaling. A linear range from the pg mL~! to 100 ng mL~! was reported, with LoDs
in the pg mL~! range depending on the target. Li et al. [108] also reported a sensor for PSA.
The paper-based device was fabricated by sequentially growing AuNPs on cellulose fibers, then MnO,
nanowires, to form a 3D network with a large surface area. GOx was used as enzyme label and
3,3/ 5,5 -tetramethylbenzidine (TMB) as a redox mediator. The linear detection range, obtained by
amperometry at —0.2 V, was between 5 pg mL~! and 100 ng mL~! with a LoD of 1 pg mL 1.

Detection of AFP was also reported. For example, Zhang et al. [109] reported a microfluidic
bead-based immunosensor that used multienzyme-nanoparticle amplification and quantum dots
labels. Microbeads were functionalized with capture antibodies and AuNPs were functionalized
with HRP-labelled signaling antibodies. Upon a sandwich immunoreaction, the activity of HRP was
monitored and used as quantification signal. This immunosensor presented a LoD of 0.2 pg mL~! AFP
and showed a 500-fold increase in detection limit compared to the off-chip test, which demonstrated
the pertinence to use flow cells instead of conventional ones. More recently (2016), Huo et al. [110] also
reported a device for AFP detection, using TiO, nanotubes functionalized by HRP, PANi and AuNPs.
Protein G was crosslinked on the AuNPs for oriented immobilization of the capture anti-PSA antibody.
Upon a sandwich-type immunoreaction, the HRP-labelled signaling antibody was captured on the
surface and using DPV with HQ and H,O, as a redox probe in solution, the authors obtained a linear
range between 0.01 and 350 ng mL~! and a LoD of 1.5 pg mL~!. This work, along with other works
dealing with concanavalin A, underlines the great importance to take care of the orientation of the
probe Ag for reaching the lowest limits of detection.

Applied to another kind of protein, Sun et al. [111] described detection of TNF- using
peptide-based self-assembled nanomaterials and GOx-modified gold nanorods (GNR). Anti-TNF-«
antibodies were immobilized on Fc-peptide nanowires on the electrode surface, the Fc moiety acting
as redox mediator for GOx. Secondary anti-TNF-« antibodies were labelled with GNR and GOx in a
sandwich-type assay (Figure 20B). The SWV response towards glucose oxidation was used as signal to
quantify TNF-«, with a wide linear range from 0.005 to 10 ng mL 1.

Still using metal or metal-oxide NPs for their catalytic properties, Zhang et al. [112] reported an
electrochemical immunosensor for interferon-y detection based on PDDA and AulNPs to provide a
high-area interface, and HRP-labeled antibody-conjugated AuNPs (HRP-Ab,-AuNP) as signal tag.
The oxidation of HQ by H,O, was monitored by re-reducion of BQ into HQ at the electrode. The linear
range was observed from 0.1 to 10,000 pg mL~!, with a LoD of 0.05 pg mL ™.

Metal NPs can also simply be used for their high surface-to-volume ratio. For example,
Han et al. [113] described ZnO nanorods grown on PDMS for sensing HIN1, H5N1, and H7N9
influenza retrovirus simultaneously, using an original array architecture (Figure 21). They have
shown that ZnO nanorods, in addition to their high specific area, have an isoelectric point of ca. 9.5
which allowed to interact electrostatically with capture antibodies which have a lower isoelectric
point. The originality is that the substrate used for the immunoreaction is not directly the electrode
but the PDMS wall of the microfluidic cell, in front of a working non-modified gold electrode.



Sensors 2017, 17, 794

30 of 63

Using HRP-labelled signaling antibodies and TMB as substrate, they achieved a LoD of 1 pg mL~! for
each virus, with a linear detection range (measured through current-time curves) of 1-10 ng mL .
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Figure 20. (A) PNIPA Am-based immunosensor for CA125, CEA and PSA detection; (a—c) Electrochemical
response of this sensor to CA125, CEA, and PSA, respectively. Chronoamperometric results were
obtained at —0.2 V. After incubation with the target proteins, HRP/antibody-tagged PPy NPs were
bound to the primary antibody on the PNIPAAm-Au, and 0.1 M hydroquinone and 0.5 mM H,O,
were addede in PBS buffer. Reprinted from [107], Copyright 2016, with permission from Elsevier;
(B) GOx-modified gold nanorods for TNF-« detection. Reprinted from [111], Copyright 2013,

with permission from Elsevier.
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(A) Schematic representation of the structure of the ZnO nanorods microfluidic

immunosensor for influenza virus detection; (B) Chronoamperometric curves measured from each
electrode of the arrayed sensor, for an antigen mixture of (a) 1 pg mL~! HIN1 and 100 P8 mL~! H5N1;
(b) 10 pg mL~! H5N1 and 100 Pg mL~! H7N9; and (c) 10 Pg mL~! HIN1 and 1 o4 mL~1 H7N9,
respectively. Reprinted from [113], Copyright 2016, with permission from Elsevier.

Very recently, Bravo et al. [114] reported polyvinyl alcohol-functionalized AgNPs (AgNPs-PVA)
used in a microfluidic immunosensor for quantification of epithelial cell adhesion molecule (EpCAM),
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with the use of HRP-conjugated anti-EpCAM. With 4-tertbutylcatechol and H,O, as substrate and
cosubstrate added in solution, they obtained a LoD of 0.8 pg L.

At last, another way to use metals in electrochemical immunosensors is to generated production
of MU at the electrode vicinity, afterwards electrochemically dissolved using ASV or SWASV, as it has
been reviewed in the first section of this article. Alves et al. [115] described AuNPs-modified carbon
SPE for Ara-hl (a peanut allergen) detection, based on AlkP-labelled signaling antibodies, able to
produce Ag? form Ag* added in solution. Capture antibodies were grafted on AuNPs immobilized on
the working electrode. The produced Ag’ was detected by ASV around 0.2 V. Ara-h1 was quantified
between 13 and 2000 ng mL~!, with a LoD of 4 ng mL~!, which could be considered as a relatively
high detection limit considering other reported works featuring ASV. Figures of merit discussed in this
section are summarized in Table 7.

Table 7.  Figures of merit of selected enzymatic immunosensors using metal or metal
oxide nanoparticles.

Target Probe LoD Method Reference
IgG Ag 0.01 ng mL~! AuNPs/HRP/H,0, [104]
CEA protein Ag 0.11 pg mlL ! AuNPs/HRP/H,0,/PB [105]
CEA protein Ag 1.3 pg mL~! AuNPs/GOx/Fe(CN)¢3~/4~ /EIS [106]
CEA, PSA proteins Ag 1pgmL~! PPy NPs/HRP [107]
CEA protein Ag 1pg mL~1! AuNPs/MnO,/GOx/TMB [108]
AFP protein Ag 0.2 pg mL~! AuNPS/HRP [109]
AFP protein Ag 1.5 pg mL~! AuNPs/HRP/polyaniline [110]
TNF-o protein Ag 5 pg mL~! Au nanorods/GOx/Fc/SWV [111]
Interferon-y Ag 0.05 pg mL~1 AuNPs/HRP/H,0,/HQ [112]
Influenza virus Ag 1pg mL~1 ZnO nanorods/HRP/TMB [113]
EpCAM protein Ag 0.8pg Lt AgNPs/HRP/H,0, [114]
Ara-H1 protein Ag 4ngmL~! AuNPs/AIkP/Ag’/ASV [115]

3.4.2. Enzyme-Free Immunosensors

There are even more examples of enzyme-less immunosensors using metal of metal-oxide
nanoparticles except for antibody detection, for which only one recent work has been reported,
where Tabrizi et al. [116] IgG detection using AuNP-modified polypyrrole (PPy). Simply using
Fe(CN)s~/4 as redox probe, IgG was detected, by measuring changes in charge transfer resistance
with EIS, between 0.5 and 125 ng mL~! with a LoD of 0.02 ng mL~!.

For cell detection, Maltez-da Costa et al. described in 2012 a quantification assay based on a
transduction by electrocatalysis of hydrogen evolution (HER) on AuNPs. The system, where cells are
labeled by AuNPs through a specific immunoreaction, is described on Figure 22A; it can detect 4 x 103
cancer cells in suspension [117]. It must be underlined that this amplification approach does need a
reactant to be added in solution, conversely to most of the other amplified methodologies. Indeed,
the HER reaction only used H,O, which is of course freely available in biological media such as those
used for biosensing.

For antigen detection, Liu et al. [118] described in 2012 a label-free immunosensor for detection
of HbAlc, based on AuNP-modified glycosylated pentapeptides (GPP) being analogs to HbAlc.
Exposure of this interface to anti-HbAlc IgG resulted in a change in charge transfer resistance.
Transduction was achieved using EIS and Ru(NHj3)¢2*/3* as redox probe in solution, in a competitive
inhibition assay where the surface bound GPP and HbAlc in solution competed for the anti-HbAlc
IgG antibodies (Figure 22B). The LoD was of a few tens of ng mL~!.

More recently, Sinawang et al. [119] described an electrochemical lateral flow immunosensor
for detection of dengue NS1 protein. A conventional lateral flow architecture was adapted to a
sandwich-type electrochemical transduction provided by a AuNP-labeled NS1 antibody, with Fc
grafted on the AuNPs. From EIS measurements (and more particularly the total resistance of the
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electrode), a linear calibration range was shown between 1 and 25 ng mL~!, with a LoD of 0.5 ng mL~!

(Figure 22D).
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Figure 22. (A) (a) Scheme of the cells biorecognition with AuNPs-conjugated antibodies and detection
through the electrocatalyzed HER; (b) CVs performed from +1.35 to —1.40 V at a scan rate of 50 mV/s
in 1 M HCl in the absence (a curve) and in the presence (b curve) of AuNPs-conjugated antibodies;
(c) Left: Chronoamperograms registered in 1 M HCl, during the HER applying a constant voltage
of —1.0 V, for AuNPs-labeled cells (a: control with BSA; b: 3.5 x 10* cells). Right: Comparison of
the corresponding analytical signals for the blank and the positive sample. Reprinted from [117],
Copyright® 2012 WILEY-VCH Verlag GmbH & Co; (B) EIS immunosensor based on AuNPs for
detection of HbAlc; (C) Impedance change with the concentration of target anti-HbAlc IgG (triangle
dot), anti-biotin antibody (square dot), and anti-pig IgG (circle dot). Adapted from [118] with
permissions. Copyright® 2012 WILEY-VCH Verlag GmbH & Co; (D) Scheme of the electrochemical
lateral flow immunosensor for dengue detection, with AuNPs/Fc-labeled antibodies; (E) CVs of
NS1 protein detection over the lateral flow immunosensor, for concentrations from 0.5 ng mL~! to
400 ng mL~! of NS1 protein. Reprinted from [119], Copyright 2016, with permission from Elsevier.

Lu et al. [120] reported an electrochemical immunosensor for detection of two mycotoxins,
fumonisin B1 and deoxynivalenol. A SPE was modified by AuNPs, PPy and RGO. Capture antibodies
were immobilized on the AuNPs and free-diffusing Fe(CN)®~/4~ was used as redox probe. The LoD
was of a few ng L™! for both targets and the detection range between 50 ng L~! and 1 pg L.
Very recently, Carneiro et al. [121] described an immunosensor for detection of amyloid beta
1-42 protein Ap(1-42). A gold electrode was modified with a monolayer of mercaptopropionic acid,
electrodeposited AuNPs and thiolated capture antibodies. Using Fe(CN)¢>~/4~ as redox diffusing
probe, AB(1-42) was detected within a linear range of 10 to 1000 pg mL~! and a LoD of 5 pg mL 1.
Also very recently, Dutta et al. [122] reported an enzyme-free electrochemical immunosensor based
on a competitive detection scheme using MB, hydrazine and PtNPs in an immunosandwich format
(Figure 23A). In the presence of the target antigen, surface-immobilized MB consumes interfacial
hydrazine thereby diminishing the electro-oxidation of hydrazine on PtNPs. This sensor was used to
detect Plasmodium falciparum histidine-rich protein 2 (PfHRP2). Chronocoulometric measurements
allowed a LoD in the pM range (ca. 70 ng L™1).

In the same spirit, Viswanathan et al. [123] proposed a multiplexed detection of Escherichia coli,
campylobacter and salmonella. A mixture of anti-E. coli, anti-campylobacter and anti-salmonella
antibodies were immobilized on a MWCNT-polyallylamine-modified carbon SPE, then incubated in a
bacteria suspension. The sandwich immunoassay was performed with CdS, PbS or CuS-conjugated
signaling antibodies, used to release the corresponding metal ions upon SWASV. Calibration curves
were obtained in the range 103-5.10° cells mL~!, with a LoD of 400 cells mL~!. Direct detection
of carbohydrate antigens (CA72-4) was also reported by Fan et al. [124] using nanoporous gold as
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substrate and polyaniline-AuNPs (PANi-AuPt) as label. The signaling antibody (Ab,) was adsorbed
onto the PANi-AuNPs and served as catalyst for HyO, oxidation (added in solution). The sensor
exhibited a linear range from 2 to 200 U mL~!, with a LoD of 0.10 U mL~1.

At last, detection of small organic molecules was also reported. Liu et al. [125] described a
label-free electrochemical immunosensor for atrazine (ATZ) detection using AuNPs-labeled antibodies.
Fe(CN)¢3~/4~ was used as electrochemical redox indicator in solution. Binding of anti-ATZ and
ATZ was monitored with DPV. A LoD of 0.02 ng mL~! was obtained, with a linear range between
0.05 ng mL~! and 0.5 ng mL~!. Similarly, Vabbina et al. [126] reported cortisol detection based on

3-/4= was added in solution

immobilized antibodies on ZnO nanorods or ZnO nanoflakes. Fe(CN)g
for probing the presence of the Ab/Ag complex. The use of ZnO nanoparticles were justified not for
their catalytic properties but for an increase in surface area. Using CV and EIS, the found a LoD of
1pM (ca. 0.4ng LY.

Detection of more classical antigens were also reported with metal or metal oxide-based
immunosensors, such as CEA, AFP or PSA. For example, in 2012, Lin et al. [127] described a triple signal
amplification strategy for immunosensing of CEA using AuNPs-decorated poly(styrene-co-acrylic
acid) microbeads, onto which signaling antibodies were immobilized. On the other side, the working
electrode, a chitosan/RGO-modified GC electrode, was functionalized by the capture antibody.
After sandwich-type immunoreaction, the anchored AuNPs further induced the chemical deposition of
silver for electrochemical stripping analysis of target antigen (Figure 23B). This method allowed a linear
range from 0.5 pg mL~! to 0.5 ng mL~! and a LoD of 0.1 pg mL~!. Taleat et al. [128] also described
two CEA immunosensors using silver enhancement on AuNPs. The first proposed approach was a
label-free impedimetric immunosensor based on polyanthranilic acid-modified graphite SPE where
anti-CA 125 were immobilized. Using DPV, without amplification, a LoD of 8 U mL~! was reported.
The second approach was based on a sandwich format where a secondary anti-CA 125 antibody,
labeled with AuNPs, was added to induced the Ag deposition from a silver solution. The quantity
of AgNPs was measured by ASV, which gave a LoD of 2 U mL~!. Liu et al. [129] reported a more
classical approach with the use of a poly(2-aminothiophenol)-modified GC electrode to immobilize
AuNPs onto which anti-CEA was immobilized. With Fe(CN)>~/4~ as redox probe diffusing in
solution, DPV was used to characterize the recognition of CEA on its antibody. The immunosensor
displayed a linear response with CEA from 1 fg mL~! to 10 ng mL~! and a LoD of 0.015 fg mL~!.
Still using Fe(CN)>~/4~ as diffusing redox probe, Sun et al. [130] described an immunosensor for CEA
where AuNPs were grafted on a GC electrode by the “double” diazonium route already proposed by
Liu et al. the same year, as illustrated on Figure 24A. Anti-CEA was directly adsorbed on these AuNPs.
Using CV, the linear detection range was from 10 fg to 100 ng mL~! with a LoD of 3 fg mL 1.

These two latter works demonstrated very low detection limits, significantly lower than that
reported for more evolved detection schemes. In particular, a LoD of 0.014 fg mL~! for CEA (of around
200 kD) is equivalent to 7 x 10723 mol mL L. At this level of concentration, one has 40 molecules per
mL, which impose a particular attention to the experimental conditions.

Still for CEA detection, Wang et al. [131] reported porous PtNPs able to absorb metal ions used for
their electrochemical signals. PtNPs were capped with 2-aminoethanethiol then complexed with Cd?*
and Cu?* to form PtNPs-Cd?* and PtNPs-Cu?* hybrids. Anti-CEA and anti-AFP were labeled with
these hybrids and used in a sandwich immunoassay. Using DPV for reduction of the metal ions present
on the electrode, the authors could identify and quantify antibodies. A linear response was measured
from 0.05 ng mL~1 to 200 ng mL~! for both CEA and AFP, with LoDs of 2 pg mL~?! for CEA and 50 Pg
mL~! for AFP. Also for detection of AFP, Wang et al. [132] described Pd nanoplates onto which AFP
antibodies were immobilized, this assembly itself immobilized on a GC electrode. Using Fe(CN)g3— /4~
in solution as redox probe, AFP was detected from 0.01 to 75.0 ng mL~! with a LoD of 4 pg mL~!.
Rong et al. [133] reported an immunosensor based on Chi—poly(acrylic acid) nanospheres doped with
various metal ions such as copper, cadmium, lead and zinc ions. In the same spirit as reported above
with porous PtNPs, those nanospheres were used to graft antibodies and to produce an electrochemical
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signal by reduction of ions into the corresponding metals at the working electrode, using SWV. With a
sandwich-type immunosensor, four tumor markers of pancreatic cancer (CEA, CA199, CA125 and
CA242) were detected. The reported linear response ranges were from 0.1 to 100 ng mL~! for CEA and 1
to 150 U mL~! for CA199, CA125 and CA242. LoDs were of 0.02ng mL~!,04UmL"},0.3 U mL~! and
04UmL™!, respectively (1 enzyme unit (U) = 1 pmol min~1). Also for measuring CEA, Lu et al. [134]
reported a thionine/infinite coordination polymer functionalized by AgNPs used to increase the overall
area as well as the electron transfer rate. Using DPV and Fe(CN)e> /4~ in solution, the authors found
a linear range between 50 fg mL~! and 100 ng mL~! and a LoD of 0.5 fg mL~!. These good results
underline the interest of infinite coordination polymer particles. They are of great interest because

these structures present a high level of structural tailorability, which allows to tune microporosity and
catalytic activity.
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Figure 23. (A) PfHRP2 immunosensor in the absence (a) and presence (b) of the target antigen with
the MB-labelled detection antibody; (B) Chronocoulograms of PBS spiked with PfHRP2 recorded
at 0.05 V (vs. Ag/AgCl). Reprinted from [122], Copyright 2016, with permission from Elsevier;
(C) Scheme of (a) construction of signaling AuNPs by layer-by-layer alternate assembly of PDDA and
PSS, and (b) sandwich immunoassay with Ag deposition and AgNPs redissolution, for CEA detection,
on a chitosan/RGO-modified GC electrode; (D) Linear sweep stripping voltammetric curves of AgNPs

for detection of CEA from 0 to 0.5 ng mL~1. Reprinted with permission from [127]. Copyright 2012
American Chemical Society.

Still for CEA detection and using Fe(CN)¢3~ /4~ as redox probe in solution, Zhou et al. [135]
described a AuNPs-modified Au electrode onto which protein A was adsorbed for oriented
immobilization of anti-CEA antibodies. Using EIS and CV, they obtained a linear response to CEA
between 1 pg mL~! and 100 ng mL~!, and a LoD of 0.1 pg mL 1.

Wang et al. [136] reported an enzyme-free paper-based electrochemical immunosensor for
detection of CEA. Amino-functionalized graphene/thionine/AuNPs were synthesized and deposited
on the electrode along with CEA antibodies. The decreased CV current of Thi was proportional to the
concentrations of corresponding antigens within the range 50 pg mL~'-500 ng mL~!, with a LoD of
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10 pg mL~!. Li et al. [137] used impedance on interdigitated electrodes (IDEs) to detect CEA with
PANi-AuNPs as labels. In a first step, adamantyl-modified capture antibodies were immobilized on
IDEs functionalized with carboxymethyl-f3-cyclodextrin. After immunoreaction between the capture
antibodies and CEA, a PANi-AuNPs-labeled signaling antibodies were added. This recognition
sequence led to a linear resistance decrease from 0.1 ng mL~! to 1000 ng mL~! and a LoD of 7 pg mL ™.
Su et al. [138] reported the use of AuNPs on thionine-modified MoS, nanosheets for electrochemical
label-free immunosensing of CEA, where Thi was used not only as a redox indicator but also as
a reducing agent for synthesis of the AuNPs. Several shapes of AuNPs were investigated from
spherical, triangle, clover-like to flower-like shapes. This system could detect CEA with a LoD of
0.5 pg mL~!. At last, also for CEA detection, Huang et al. [139] demonstrated Ag/AuNPs/GR used
as both substrate and label of signaling antibodies. Using a sandwich-type immunoassay and CV to
measure oxidation/reduction of the Ag®/Ag,O couple (Figure 24C), the authors reported a linear
calibration range from 10 pg mL1to1.2 x 10° Pg mL~1, and a LoD of 8 Pg mL L.
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Figure 24. (A) GC/Ph/AuNP competitive immunosensor for CEA detection; (B) CVs of the modified
electrode in 10 mM [Fe(CN)g]* /3~ + 0.1 M KCJ, for (a) a bare electrode; (b) NH,-Ph-NH,-modified
electrode; (c) NHp-Ph-NHj, + AuNPs and (d) NH-Ph-NHj, + AuNPs + Anti-CEA. Reprinted from [130].
Copyright 2012, with permission from Elsevier; (C) Ag/AuNPs coated on GR as CEA immunosensor;
(D) CVs obtained in PBS form a Ag/AuNPs/GR electrode, showing the oxidation/reduction of
the Ago/ Ag,0O couple for different concentrations of CEA. Reprinted from [139], Copyright 2015,
with permission from Elsevier.

Detection of other classical proteins were reported, such as HSA (a model protein) and PSA.
Omidfar et al. [140] proposed in 2012 a HSA electrochemical immunosensor using HSA-conjugated
AuNPs as electrochemical label and a hexagonal mesoporous silica (MCM-41)-PVA composite as
immobilization substrate. DPV was used to electrooxidize AuNPs. HSA was detected with a LoD
of 1 ng mL~!, with a linear range between 0.5 and 200 ug mL~!. Wang et al. [141] described an
immunosensor to detect PSA using capture antibodies immobilized on mesoporous SiO,NPs and
AgNPs. HQ added in solution was used as redox probe and its electroactivity measured by CV after
Ab-Ag interaction. The peak current was reported to vary linearly with PSA concentration from
0.05 to 50.0 ng mL~!, with a LoD of 15 pg mL~!. Zhang et al. [142] proposed a PSA sensor using
a redox and catalytically active infinite coordination polymer made of Fc-modified PtNP deposited
on polyamidoamine dendrimers (Figure 25A). Using a sandwich-type immunoassay format and
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H,0, added in solution, they showed that the reduction current on the PtNPs was proportional to the
logarithm of PSA concentration between 1 pg mL~! and 60 ng mL ™!, with a LoD of 0.3 pg mL~!. As for
other infinite coordination polymer-based immunosensors, this one demonstrated an excellent LoD.

Also using AuNPs for their catalytic properties toward H,O, reduction, Li et al. [143] very
recently (2017) described an immunosensor for PSA detection with amino-functionalized Cu,O@CeO,
core-shell NPs able to bind AuNPs through Au-N bonds. These NPs brought a better electrocatalytic
activity towards the reduction of H,O, (added as redox probe in solution) than single Cu,O or AuNPs
alone. The immunosensor exhibited a linear range from 0.1 pg mL~! to 100 ng mL~! with a LoD
of 0.03 pg mL~!. Also in 2017, Duangkaew et al. [144] described spiky AuNPs for PSA detection.
Such spiky AuNPs were used for silver deposition. After immunodetection following a sandwich
format, with a capture antibody attached on the electrode surface and a second antibody attached on
the signaling NPs, they proceeded to use Linear Scan Voltammetry (LSV) to dissolve Ag’. From their
own comparison measurements, spiky AuNPs led to over 260-fold of signal increase in comparison
with silver enhancement on conventional AuNPs. Two linear relationships between stripping current
and PSA concentration were established, in the range of 2-125 pg mL~! and 0.1-10 ng mL~!, with a
LoD of ca. 1 pg mL~!. At last, still in 2017, using the same metal dissolution strategy, Zhao et al. [145]
described a PSA sandwich assay with a double signal amplification using copper nanoclusters onto
which antibodies were immobilized. The double amplification came from dissolution of Cu at +0.06 V,
the resulting Cu?* ions being used to catalyze the oxidation of ascorbic acid (added in solution as
redox marker) (Figure 25C). The immunosensor gave a linear range from 0.5 pg mL~! to 100 ng mL~1!
and a LoD of 150 fg mL~!. Figures of merit discussed in this section are summarized in Table 8.
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Figure 25. (A) (a) Formation of ‘all-in-one’ redox-active PtNP@ICP catalyst; and

(b) coupling this ‘all-in-one’ catalyst on Ab, and transduction for PSA detection; (B) DPV
of PtNP@ICP-Ab,/PSA/Ab;-PAMAM-GCE for various PSA concentration (a) 0 ng mL~1;
and (b) 5ng mL~! [inset: DPV of ICP-Ab,/ PSA/Ab;-PAMAM-GCE toward different PSA
concentration (c) 0 ng mL~!; and (d) 5ng mL~!. Reprinted from [142], Copyright 2015, with permission
from Elsevier; (C) PtNPs and BSA-copper nanoclusters for detection of PSA; transduction comes
from the catalytic oxidation of ascorbic acid; (D) SWV responses of the immunosensor for different
concentrations of PSA, from 0.0005 ng mL~! to 100 ng mL~1. Reprinted from [145], Copyright 2017,
with permission from Elsevier.
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Table 8. Figures of merit of selected non-enzymatic immunosensors using metal or metal
oxide nanoparticles.

Target Probe LoD Method Reference
IeG Ab 0.02 ng mL.~! AuNPs/PPy/Fe(CN)s>~/4~ /EIS [116]
Cancer cells Ab 4 x 103 cells AuNPs/CV [117]
HbAlc protein Peptide 10 ng mL~! AuNPs/Ru(NHj3)2+/3+/EIS [118]
Dengue NS1 protein Ab 0.5ng mL~! Fc-labelled Ab/EIS [119]
Mycotoxins Ab 1ng mL~! AuNP/PPy/ Fe(CN)63* /4= [120]
Amyloid beta 1-42 Ab 5pg mL~! AuNPs/Fe(CN)g3 /4~ [121]
PfHRP2 Ab 70 ng L1 PtNPs/MB/Hydrazine [122]
E. coli Ab 400 cells mL ! MWCNT/PbS/SWASV [123]
CA72-4 carbohydrate Ab 0.10UmL™! AuNPs/PANi/H,0, [124]
Atrazine Ab 0.02 ng mL~! Fe(CN)¢3~/4~/DPV [125]
Cortisol Ab 0.4ngL~! ZnO nanorods/Fe(CN)3~/4~/EIS [126]
CEA protein Ab 0.1 pgmL~1 AuNPs/Ag enhancement/ASV [127]
CEA protein Ab 8UmL™! AuNPs/Ag enhancement/ASV [128]
CEA protein Ab 0.015 fg mL~1. AuNPs/Fe(CN)3~/4~/DPV [129]
CEA protein Ab 3fgmL! AuNPs/Fe(CN)¢3~/4-/CV [130]
CEA protein Ab 2pgmL~! PtNPs-Cd?*/ DPV [131]
AFP protein Ab 4pgmL~! Pd nanoplates/Fe(CN)g>~/4~ [132]
CEA protein Ab 0.02 ng mL~! PAA NPs/Cd?* /SWV [133]
CEA protein Ab 0.5 fg mL~! AgNPs/THI/Fe(CN)s>~/4/DPV [134]
CEA protein Ab 0.1 pg mL~! AuNPs/Fe(CN)g3~/4~/EIS [135]
CEA protein Ab 10 pg mL1 GR/Thi/AuNPs [136]
CEA protein Ab 7 pg mL~! PANi-AuNPs/EIS/conductivity [137]
CEA protein Ab 0.5 pg mL~! AuNPs/Thi/MoS, [138]
CEA protein Ab 8 pgmL~! Ag/AuNPs/Ag’/Ag,O/CV [139]
HSA protein Ab 1ng mL~! SiO,NPs/AuNPs oxidation/DPV [140]
PSA protein Ab 15 pg mL ™! SiO,NPs/HQ/CV [141]
PSA protein Ab 0.3 pg mL~! Fc-PtNPs/H,0, [142]
PSA protein Ab 0.03 pg mL~! Cup,O@CeO,NPs/AuNPs/H,0, [143]
PSA protein Ab 1pg mL~1 AuNPs/Ag enhancement/LSV [144]
PSA protein Ab 150 fg mL ! Cu nanoclusters/ascorbic acid [145]

3.5. Magnetic Nanoparticles

As shown above, in terms of sensitivity, the main objective now is to increase the ratio between
the active surface of the sensor and the volume of analyzed solution. This could be adressed by making
highly porous materials; this could also be adressed by using a strategy where the probe molecules,
attached on small magnetic NPs, are diffusing in solution for reaction. These magnetic nanoparticles,
dispersed in the analytical solution are able to “fish” the analyte before to be magnetically collected on
the working electrode for transduction. This has been reported in the literature whether coupled with
enzymatic amplification, or not.
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Figure 26. (A) Sandwich immunodetection of PSA using Abl-Au@MNPs, magnetic collection
and enzymatic transduction; (B) Calibration plots of reduction current versus PSA concentration
using planar Ab;-modified gold electrode (black dots) and Ab;-Au@MNPs (black dots), anti-biotin
immobilised on thioctic acid modified Au@MNPs (red squares) and thioctic acid modified Au@MNPs
exposed to Abj without EDC/NHS activation (blue triangles). Reproduced from [146] with permission
from The Royal Society of Chemistry. (C) Steps required for (a) the magnetic capture of PSA using
Ab1-Au@MNPs; (b) construction of the GO-based label; and (¢) sandwich immunodetection of
CEA; (D) Calibration plots of the magnetic immunoassay toward CEA standards in pH 5.3 acetic
acid salt-buffered saline buffer + 3.0 mM H,O;. Inset: corresponding linear and DPV curves.
Reprinted from [147], Copyright 2012, with permission from Elsevier.

3.5.1. Enzyme-Based Immunosensors

In 2012, Chuabh et al. [146] reported electrochemical immunodetection of PSA using gold-coated
magnetic Fe3O4 nanoparticles (Au/Fe3zO4) dispersed in the analytical medium. These nanoparticles
were decorated with an alkythiol-modified PSA antibody and incubated with a medium containing
PSA. After completion of this step, an HRP-labeled secondary antibody was added, then the
Aby-PSA-Ab;1-NPs were magnetically collected on a gold electrode. After addition of H,O, as
substrate and ferrocenemethanol as redox mediator for HRP, an amperometric current was measured
at +0.15 V vs. Ag/AgCl (Figure 26A). The LoD was found to be 100 fg mL~!, much lower than the
LoD obtained by the same authors for planar electrodes (ca. 1 pg mL~!). Also in 2012, Chen et al. [147]
reported a method for detection of CEA using a combination of magnetic NPs covered by an
electropolymerized poly(o-phenylenediamine) film and silver nanoparticles onto which capture
antibodies were immobilized. On the other side, HRP-labelled signaling antibodies were immobilized
on AuNP-modified GO sheets, onto which magnetic NPs were also immobilized. The sandwich
complexation was initiated by magnetic recollection of the GO sheets (Figure 26C). Upon addition of
H,0,, the authors found a LoD of 1.0 pg mL~! and linearity between 10 pg mL~! and 10 ng mL~! by
probing the electroactivity of the poly(o-phenylenediamine) film with DPV at pH 5.

Vidal et al. [148] reported a direct competitive immunosensor for ochratoxin A (OCA) using
magnetic beads (MBs) of ca. 1 pm in diameter functionalized with OCA antibodies. Using a competitive
assay with incubation in a solution containing HRP-conjugated ochratoxin A antibodies and free
OCA, MBs were magnetic collected on the electrode, HQ and H,O, were added and the HRP
activity was measured by DPV. The LoD was ca. 0.10 ng L1 In2013, Shang et al. [149] reported a
sandwich-type electrochemical immunosensor for detection of avian leukosis virus (ALVs-]) using
B-cyclodextrin-ferrocene (B-CD-Fc) host-guest complex on Fe304 MBs. Capture antibodies were coupled
to graphene sheets immobilized on the working electrode whereas signaling antibodies and GOx were
immobilized on the MBs along with (8-CD-Fc). Fc was used as redox mediator for GOx recycling
(Figure 27A). Upon addition of glucose in the medium, the detection range was from 200-3000 TCIDsq
mL~! (TCIDsy: 50% tissue culture infective dose), with a low LoD of 150 TCID5y mL ™.

More recently in 2016, Xu et al. [150] described an impedimetric immunosensor based on the use
of MBs for separation and a screen-printed interdigitated microelectrode for detection of Escherichia
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coli and Salmonella Typhimurium. MBs were functionalized with the corresponding capture antibodies,
then added in a bacteria suspension for capturing. Then, GOx—Ab conjugate was employed to label
the MBs—Ab-cell complexes, which was then magnetically collected on the electrode. Glucose added
in solution led to local production of gluconic acid, which was monitored by measuring the impedance
of the solution (related to the local pH decrease and ionic strength increase). The LoD was ca. 100 CFU
mL~! and the detection range between 1000 and 2000 CFU mL~!. Also in 2016, demonstrating
that this electrochemical immunosensing is viable in integrated devices for practical applications,
Riahi et al. [151] reported a fully-integrated microfluidic platform using MB-labeled capture antibodies
and HRP-labeled signaling antibodies. The MB-labeled antibodies were first magnetically collected on
the electrode, then the sandwich assay was performed (Figure 27C). Upon addition of HO, and TMB
in solution, TMBp, was amperometrically reduced on the working electrode. Transferrin was detected
with a LoD of 0.03 ng mL~!. At last, very recently in 2017, Sénchez-Tirado et al. [152] proposed an
amperometric immunosensor for the quantification of TGF-f31 using a sandwich-type architecture
with MBs functionalized with capture anti-TGF and signaling antibodies labelled with a poly-HRP
commercial polymer. Conversely to the previous reference of Riahi et al. they magnetically collected
the immunocomplexes on MBs after the sandwich assay. Amperometric measurements were carried
out at —0.20 V by adding H,O; onto the electrode surface in the presence of HQ as redox mediator.
Calibration showed linearity between 15 and 3000 pg mL~! and a LoD of 10 pg mL .
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Figure 27. (A) Architecture of the magnetic Fe304-based immunosensor. MBs were decorated with
GOx, signaling Abs and Fc-labeled B-CD. Capture Abs were grafted on GR sheets; (B) DPV at pH 7.0
Dependency of the DPV response towards different avian leukosis virus concentrations. Reprinted
from [149], Copyright 2013, with permission from Elsevier; (C) Design, fabrication, and detection
principle of the MB-based microfluidic electrochemical system; (a) Inmunosensing principle with MB
collection and sandwich capture of transferrin; (b) The microfluidic sensing chip, (i) photograph of
the chip with an integrated microelectrode; (ii) photograph of the microelectrode; (iii) photograph of
the reaction chamber with oxidized TMB, (iv) transfer of oxidized TMB to the detection chamber;
(D) Amperometry measurement at —100 mV for different standard transferrin concentrations.
Adapted from [151], licensed under a Creative Commons Attribution 4.0 International License.
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3.5.2. Enzyme-Free Immunosensors

In 2012, Maltez-da Costa et al. reported a simple way to monitor cancer circulating cells (CTCs)
using nanoparticles [153]. They combine capturing antibody-functionalized magnetic beads (MBs)
and labeling through antibody-modified AuNPs (antibody: anti-EpCAM, Epithelial Cell Adhesion
Molecule) able to electrocatalyze the hydrogen evolution reaction (HER). A LoD of 2.2 x 102 cells was
achieved for human colon adenocarcinoma cells (CaCo2) (Figure 28), without the need for a reactant
to be added in solution.
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Figure 28. Electrochemical detection of Caco2 cells using MBs/antiEpCAM for selective capture.
(a,b) Effect of the number of cells on the analytical signal for different target (Caco2) and control cells
(THP-1) proportions for (a) simultaneous labeling with AuNPs/antiEpCAM and (b) simultaneous
labeling with AuNPs/anti-CEA. 100% corresponds to a cell amount of 5 x 104; (c) Calibration plot
for an increasing number of Caco?2 cells (in the absence of THP-1) with simultaneous labeling with
AuNPs/anti-CEA. Reprinted with permission from [153]. Copyright 2012 American Chemical Society.

Masoomi et al. [154] reported in 2013 a non-enzymatic sandwich-type magnetic electrochemical
immunosensor for determination of aflatoxin Bl. They used gold-coated FezO4 magnetic MBs
functionalized with both 3-((2-mercaptoethylimino)methyl)benzene-1,2-diol and the specific aflatoxin
antibody. The GC working electrode was also modified with the capture anti-aflatoxin B;. Binding of
the antigen brought the modified MBs on the electrode surface. Oxidation of the immobilized
benzene-1,2-diol (catechol moiety) was used as redox indicator using DPV (Figure 29). Aflatoxin
By was detected within the range 0.6-110 ng mL~!, with a LoD of 0.2 ng mL 1.

Also in 2013, Chan et al. [155] described a non-competitive E. coli immunosensor using
MB-modified capture antibodies for concentration of E. coli from the solution bulk onto a nanoporous
alumina membrane. Quantification of E. coli was made by monitoring the membrane impedance after
collection. This method gave a LoD of 10 CFU mL L. Still for E. coli detection, Hussein et al. [156]
described an immunosensing assay based on the electrocatalytic properties of gold nanoparticles
(AuNPs) towards hydrogen evolution, combined with superparamagnetic microbeads (MBs) as
capture pre-concentration and purification platform. After capture and sandwiching with secondary
antibody-modified AuNPs, transduction was made using chronoamperometry on SPCEs. LoDs of
148, 457 and 309 CFU mL~! were obtained in buffer solution, minced beef and tap water samples,
respectively (Figure 30).
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Figure 29. (A) GCE/chitosan/AuNP/anti-AFB1/AFB1/anti-AFB1/MB/catechol immunoensor;
(B) DPV recorded for GCE/chitosan/AuNP/anti-AFB, /BSA /AFB, /anti-AFB; / catechol-Au-Fe3Oy4
immunoelectrode as a function of AFB; concentration from 0 ng mL~! to 110 ng mL~!in pH 7.0
(scan rate 50 mV s~ 1). Reprinted from [154], Copyright 2013, with permission from Elsevier;
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Figure 30. Schematic experimental design. (A) E. coli was captured by MBs modified with primary
antibodies, and subsequently labelled with AuNPs carrying secondary antibodies; (B) Left: detection
of labeled E. coli through the hydrogen evolution reaction electrocatalyzed by the AuNP labels.
Right: Chronoamperograms registered in 1 M HCl, during the HER applying a constant voltage of 1.0 V
for increasing E. coli concentrations (from top to bottom: 0, 102, 5 102, 103, 104 and 105 CFU mL1);
(C) Cyclic voltammograms in 1 M HCI for 0 (red curve) and 10° (blue curve) CFU mL™; scan rate:
50 mV/s. (D) SEM image for heat-killed E. coli (left) and antibody modified MBs before (center)
and after (right) incubation with 10° CFU mL~! of E. coli (bacteria are pointed by red arrows).
Reprinted from [156], Copyright 2015, with permission from Elsevier.

More classically, Wu et al. [157] described Pt—Fe304 MBs for detection of squamous cell carcinoma
antigen (SCC-Ag). Curiously, Pt/Fe3O4 MBs were not used for their magnetic properties but to enhance
the catalytic electroreduction of H,O, added in solution. Nitrogen-doped graphene sheets were used
to immobilize anti-SCC capture antibodies whereas signaling antibodies were adsorbed onto the
Pt/Fe304 NPs. Using a sandwich type immunoassay, the sensor gave a linear range between 0.05 and
18 ng mL~1, with a LoD of 15 Pg mL~1. In 2014, Yang et al. [158] also reported a non-enzymatic
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electrochemical immunosensor for clenbuterol (CLB) detection using magnetic gold-coated Fe;O4
nanoparticles in a competitive immunoassay. The carbon SPE working electrode was modified with
graphene and Nafion. Au/Fe304 MBs were modified with CLB then magnetically collected on the
electrode. A competitive immunoassay was used with CLB and anti-CLB added simultaneously in
solution. CV and DPV were used to evaluate antibody binding on the electrode, using diffusing
Fe(CN)s>~/4~ as redox probe. The signal was linear with clenbuterol between 0.5 and 200.0 ng mL 7,
with a LoD of 0.22 ng mL~!. As for the previous article, even if using magnetic MBs, it seems that
they were not used to collect the analyte in solution, which is probably the cause of their relatively
high detection limits. Ahmadi et al. [159] also reported an electrochemical immunosensor using
Au/Fe304 MPs as labels, for detection of digoxin. Anti-digoxin antibodies were immobilized on a
PVA-modified SPE and MBs were decorated with digoxin and capture anti-digoxin. In a competitive
assay were digoxin and AuMB/digoxin/anti-digoxin complex were present in solution, AuCly;~ was
electrochemically reduced into Au® on the Au/MBs using DPV. The current depending on the surface
concentration of Au/MBs, digoxin was detected in the range 0.5-5 ng mL~!, with a LoD of 50 pg mL 1.

Rivas et al. reported an alzheimer disease biomarker detection using IrO,NPs [160]. IrO,
were used as tags for their electrocatalytic activity towards water oxidation reaction (WOR).
Citrate-capped IrO,NPs were modified with anti-Apolipoprotein E antibodies (xApoE) for the
detection of the ApoE alzheimer disease biomarker, with a detection limit of 68 ng mL~!. Using IrO,
NPs allowed signal generation in the same medium where the immunoassay takes place (PBS, pH 7.4).
de la Escosura-Muiiiz et al. reported in 2015 also Alzheimer’s disease biomarkers detection but using
porous magnetic microspheres and labelling with AuNPs [161]. The magnetic microparticles were
functionalized by carboxylic groups for covalent grafting of antibodies, allowing an efficient capturing
of the Alzheimer biomarkers directly from serum samples. AuNP were used to electrocatalyze the
hydrogen evolution reaction. The LoD was estimated between 20 and 80 pg mL~!.

In 2015, Ilkhani et al. [162] reported the detection of EGFR using an original
electrochemical aptamer/antibody sandwich immunosensor. The capture aptamer was immobilized
on streptavidin-coated MBs and the anti-human EGFR antibody was conjugated to AuNPs and,
after magnetic collection on the electrode, was used as electrochemical signaling probe by dissolution of
the AuNPs in HCI (Figure 31). The detection range was from 1 to 40 ng mL~!, with a LoD of 50 pg mL ™.
At last, very recently, Wang et al. [163] described interferon-y detection using antibody-functionalized
MBs labeled with AuNPs. These MBs were conjugated with a second interferon-y antibody and
multiple CdS nanoparticles (CdSNPs), forming a sandwich MPs/interferon-y/AuNPs/CdSNPs
complex. After magnetic separation, SWASV was used on carbon SPE for redissolution of the CdSNPs.
The response was linear 0.01 to 1 IU mL~!. Figures of merit discussed in this section are summarized
in Table 9.
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Figure 31. (A) Magnetic beads functionalized with capture aptamers, and transduction using
AuNPs-labelled signaling antibodies in a sandwich assay; (B) Corresponding DPVs for different
concentrations of EGFR in the range of 1-40 ng mL~!. Reprinted from [162], Copyright 2015,
with permission from Elsevier.
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Table 9. Figures of merit of selected immunosensors using magnetic nanoparticles.

Target Probe LoD Method Reference
PSA protein Ab 100 fg mL~! Au/Fe30,,/HRP/Fc/Hy0, [146]
CEA protein Ab 1.0 pg mL~1 AgNPs/HRP/H;0,/0-PD/CV [147]

Ochratoxin A Ab 0.10ng L1 MBs/HRP/H,0,/HQ/DPV [148]

ALVs-] Ab 150 TCID® mL~1 BCD-Fc/Fe304/GOx [149]

E. coli Ab 1000 CFU mL~! MBs/GOx/Glucose/EIS [150]

Transferrin Ab 0.03ng mL~! MBs/HRP/H,0,/TMB [151]
TGF-p1 Ab 10 pg mL™! MBs/polyHRP/HQ/H;0; [152]
CTC Ab 2.2 x 10 cells AuNPs/HER [153]
Aflatoxin B1 Ab 0.2ng mL~! Au/Fe304 MBs/Catechol/DPV [154]
E. coli Ab 10 CFU mL~! MBs/Nanoporous Al,O3,EIS [155]

E. coli Ab 300 CFU mL~! AuNPs/HER [156]
SCC-Ag Ab 15 pg mL! Pt/Fe304 MBs/H,0, [157]
Clenbuterol Ab 0.2ng mL~! Au/Fe;04 MBs/Fe(CN)g3~/4= /DPV [158]
Digoxin Ab 50 pg mL~! Au/Fe304 MPs/AuCly~ /DPV [159]
Apolipoprotein Ab 68 ng mL ! IrO; NPs/Amperometry [160]
Apolipoprotein Ab 20-80 pg mL~! MBs/AuNPs/Amperometry [161]

EGFR Aptamer 50 pg mL~1 MBs/AuNPs/ASV [162]
Interferon-y Ab 0.01 IU mL! MPs/AulNPs/CdSNPs/SWASV [163]

3.6. Dendrimers

Dendrimers, regularly branched spherical molecules, are generally used for encapsulation of
functional molecules, or for their surface functionalities (active sites on the external dendrons).
Dendrimers are classified by generation, i.e., the number of repeated branching cycles that are
performed for their synthesis (3 repeated branching results in a third generation dendrimer, G3).
For immunosensors, they mainly bring high densities of coupling groups, therefore high surface
densities of probes of electroactive molecules. They participate to the research of the highest
surface-to-volume ratio, which is the key factor of highly sensitive sensors.

3.6.1. Enzyme-Based Immunosensors

An et al. [164] reported detection of x-synuclein («-SYN), a neuronal protein, based on a dual
signal amplification strategy. AuNPs decorated with G4 PAMAM (polyamidoamine) were covalently
bound on poly-o-aminobenzoic acid electropolymerized on the electrode surface, onto which x-SYN
was adsorbed as capture antibodies. Then, «-SYN/HRP/AuNPs were introduced as signaling
antibodies. The electrocatalytic response upon oxidation of Thi (introduced in solution) was monitored
by CV and gave a linear response between 20 pg mL~! and 200 ng mL~!, with a LoD of 15 pg mL~!
(Figure 32A).
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Figure 32. (A) PAMAM-based electrochemical immunosensor for detection of «-SYN. (B) Calibration
curves obtained with {HRP-Ab,-GNPs}/Ab/«-SYN/Th/PAMAM-Au/0-ABA /GCE immunosensor
for different concentrations of a-SYN. Inset: (a) amperometric responses of the immunosensor
in PBS (pH 6.5) to x-SYN at various concentrations of (a) 0, (b) 0.05, (c) 0.1, (d) 0.2, (e) 0.5 ng
mL~1; (b) amplification of calibration curve in the low x-SYN concentration. Reprinted from [164],
Copyright 2012, with permission from Elsevier. (C) Detection principle of a CEA immunosensor
based on a sandwich capture and a HRP-GOx bienzymatic cascade. (D) SWV responses recorded
for Au/Cys/Den/AuNP/Th-based CEA immunosensors at (i) blank noise and at various CEA
concentrations: (ii) 10, 50, 100 pg mL~?!, 0.5, 1.0, 5.0, 10, 50 ng mL~!, 0.1, 0.5 and 1.0 ug mL~".
Reprinted with permission from [165]. Copyright 2013 American Chemical Society.

Jeong et al. [165] also described an electrochemical immunosensor based on an amine-terminated
polyamidoamine (PAMAM) dendrimer for detection of CEA. Anti-CEA (as capture probe) and the
mediator Thi were immobilized on AuNPs encapsulated in the dendrimers. In a sandwich format,
signaling anti-CEA coupled to GOx+HRP-modified MWCNTs were used for transduction (Figure 32C).
The detection range was between 10.0 pg mL~! and 50.0 ng mL~! with a LoD of ca. 4 pg mL~1.
At last, Kavosi et al. [166] described a triple signal amplification strategy for immunosensing of PSA by
modification of GC electrodes with GO/Chi onto which PSA antibody and Thi were covalently attached.
Recognition was made through a sandwich-type immunoreaction between PSA, anti-PSA immobilized
on the GO/Chi interface, and HRP-functionalized PSA aptamers immobilized on PAMAM/AuNPs.
Using DPV, the LoD was 10 fg mL~! and the detection range between 0.1 pg mL~! and 90 ng mL 1.

3.6.2. Enzyme-Less Immunosensors

Gao et al. [167] reported PAMAM/ carbon dots modified by AuNPs for immunosensing of AFP.
PAMAM/ carbon dots/AuNPs were immobilized on the electrode surface, followed by anti-AFP
immobilization. Upon complexation of AFP on these capture antibodies, the redox process of a
diffusion probe Fe(CN)¢>~/4~ was slowed down. Changes in current as well as in impedance were
used to quantify AFP within a wide range from 100 fg mL~! to 100 ng mL~!, with a LoD of 0.025
pg mL~!. Kavosi et al. [168] also described an electrochemical immunoassay for detection of AFP.
This immunosensor was constructed by covalent immobilization of PAMAM dendrimer-encapsulated
AuNPs on a Au electrode, followed by covalent immobilization of ethyleneamineviologen (Vio) as
electrochemical redox marker and AFP monoclonal antibody. The Au/PAMAM nanocomposite
was used to increase the electrode surface area and accelerate the electron transfer kinetics.
Upon immunorecognition of the immobilized AFP to its antibody, the Vio peak current decreased due
to the hindered electron transfer reaction on the electrode surface. Through DPV, AFP was detected
over a wide linear range (0.001-45 ng mL~1) and a LoD of 130 fg mL~!. This result underline that
dendrimers afford a much better sensitivity than planar electrodes when considering immobilized
redox probes.
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Using stripping instead of a diffusing redox probe, Tang et al. [169] reported detection of
three protein biomarkers (CA 125, CA 15-3, and CA 19-9) in one single immunoassay. They used
antibody-decorated magnetic beads as immunosensing probes, as reported in the previous section,
and PAMAM dendrimer-metal sulfide quantum dot (QD) as nanolabels. The MBs were functionalized
by co-immobilization of the three capture antibodies (anti-CA 125, anti-CA 15-3 and anti-CA 19-9) and
PAMAM/QDs containing CdS, ZnS and PbS were used for their labeling (Figure 33). ASV of cadmium,
zinc, and lead led to a dynamic range of 0.01-50 U mL~! and a LoD of 5 mU mL .
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Figure 33. (A) Use of signaling antibodies coupled to dendrimers (PAMAN) containing metal sulfides,
and (B) subsequent electroreduction by ASV for detection. This method allows detecting several
antibody-antigen complexes. Reprinted from [169], Copyright 2013, with permission from Elsevier.

Finally, Chandra et al. [170] reported an IgG electrochemical immunosensor using a redox-active
ferrocenyl G2 dendrimer (G,Fc) as redox marker, onto which the capture antibody was immobilized.
The presence of the captured IgG generates steric hindrance which was evidenced by a change in
electroactivity of the immobilized Fc. The LoD was 2 ng mL~!.

As shown, dendrimers generally bring lower detection limits than conventionally grafted redox
probes; one of the obvious drawbacks, however, looks to be the complexity of the sensor’s architecture,
which impedes reproducibility and make these sensors hardly applicable. Figures of merit discussed
in this section are summarized in Table 10.

Table 10. Figures of merit of selected immunosensors using dendrimers.

Target Probe LoD Method Reference
a-Synuclein protein Ab 15 pg mL~1! PAMAM/AuNPs/HRP/Thi/CV [164]
CEA protein Ab 4pgmL~! PAMAN/ AuNPs/GOx-HRP/Thi [165]
PSA protein Ab 10 fg mL~! PAMAM/AuNPs/HRP [166]
AFP protein Ab 0.025 pgmL~!  PAMAM/C-dots/ AuNPs/Fe(CN)s> /4~ [167]
AFP protein Ab 130 fg mL~! PAMAM/AuNPs/Viologen [168]
CA 125 protein Ab 5mU mL™! MBs/PAMAM/QDs/CdS/ASV [169]
IgG Ab 2ng mL~! anti-IgG/G,Fc/Fc [170]

3.7. lonic Liquids

We reviewed here in this section some recent advances in the use of ionic liquids in the
construction of electrochemical immunosensors. As discussed above, the use of metal nanoparticles
or graphene, or a combination of the two, were used as building materials to improve the sensing
performances. However, water dispersability of these materials is low and they present a strong



Sensors 2017, 17, 794 47 of 63

tendency to agglomerate into multilayer graphite of bundles of NPs through m—m stacking or Van der
Waals interaction, which limits their application. It was shown that ionic liquid, used for surface
functionalization of such NPs, could be a solution.

In 2013, Liu et al. [171] reported ionic liquid-functionalized GR sheets loaded with AuNPs onto
which antibodies were immobilized, for detection of CEA. Using DPV and Fe(CN)s>~/4 as diffusing
redox probe, this immunosensor showed a linear detection range from 1 fg mL~! to 100ng mL~!, and a
LoD of 0.1 fg mL~1. Liu and Ma [172] described an IL-functionalized RGO material for CEA and AFP
detection. Due to the modification with 1-aminopropyl-3-methylimidazolium chloride, GO sheets were
easily dispersed in aqueous solution to form a homogeneous colloidal suspension. Signaling antibodies
were coupled to Prussian blue NPs and CdNPs and used in a sandwich immunoassay (Figure 34).
Using DPV, the linear ranges were from 0.01 to 100 ng mL~! for both CEA and AFP. The LoD was
10 pg mL~! for CEA and 6 pg mL~! for AFP.
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Figure 34. (A) CEA and AFP immunosensor based on metal NPs and Prussian blue NPs immobilized
on IL-modified GO sheets; (B) DPV responses for different concentration of CEA and AFP in PBS,
pH 6.5. Reproduced from [172], Copyright 2014, with permission from Elsevier.

Ruiyi et al. [173] reported an immunosensor for microcystin-LR, a family of water contaminant
composed on a stable heptapeptide produced mainly by common cyanobacteria. GC electrodes
were modified with GO and AulNPs, and 2,5-di-(2-thienyl)-1-pyrrole-1-(p-benzoic acid) was
grafted to immobilize the microcystin-LR antibodies. The IL (1l-isobutyl-3-methylimidazolium
bis(trifluoro-methanesulfonyl)imide) was then dropped on the electrode surface and finally
microcystin-LR antibody was covalently bound to the conducting polymer film. Electrochemical
detection was made with DPV in the range 1071°-8 x 1075 M using Fe(CN)s>~/4~ added in solution,
and the authors reported an extremelly low LoD of 4 x 107 M (i.e., 4 x 1077 g mL~'). This article
was very similar to another one of the same authors published one year before [174], reporting an
immunosensor for aflatoxin By, for which the LoD was of 1 fM and the linear range from 3.2 fM to
0.32 pM, measuring the charge transfer resistance by EIS.

Roushani el al. [175] reported in 2016 an immunoassay for detection of hCG. First, PtNPs were
immobilized on a composite layer of graphene, chitosan and an ionic liquid (1-methyl-3-octyl
imidazolium tetrafluoroborate). The amine groups of the antibody were covalently attached to PtNPs,
whereas rutin was used in solution as redox probe. Upon biorecognition of hCG on the antibody,
peak current of rutin decreased. Through DVP measurements, it was found that hCG could be detect
within a linear range between 2 and 350 mIU mL~!, with a LoD of 0.4 uTU mL 1,
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Figure 35. (A) PSA immunosensor using AuNPs-PAMAM for signaling and MWCNT/IL/CS

transduction with HRP and thionine as immobilized mediator;

(B) CVs of the immunosensor after incubation with PSA from O up to 80 ng mL~!

as substrate, and
in PBS, pH 7 + 25 mM H;0;. Insets, plots of the immunosensor response vs. PSA
concentrations; (C) Nyquist curves for 2.5 mM [Fe(CN)s]>~/#4~ in 0.1 M KCl recorded at
anti-PSA / AuNPs-PAMAM-dendrimer/MWCNTs/IL/Chit/GC after incubation with 5, 10, 15, 20 and
25ng mL~1 PSA. Insets are plot of R¢t vs. PSA concentration and the equivalent circuit used to fit the
experimental impedance data. On the right, Nyquist curves for the immunosensor in the presence of
15 ng mL~1 PSA and in serum spiked with 15 ng mL~1 PSA. Adapted from [176], Copyright 2014,
with permission from Elsevier.
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Finally, Kavosi et al. [176] reported detection of PSA where most of the above-reviewed
strategies were cumulated in a single sensor. Anti-PSA and thionine (as redox mediator) were
immobilized onto AuNPs-PAMAM and MWCNT/IL/CS nanocomposite as substrate (Figure 35).
Capture and transduction was made by a sandwich assay between anti-PSA immobilized on the
MWCNTs/IL/CS/AuNPs-PAMAM and anti-PSA labeled with HRP-labeled signaling antibodies.
The electrocatalytic reduction of H,O, by HRP was monitored by DPV. The calibration curve for PSA
was linear up to 80 ng mL~!, with a LoD of 1 pg mL~!. Figures of merit discussed in this section are

summarized in Table 11.

Table 11. Figures of merit of selected immunosensors using ionic liquids.

Target Probe LoD Method Reference
CEA protein Ab 0.1 fg mL~! IL/GR/AuNPs/Fe(CN)¢3~/4~/DPV [171]
CEA protein Ab 10 pg mL ! IL/RGO/PB/DPV [172]

Microcystin-LR Ab 0.04 fg mL~! IL/GO/AuNPs/PPy/Fe(CN)s>~/4—/DPV [173]
Aflatoxin Bl Ab 0.3 fg mL~! IL/GO/AuNPs/PPy /Fe(CN)s3~/4~/EIS [174]
hCG hormone Ab 0.4 pIU mL ! IL/PtNPs/Rutin/DPV [175]
PSA protein Ab 1pgmL~! MWCNT/IL/CS/AuNPs/PAMAM/HRP [176]
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3.8. Unconventionnal Electrochemical Immunosensors Working in Organic Solvents

As reviewed above, the most targeted analytes are organic compounds which are poorly soluble
in water. Consequently, it is of interest to develop electrochemical immunosensors able to work
directly in organic solvent or at least in a mixture of organic and aqueous solvents. Immunoassays in
organic phase have been reported since at least two decades [177], investigated in optical [178] and
gravimetric [179] devices recently, but stayed scarce for electrochemical immunoassays.

In 2012, Tomassetti et al. [180] reported an immunosensor for the analysis of atrazine in olive oil,
using HRP as antibody label, through a competitive immunoreaction. A LoD of about 50 nM was
achieved. The immunorecognition was performed in oil, and the electrochemical detection in PBS.
The same authors reported in 2015 detection of three kind of pesticides (triazinic, organophosphates
and chlorurates) in sunflower oil, still through a competitive immunodetection process which took
place in an n-hexane—chloroform mixture, followed by electrochemical detection (HRP-labelled Ab)
performed in decane. The LoD was 10 nM. [181,182].

3.9. Unconventionnal Substrates: Nanochannels for Electrochemical Immunodetection

Even before the period considered in this review, unconventional porous substrates have been
reported for electrochemical immunodetection [183-185]. These works were continued; in 2012 then
2013, Cheng et al. [186] and Peh et al. [187] developed an electrochemical sensor for detection of
dengue virus, based on a porous alumina membrane on a platinum electrode, functionalized with
antibodies specific for dengue. Upon recognition of the virus by the antibodies, blocking of the pores
were characterized by DPV (example below) and impedance spectroscopy. The detection limit was
found at ca. 0.5 PFU mL™! (Figure 36). More recently, [188,189] Espinoza-Castafieda et al. and de
la Escosura-Muiiiz et al. described nanochannel arrays made from nanoparticles assembled on a
solid surface, for immunodetection through a principle like that described above. The blocking in the
nanochannel was characterized by a decrease in the voltammetric signal of a redox indicator, or an
increase in impedance. Very recently, Chaturvedi et al. [190] described again the use of anodized
alumina membranes, to measure ionic conductivity through pores decorated by capture probes.
MS2 bacteriophage was chosen as an example. A LoD of ca. 7 pfu mL~! was found. Examples of EIS
spectra are given in Figure 37. These approaches have been recently reviewed [191].
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Figure 36. (A) Biosensor’s structure and detection procedure. DENV-2 corresponds to the dengue
virus; (B) Differential pulse voltammograms of alumina-modified electrode obtained in 1.0 mM
ferrocenemethanol, 0.1 M phosphate buffered saline, pH 7.4 after each step of the biosensor
construction procedure, DENV-2 concentration = 10> pfu mL~!; Adapted from [186], Copyright 2012,
with permission from Elsevier.
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Figure 37. (A) Bode plots for different concentrations of MS2 bacteriophage. (B) It is shown that the
smaller pores (73 nm) are less efficient due to compromised accessibility of the walls to viruses when
the diameter of the pore is smaller than 3 times that of the virus, while larger pores (97 nm) are not
affected. Ry is the resistance of solution above the membrane, Rpore and Cpore are the resistance and
capacitance of the pores in the membrane, and Rox and Coy are the resistance and capacitance of the
oxide layer. Adapted with permission from [190]. Copyright 2016 American Chemical Society.

4. Conclusions and Perspectives

As shown on Figure 38, conventional electrode substrates (Figure 38A) gave higher LoDs than
those featuring carbon nanostructures (Figure 38B). For both, enzymes used as amplifiers allowed
to lower the LoD, as expected. This behavior is not general, however. Indeed, for the most studied
immunosensors during this period, those based on metal or metal oxide nanoparticles, the best
sensitivities were obtained with enzyme-free architectures (Figure 38G). On the contrary, the less
studied ones are those featuring ionic liquids (Figure 38]) which, in addition, were not reported these
very last years, which tends to indicate that the initial promises of IL in terms of sensitivity were not
kept. Dendrimers were also rarely reported (Figure 38I), even if LoDs achieved with these structures
are significantly lower than those reported for other architectures. Enzyme-free immunosensors with
graphene and immobilized redox probes (Figure 38D) gave better results compared to those with
diffusing redox probes (Figure 38C), and one of the lowest LoDs in average. This approach must
therefore be emphasized as one of the most promising ones for electrochemical immunosensors.

Also, enzymatic immunosensors with metal or metal oxide nanoparticles (Figure 38F) gave
better results compared to graphene only (Figure 38E). It is also noteworthy that immunosensors
based on magnetic nanoparticles (Figure 38H) did not allow to lower detection limits as it could have
been expected.

All this allow to conclude that the way to improve the detection limits of immunosensors is
to increase the molecular and redox probe densities, both immobilized on high surface-to-volume
nanoparticles. Because the most general transduction pathway implies a sandwich architecture with
enzymes or artificial catalytic sites coupled to the signaling antibody, which significantly amplifies
currents, one could consider that improvement perspectives rely on catalytically (non-enzymatic)
amplified sandwich immunoassays using substrates of specific area as high as possible.
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Figure 38. LoDs of electrochemical immunosensors, from 2012 to 2017, using (A) conventional
electrode substrates (open squares, enzyme-based sensors; plain square, enzyme-free sensors);
(B) carbon nanostructures (open squares, enzyme-based sensors; plain square, enzyme-free sensors);
(C) enzyme-free immunosensors with graphene and diffusing redox probe; (D) enzyme-free
immunosensors with graphene and immobilized redox probes; (E) enzymatic immunosensors using
graphene; (F) enzymatic immunosensors with metal or metal oxide nanoparticles; (G) enzyme-free
immunosensors with metal or metal oxide nanoparticles; (H) magnetic nanoparticles; (I) dendrimers;
(J) ionic liquids.

The ratio between the number of available recongnition sites and the number of available target
molecules in the analyzed solution must absolutely be considered. It is indeed not consistent to target
very low concentrations in a small volume of solution (that is, very small amounts of targets) with
large electrodes having so high densities of molecular probes that the probes/targets ratio tends to
zero; in such case, the sensor should not be sensitive at all. Finally, even if this point is extremely
scarsely pointed out in immunosensors’ publications, authors should also consider that the quality
of the antibodies, and particularly Ab-Ag affinities, is of the highest importance and may be also a
significant factor for improvement.

Acknowledgments: The authors thank University Paris Diderot, Sorbonne Paris Cité and CNRS for funding.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data and in the writing of the manuscript.

References

1. Ricci, F; Adornetto, G.; Palleschi, G. A review of experimental aspects of electrochemical immunosensors.
Electrochim. Acta 2012, 84, 74-83. [CrossRef]

2. Yang, H. Enzyme-based ultrasensitive electrochemical biosensors. Cur. Opin. Chem. Boil. 2012, 16, 422-428.
[CrossRef] [PubMed]

3. Hasanzadeh, M.; Shadjou, N.; Omidinia, E.; Eskandani, M.; de la Guardia, M. Mesoporous silica materials
for use in electrochemical immunosensing. Trends Anal. Chem. 2012, 45, 93-106. [CrossRef]

4. Pei, X,; Zhang, B.; Tang, J.; Liu, B.; Lai, W.; Tang, D. Sandwich-type immunosensors and immunoassays
exploiting nanostructure labels: A review. Anal. Chim. Acta 2013, 758, 1-18. [CrossRef] [PubMed]

5. Arduini, F; Micheli, L.; Moscone, D.; Palleschi, G.; Piermarini, S.; Ricci, F; Volpe, G. Electrochemical
biosensors based on nanomodified screen-printed electrodes: Recent applications in clinical analysis.
Trends Anal. Chem. 2016, 79, 114-126. [CrossRef]

6.  Wan,Y,; Su, Y,; Zhu, X,; Liu, G.; Fan, C. Development of electrochemical immunosensors towards point of
care diagnostics. Biosens. Bioelectron. 2013, 47, 1-11. [CrossRef] [PubMed]

7. Bahadir, E.B.; Sezgintiirk, M.K. Applications of electrochemical immunosensors for early clinical diagnostics.
Talant 2015, 132, 162-174. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.electacta.2012.06.033
http://dx.doi.org/10.1016/j.cbpa.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22503680
http://dx.doi.org/10.1016/j.trac.2012.12.017
http://dx.doi.org/10.1016/j.aca.2012.10.060
http://www.ncbi.nlm.nih.gov/pubmed/23245891
http://dx.doi.org/10.1016/j.trac.2016.01.032
http://dx.doi.org/10.1016/j.bios.2013.02.045
http://www.ncbi.nlm.nih.gov/pubmed/23542064
http://dx.doi.org/10.1016/j.talanta.2014.08.063
http://www.ncbi.nlm.nih.gov/pubmed/25476294

Sensors 2017, 17, 794 53 of 63

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Chikkaveeraiah, B.V.; Bhirde, A.A.; Morgan, N.Y,; Eden, H.S; Chen, X. Electrochemical immunosensors for
detection of cancer protein biomarkers. ACS Nano 2012, 6, 6546-6561. [CrossRef] [PubMed]

Vidal, ].C.; Bonel, L.; Ezquerra, A.; Hernandez, S.; Bertolin, J.R.; Cubel, C.; Castillo, J.R. Electrochemical
affinity biosensors for detection of mycotoxins: A review. Biosens. Bioelectron. 2013, 49, 146-158. [CrossRef]
[PubMed]

Diaconu, I; Cristea, C.; Harceagd, V.; Marrazza, G.; Berindan-Neagoe, I.; Sdndulescu, R. Electrochemical
immunosensors in breast and ovarian cancer. Clin. Chim. Acta 2013, 425, 128-138. [CrossRef] [PubMed]
Campuzano, S.; Yanez-Sedefo, P.; Pingarron, ] M. Electrochemical bioaffinity sensors for salivary biomarkers
detection. Trends Anal. Chem. 2017, 86, 14-24. [CrossRef]

Bhimji, A.; Zaragoza, A.A.; Live, L.S.; Kelley, S.O. Electrochemical enzyme-linked immunosorbent assay
featuring proximal reagent generation: Detection of human immunodeficiency virus antibodies in clinical
samples. Anal. Chem. 2013, 85, 6813-6819. [CrossRef] [PubMed]

Montes, R.; Céspedes, F; Baeza, M. Highly sensitive electrochemical immunosensor for IgG detection based
on optimized rigid biocomposites. Biosens. Bioelectron. 2016, 78, 505-512. [CrossRef] [PubMed]

Ojeda, L; Lépez-Montero, J.; Moreno-Guzman, M.; Janegitz, B.C.; Gonzalez-Cortés, A.; Yanez-Sedefio, P.;
Pingarron, J.M. Electrochemical immunosensor for rapid and sensitive determination of estradiol.
Anal. Chim. Acta 2012, 743, 117-124. [CrossRef] [PubMed]

Qi, H,; Ling, C.; Ma, Q.; Gao, Q.; Zhang, C. Sensitive electrochemical immunosensor array for the
simultaneous detection of multiple tumor markers. Analyst 2012, 137, 393-399. [CrossRef] [PubMed]
Moreno-Guzman, M.; Ojeda, L; Villalonga, R.; Gonzélez-Cortés, A.; Yafiez-Sedefio, P.; Pingarrén, .M.
Ultrasensitive detection of adrenocorticotropin hormone (ACTH) using disposable phenylboronic-modified
electrochemical immunosensors. Biosens. Bioelectron. 2012, 35, 82-86. [CrossRef] [PubMed]

Conzuelo, F; Campuzano, S.; Gamella, M.; Pinacho, D.G.; Reviejo, A.J.; Marco, M.P.; Pingarrén, J.M.
Integrated disposable electrochemical immunosensors for the simultaneous determination of sulfonamide
(SPY) and tetracycline (TC) antibiotics residues in milk. Biosens. Bioelectron. 2013, 50, 100-105. [CrossRef]
[PubMed]

Singh, A.; Park, S.; Yang, H. Glucose-oxidase label-based redox cycling for an incubation period-free
electrochemical immunosensor. Anal. Chem. 2013, 85, 4863-4868. [CrossRef] [PubMed]

Jiang, C.; Alam, M.T;; Silva, S.M.; Taufik, S.; Fan, S.; Gooding, J.J. A unique sensing interface that allows the
development of an electrochemical immunosensor for the detection of Tumor Necrosis Factor « in whole
blood. ACS Sens. 2016, 1, 1432-1438. [CrossRef]

Serafin, V.; Torrente-Rodriguez, RM.; Batlle, M.; de Frutos, P.G.; Campuzano, S.; Yanez-Sedefo, P;
Pingarrén, J.M. Electrochemical immunosensor for receptor tyrosine kinase AXL using poly
(pyrrolepropionic acid)-modified disposable electrodes. Sens. Actuators B Chem. 2017, 240, 1251-1256.
[CrossRef]

Ciani, I; Schulze, H.; Corrigan, D.K,; Henihan, G.; Giraud, G.; Terry, ].G.; Walton, A.J.; Pethig, R.; Ghazal, P;
Crain, J.; et al. Development of immunosensors for direct detection of three wound infection biomarkers
at point of care using electrochemical impedance spectroscopy. Biosens. Bioelectron. 2012, 31, 413—418.
[CrossRef] [PubMed]

Tran, H.V,; Yougnia, R.; Reisberg, S.; Piro, B.; Serradji, N.; Nguyen, T.D.; Tran, L.D.; Dong, C.Z,;
Pham, M.C. A label-free electrochemical immunosensor for direct, signal-on and sensitive pesticide detection.
Biosens. Bioelectron. 2012, 31, 62—68. [CrossRef] [PubMed]

Liu, G.; Khor, S.M; Iyengar, S.G.; Gooding, ]J.J. Development of an electrochemical immunosensor for the
detection of HbAlc in serum. Analyst 2012, 137, 829-832. [CrossRef] [PubMed]

Wang, X.; Reisberg, S.; Serradji, N.; Anquetin, G.; Pham, M.C.; Wu, W.; Dong, C.Z.; Piro, B. E-assay concept:
Detection of bisphenol A with a label-free electrochemical competitive immunoassay. Biosens. Bioelectron.
2014, 53, 214-219. [CrossRef] [PubMed]

Shi, S.; Reisberg, S.; Anquetin, G.; Noél, V.; Pham, M.C.; Piro, B. General approach for electrochemical
detection of persistent pharmaceutical micropollutants: Application to acetaminophen. Biosens. Bioelectron.
2015, 72, 205-210. [CrossRef] [PubMed]

Lu, L.; Liu, B.; Zhao, Z.; Ma, C.; Luo, P; Liu, C.; Xie, G. Ultrasensitive electrochemical immunosensor for
HE4 based on rolling circle amplification. Biosens. Bioelectron. 2012, 33, 216-221. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/nn3023969
http://www.ncbi.nlm.nih.gov/pubmed/22835068
http://dx.doi.org/10.1016/j.bios.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23743326
http://dx.doi.org/10.1016/j.cca.2013.07.017
http://www.ncbi.nlm.nih.gov/pubmed/23933123
http://dx.doi.org/10.1016/j.trac.2016.10.002
http://dx.doi.org/10.1021/ac4009429
http://www.ncbi.nlm.nih.gov/pubmed/23758505
http://dx.doi.org/10.1016/j.bios.2015.11.081
http://www.ncbi.nlm.nih.gov/pubmed/26667092
http://dx.doi.org/10.1016/j.aca.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22882831
http://dx.doi.org/10.1039/C1AN15698E
http://www.ncbi.nlm.nih.gov/pubmed/22091469
http://dx.doi.org/10.1016/j.bios.2012.02.015
http://www.ncbi.nlm.nih.gov/pubmed/22410481
http://dx.doi.org/10.1016/j.bios.2013.06.019
http://www.ncbi.nlm.nih.gov/pubmed/23835224
http://dx.doi.org/10.1021/ac400573j
http://www.ncbi.nlm.nih.gov/pubmed/23663141
http://dx.doi.org/10.1021/acssensors.6b00532
http://dx.doi.org/10.1016/j.snb.2016.09.109
http://dx.doi.org/10.1016/j.bios.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22137369
http://dx.doi.org/10.1016/j.bios.2011.09.035
http://www.ncbi.nlm.nih.gov/pubmed/22033145
http://dx.doi.org/10.1039/c2an16034j
http://www.ncbi.nlm.nih.gov/pubmed/22223220
http://dx.doi.org/10.1016/j.bios.2013.09.062
http://www.ncbi.nlm.nih.gov/pubmed/24140871
http://dx.doi.org/10.1016/j.bios.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/25982729
http://dx.doi.org/10.1016/j.bios.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22305445

Sensors 2017, 17, 794 54 of 63

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hayat, A.; Barthelmebs, L.; Marty, ].L. Electrochemical impedimetric immunosensor for the detection of
okadaic acid in mussel sample. Sens. Actuators B Chem. 2012, 171, 810-815. [CrossRef]

Vasudev, A.; Kaushik, A.; Bhansali, S. Electrochemical immunosensor for label free epidermal growth factor
receptor (EGFR) detection. Biosens. Bioelectron. 2013, 39, 300-305. [CrossRef] [PubMed]

Vasudev, A.; Kaushik, A.; Tomizawa, Y.; Norena, N.; Bhansali, S. An LTCC-based microfluidic system for
label-free, electrochemical detection of cortisol. Sens. Actuators B Chem. 2013, 182, 139-146. [CrossRef]

Lim, S.A.; Ahmed, M.U. A label free electrochemical immunosensor for sensitive detection of porcine serum
albumin as a marker for pork adulteration in raw meat. Food Chem. 2016, 206, 197-203. [CrossRef] [PubMed]
Jarocka, U.; Sawicka, R.; Goéra-Sochacka, A.; Sirko, A.; Dehaen, W.; Radecki, J.; Radecka, H.
An electrochemical immunosensor based on a 4, 4’-thiobisbenzenethiol self-assembled monolayer for
the detection of hemagglutinin from avian influenza virus H5N1. Sens. Actuators B Chem. 2016, 228, 25-30.
[CrossRef]

Dou, W.; Tang, W.; Zhao, G. A disposable electrochemical immunosensor arrays using 4-channel
screen-printed carbon electrode for simultaneous detection of Escherichia coli O157: H7 and Enterobacter
sakazakii. Electrochim. Acta 2013, 97, 79-85. [CrossRef]

Gomes-Filho, S.L.R.; Dias, A.C.M.S.; Silva, M.M.S.; Silva, B.V.M.; Dutra, R.F. A carbon nanotube-based
electrochemical immunosensor for cardiac troponin T. Microchem. J. 2013, 109, 10-15. [CrossRef]

Zhang, X.; Li, C.R.; Wang, W.C.; Xue, ].; Huang, Y.L.; Yang, X.X.; Tan, B.; Zhou, X.P; Shao, C.; Ding, S.].; et al.
A novel electrochemical immunosensor for highly sensitive detection of aflatoxin B 1 in corn using
single-walled carbon nanotubes/chitosan. Food Chem. 2016, 192, 197-202. [CrossRef] [PubMed]
Sanchez-Tirado, E.; Gonzélez-Cortés, A.; Yanez-Sedefio, P.; Pingarrén, J.M. Carbon nanotubes functionalized
by click chemistry as scaffolds for the preparation of electrochemical immunosensors. Application to the
determination of TGF-beta 1 cytokine. Analyst 2016, 141, 5730-5737. [CrossRef] [PubMed]

Salimi, A.; Kavosi, B.; Fathi, F.; Hallaj, R. Highly sensitive immunosensing of prostate-specific antigen based
on ionic liquid—carbon nanotubes modified electrode: Application as cancer biomarker for prostatebiopsies.
Biosens. Bioelectron. 2013, 42, 439—-446. [CrossRef]

Wang, Y.; Qu, Y; Ye, X.; Wu, K.; Li, C. Fabrication of an electrochemical immunosensor for «-fetoprotein
based on a poly-L-lysine-single-walled carbon nanotubes/Prussian blue composite film interface. J. Solid
State Electrochem. 2016, 20, 2217-2222. [CrossRef]

Yang, Z.H.; Zhuo, Y.; Yuan, R.; Chai, Y.Q. Electrochemical activity and electrocatalytic property of cobalt
phthalocyanine nanoparticles-based immunosensor for sensitive detection of procalcitonin. Sens. Actuators
B Chem. 2016, 227, 212-219. [CrossRef]

Singh, C.; Srivastava, S.; Ali, M.A.; Gupta, T.K.; Sumana, G.; Srivastava, A.; Mathur, R.B.; Malhotra, B.D.
Carboxylated multiwalled carbon nanotubes based biosensor for aflatoxin detection. Sens. Actuators B Chem.
2013, 185, 258-264. [CrossRef]

Liu, G;; Wang, S.; Liu, J.; Song, D. An electrochemical immunosensor based on chemical assembly of
vertically aligned carbon nanotubes on carbon substrates for direct detection of the pesticide endosulfan in
environmental water. Anal. Chem. 2012, 84, 3921-3928. [CrossRef] [PubMed]

Lu, J.; Liu, S.; Ge, S.; Yan, M.; Yu, J.; Hu, X. Ultrasensitive electrochemical immunosensor based on Au
nanoparticles dotted carbon nanotube-graphene composite and functionalized mesoporous materials.
Biosens. Bioelectron. 2012, 33, 29-35. [CrossRef] [PubMed]

Neves, M.M.; Gonzalez-Garcia, M.B.; Nouws, H.P; Costa-Garcia, A. Celiac disease detection using a
transglutaminase electrochemical immunosensor fabricated on nanohybrid screen-printed carbon electrodes.
Biosens. Bioelectron. 2012, 31, 95-100. [CrossRef] [PubMed]

Liu, N.; Nie, D.; Tan, Y.; Zhao, Z; Liao, Y.; Wang, H.; Sun, C.; Wu, A. An ultrasensitive amperometric
immunosensor for zearalenones (a mycotoxin) based on oriented antibody immobilization on a glassy
carbon electrode modified with MWCNTs and AuPt nanoparticles. Microchim. Acta 2017, 184, 147-153.
[CrossRef]

Xu, Q.; Yan, E; Lei, J.; Leng, C.; Ju, H. Disposable electrochemical immunosensor by using carbon sphere/gold
nanoparticle composites as labels for signal amplification. Chem. Eur. J. 2012, 18, 4994-4998. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.snb.2012.05.075
http://dx.doi.org/10.1016/j.bios.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22819633
http://dx.doi.org/10.1016/j.snb.2013.02.096
http://dx.doi.org/10.1016/j.foodchem.2016.03.063
http://www.ncbi.nlm.nih.gov/pubmed/27041316
http://dx.doi.org/10.1016/j.snb.2016.01.001
http://dx.doi.org/10.1016/j.electacta.2013.02.136
http://dx.doi.org/10.1016/j.microc.2012.05.033
http://dx.doi.org/10.1016/j.foodchem.2015.06.044
http://www.ncbi.nlm.nih.gov/pubmed/26304338
http://dx.doi.org/10.1039/C6AN00941G
http://www.ncbi.nlm.nih.gov/pubmed/27384038
http://dx.doi.org/10.1016/j.bios.2012.10.053
http://dx.doi.org/10.1007/s10008-016-3229-0
http://dx.doi.org/10.1016/j.snb.2015.08.109
http://dx.doi.org/10.1016/j.snb.2013.04.040
http://dx.doi.org/10.1021/ac202754p
http://www.ncbi.nlm.nih.gov/pubmed/22448910
http://dx.doi.org/10.1016/j.bios.2011.11.054
http://www.ncbi.nlm.nih.gov/pubmed/22265320
http://dx.doi.org/10.1016/j.bios.2011.09.044
http://www.ncbi.nlm.nih.gov/pubmed/22019096
http://dx.doi.org/10.1007/s00604-016-1996-z
http://dx.doi.org/10.1002/chem.201200171
http://www.ncbi.nlm.nih.gov/pubmed/22438025

Sensors 2017, 17, 794 55 of 63

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Sénchez-Tirado, E.; Gonzédlez-Cortés, A.; Yudasaka, M.; lijima, S.; Langa, F; Yafez-Sedefio, P; Pingarrén, ].M.
Electrochemical immunosensor for the determination of 8-isoprostane aging biomarker using carbon
nanohorns-modified disposable electrodes. J. Electroanal. Chem. 2016. [CrossRef]

Yang, F; Han, ].; Zhuo, Y.; Yang, Z.; Chai, Y.; Yuan, R. Highly sensitive impedimetric immunosensor based
on single-walled carbon nanohorns as labels and bienzyme biocatalyzed precipitation as enhancer for cancer
biomarker detection. Biosens. Bioelectron. 2014, 55, 360-365. [CrossRef] [PubMed]

Gupta, RK,; Pandya, R ; Sieffert, T.; Meyyappan, M.; Koehne, ].E. Multiplexed electrochemical immunosensor
for label-free detection of cardiac markers using a carbon nanofiber array chip. J. Electroanal. Chem. 2016,
773,53-62. [CrossRef]

Chen, Q.; Yu, C.; Gao, R.; Gao, L.; Li, Q.; Yuan, G.; He, J. A novel electrochemical immunosensor based
on the rGO-TEPA-PTC-NH 2 and AuPt modified C60 bimetallic nanoclusters for the detection of Vangl1,
a potential biomarker for dysontogenesis. Biosens. Bioelectron. 2016, 79, 364-370. [CrossRef] [PubMed]

Loo, A.H.; Bonanni, A.; Ambrosi, A.; Poh, H.L.; Pumera, M. Impedimetric immunoglobulin G immunosensor
based on chemically modified graphenes. Nanoscale 2012, 4, 921-925. [CrossRef] [PubMed]

Wang, G.; Gang, X.; Zhou, X.; Zhang, G.; Huang, H.; Zhang, X.; Wang, L. Electrochemical immunosensor with
graphene/gold nanoparticles platform and ferrocene derivatives label. Talanta 2013, 103, 75-80. [CrossRef]
[PubMed]

Zhang, S.; Huang, N.; Lu, Q.; Liu, M; Li, H.; Zhang, Y.; Yao, S. A double signal electrochemical human
immunoglobulin G immunosensor based on gold nanoparticles-polydopamine functionalized reduced
graphene oxide as a sensor platform and AgNPs/carbon nanocomposite as signal probe and catalytic
substrate. Biosens. Bioelectron. 2016, 77, 1078-1085. [CrossRef] [PubMed]

Eissa, S.; Tlili, C.; L'Hocine, L.; Zourob, M. Electrochemical immunosensor for the milk allergen
-lactoglobulin based on electrografting of organic film on graphene modified screen-printed carbon
electrodes. Biosens. Bioelectron. 2012, 38, 308-313. [CrossRef] [PubMed]

Zhao, L.; Li, S.; He, J.; Tian, G.; Wei, Q.; Li, H. Enzyme-free electrochemical immunosensor configured with
Au-Pd nanocrystals and N-doped graphene sheets for sensitive detection of AFP. Biosens. Bioelectron. 2013,
49, 222-225. [CrossRef] [PubMed]

Huang, KJ.; Li, ], Wu, Y.Y,; Liu, YM. Amperometric immunobiosensor for o-fetoprotein using Au
nanoparticles/chitosan/TiO,—graphene composite based platform. Bioelectrochem. 2013, 90, 18-23.
[CrossRef] [PubMed]

Lin, J.; Wei, Z.; Zhang, H.; Shao, M. Sensitive immunosensor for the label-free determination of tumor marker
based on carbon nanotubes/mesoporous silica and graphene modified electrode. Biosens. Bioelectron. 2013,
41, 342-347. [CrossRef] [PubMed]

Liu, J.; Lin, G.; Xiao, C.; Xue, Y; Yang, A.; Ren, H.; Lu, W.; Zhao, H.; Li, X.; Yuan, Z. Sensitive electrochemical
immunosensor for a-fetoprotein based on graphene/SnO2/Au nanocomposite. Biosens. Bioelectron. 2015, 71,
82-87. [CrossRef] [PubMed]

Wei, Y.; Li, Y.; Li, N.; Zhang, Y.; Yan, T.; Ma, H.; Wei, Q. Sandwich-type electrochemical immunosensor for
the detection of AFP based on Pd octahedral and APTES-M-CeO 2-GS as signal labels. Biosens. Bioelectron.
2016, 79, 482-487. [CrossRef] [PubMed]

Li, H,; He, J.; Li, S.; Turner, A.P. Electrochemical immunosensor with N-doped graphene-modified electrode
for label-free detection of the breast cancer biomarker CA 15-3. Biosens. Bioelectron. 2013, 43, 25-29.
[CrossRef] [PubMed]

Teixeira, S.; Burwell, G.; Castaing, A.; Gonzalez, D.; Conlan, R.S.; Guy, O.]. Epitaxial graphene immunosensor
for human chorionic gonadotropin. Sens. Actuators B Chem. 2014, 190, 723-729. [CrossRef]

Jang, H.D.; Kim, S.K.; Chang, H.; Choi, ].W. 3D label-free prostate specific antigen (PSA) immunosensor
based on graphene-gold composites. Biosens. Bioelectron. 2015, 63, 546-551. [CrossRef] [PubMed]

Sun, G.; Zhang, L.; Zhang, Y.; Yang, H.; Ma, C; Ge, S.; Yan, M.; Yu, J.; Song, X. Multiplexed enzyme-free
electrochemical immunosensor based on ZnO nanorods modified reduced graphene oxide-paper electrode
and silver deposition-induced signal amplification strategy. Biosens. Bioelectron. 2015, 71, 30-36. [CrossRef]
[PubMed]

Ma, H,; Li, Y,; Wang, Y;; Hu, L.; Zhang, Y,; Fan, D.; Yan, T.; Wei, Q. Cubic CuyO nanoframes with
a unique edge-truncated structure and a good electrocatalytic activity for immunosensor application.
Biosens. Bioelectron. 2016, 78, 167-173. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jelechem.2016.11.003
http://dx.doi.org/10.1016/j.bios.2013.12.040
http://www.ncbi.nlm.nih.gov/pubmed/24419078
http://dx.doi.org/10.1016/j.jelechem.2016.04.034
http://dx.doi.org/10.1016/j.bios.2015.12.063
http://www.ncbi.nlm.nih.gov/pubmed/26735870
http://dx.doi.org/10.1039/C2NR11492E
http://www.ncbi.nlm.nih.gov/pubmed/22186761
http://dx.doi.org/10.1016/j.talanta.2012.10.008
http://www.ncbi.nlm.nih.gov/pubmed/23200360
http://dx.doi.org/10.1016/j.bios.2015.10.089
http://www.ncbi.nlm.nih.gov/pubmed/26556185
http://dx.doi.org/10.1016/j.bios.2012.06.008
http://www.ncbi.nlm.nih.gov/pubmed/22789151
http://dx.doi.org/10.1016/j.bios.2013.05.016
http://www.ncbi.nlm.nih.gov/pubmed/23770392
http://dx.doi.org/10.1016/j.bioelechem.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23165290
http://dx.doi.org/10.1016/j.bios.2012.08.051
http://www.ncbi.nlm.nih.gov/pubmed/23010015
http://dx.doi.org/10.1016/j.bios.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/25889348
http://dx.doi.org/10.1016/j.bios.2015.12.082
http://www.ncbi.nlm.nih.gov/pubmed/26745795
http://dx.doi.org/10.1016/j.bios.2012.11.037
http://www.ncbi.nlm.nih.gov/pubmed/23274193
http://dx.doi.org/10.1016/j.snb.2013.09.019
http://dx.doi.org/10.1016/j.bios.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25150936
http://dx.doi.org/10.1016/j.bios.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25884731
http://dx.doi.org/10.1016/j.bios.2015.11.036
http://www.ncbi.nlm.nih.gov/pubmed/26606308

Sensors 2017, 17, 794 56 of 63

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Han, L,; Liu, C.M.; Dong, S.L.; Du, C.X.; Zhang, X.Y.; Li, L.H.; Wei, Y. Enhanced conductivity of rtGO/Ag
NPs composites for electrochemical immunoassay of prostate-specific antigen. Biosens. Bioelectron. 2017, 87,
466-472. [CrossRef] [PubMed]

Pandey, C.M.; Tiwari, I; Singh, V.N.; Sood, K.N.; Sumana, G.; Malhotra, B.D. Highly sensitive electrochemical
immunosensor based on graphene-wrapped copper oxide-cysteine hierarchical structure for detection of
pathogenic bacteria. Sens. Actuators B Chem. 2017, 238, 1060-1069. [CrossRef]

Liu, Y;; Ma, H.; Gao, J.; Wu, D.; Ren, X,; Yan, T.; Pang, X.; Wei, Q. Ultrasensitive electrochemical
immunosensor for SCCA detection based on ternary Pt/PdCu nanocube anchored on three-dimensional
graphene framework for signal amplification. Biosens. Bioelectron. 2016, 79, 71-78. [CrossRef] [PubMed]
Han, J; Jiang, L.; Li, F; Wang, P.; Liu, Q.; Dong, Y.; Li, Y.; Wei, Q. Ultrasensitive non-enzymatic immunosensor
for carcino-embryonic antigen based on palladium hybrid vanadium pentoxide/multiwalled carbon
nanotubes. Biosens. Bioelectron. 2016, 77, 1104-1111. [CrossRef] [PubMed]

Feng, T.; Qiao, X.; Wang, H.; Sun, Z.; Hong, C. A sandwich-type electrochemical immunosensor for
carcinoembryonic antigen based on signal amplification strategy of optimized ferrocene functionalized
Fe;0,@SiO; as labels. Biosens. Bioelectron. 2016, 79, 48-54. [CrossRef] [PubMed]

Miao, L.; Jiao, L.; Zhang, J.; Li, H. Amperometric sandwich immunoassay for the carcinoembryonic antigen
using a glassy carbon electrode modified with iridium nanoparticles, polydopamine and reduced graphene
oxide. Microchim. Acta 2017, 184, 169-175. [CrossRef]

Dai, K,; Zheng, L.; Xu, N.; Yang, Z; Guo, T.; Hu, R; Yang, Y. The Preparation of C-Reactive
Protein Immunosensor Based on Amino Graphene and Hollow Silver Platinum Nanomaterials.
J. Nanosci. Nanotechnol. 2017, 17, 115-122.

Mao, K.; Wu, D,; Li, Y,; Ma, H.; Ni, Z.; Yu, H.; Luo, C.; Wei, Q.; Du, B. Label-free electrochemical
immunosensor based on graphene/methylene blue nanocomposite. Amnal. Biochem. 2012, 422, 22-27.
[CrossRef] [PubMed]

Wei, Q.; Zhao, Y.; Du, B.; Wu, D,; Li, H.; Yang, M. Ultrasensitive detection of kanamycin in animal derived
foods by label-free electrochemical immunosensor. Food Chem. 2012, 134, 1601-1606. [CrossRef] [PubMed]
Yu, S.; Wei, Q.; Du, B.,; Wu, D.; Li, H,; Yan, L.; Ma, H.; Zhang, Y. Label-free immunosensor for the detection of
kanamycin using Ag@Fe;04 nanoparticles and thionine mixed graphene sheet. Biosens. Bioelectron. 2013, 48,
224-229. [CrossRef] [PubMed]

Cai, Y,; Li, H.; Li, Y;; Zhao, Y.; Ma, H.; Zhu, B.; Xu, C.; Wei, Q.; Du, B. Electrochemical immunoassay for
carcinoembryonic antigen based on signal amplification strategy of nanotubular mesoporous PdCu alloy.
Biosens. Bioelectron. 2012, 36, 6-11. [CrossRef] [PubMed]

Wu, D.; Guo, A.; Guo, Z.; Xie, L.; Wei, Q.; Du, B. Simultaneous electrochemical detection of cervical cancer
markers using reduced graphene oxide-tetraethylene pentamine as electrode materials and distinguishable
redox probes as labels. Biosens. Bioelectron. 2014, 54, 634-639. [CrossRef] [PubMed]

Han, J.; Ma, J.; Ma, Z. One-step synthesis of graphene oxide-thionine-Au nanocomposites and its application
for electrochemical immunosensing. Biosens. Bioelectron. 2013, 47, 243-247. [CrossRef] [PubMed]

Lin, D.; Wu, J.; Ju, H,; Yan, F. Nanogold/mesoporous carbon foam-mediated silver enhancement for
graphene-enhanced electrochemical immunosensing of carcinoembryonic antigen. Biosens. Bioelectron. 2014,
52,153-158. [CrossRef] [PubMed]

Chen, X,; Jia, X.; Han, J.; Ma, J.; Ma, Z. Electrochemical immunosensor for simultaneous detection of multiplex
cancer biomarkers based on graphene nanocomposites. Biosens. Bioelectron. 2013, 50, 356-361. [CrossRef]
[PubMed]

Wang, Y,; Li, X.; Cao, W.; Li, Y.; Li, H.; Du, B.; Wei, Q. Ultrasensitive sandwich-type electrochemical
immunosensor based on a novel signal amplification strategy using highly loaded toluidine blue/gold
nanoparticles decorated KIT-6/carboxymethyl chitosan/ionic liquids as signal labels. Biosens. Bioelectron.
2014, 61, 618-624. [CrossRef] [PubMed]

Peng, D.; Liang, R.P.; Huang, H.; Qiu, J.D. Electrochemical immunosensor for carcinoembryonic antigen
based on signal amplification strategy of graphene and Fe3O4/AuNPs. |. Electroanal. Chem. 2016, 761,
112-117. [CrossRef]

Gao, Y.S.; Zhu, X.F; Xu, ] K,; Lu, LM.; Wang, WM.; Yang, T.T,; Xing, H.K,; Yu, Y.E Label-free electrochemical
immunosensor based on Nile blue A-reduced graphene oxide nanocomposites for carcinoembryonic antigen
detection. Anal. Biochem. 2016, 500, 80-87. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bios.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27591721
http://dx.doi.org/10.1016/j.snb.2016.07.121
http://dx.doi.org/10.1016/j.bios.2015.12.013
http://www.ncbi.nlm.nih.gov/pubmed/26700578
http://dx.doi.org/10.1016/j.bios.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26562331
http://dx.doi.org/10.1016/j.bios.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26686923
http://dx.doi.org/10.1007/s00604-016-2010-5
http://dx.doi.org/10.1016/j.ab.2011.12.047
http://www.ncbi.nlm.nih.gov/pubmed/22266207
http://dx.doi.org/10.1016/j.foodchem.2012.02.126
http://www.ncbi.nlm.nih.gov/pubmed/25005988
http://dx.doi.org/10.1016/j.bios.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23688606
http://dx.doi.org/10.1016/j.bios.2012.02.064
http://www.ncbi.nlm.nih.gov/pubmed/22560438
http://dx.doi.org/10.1016/j.bios.2013.11.042
http://www.ncbi.nlm.nih.gov/pubmed/24333936
http://dx.doi.org/10.1016/j.bios.2013.03.032
http://www.ncbi.nlm.nih.gov/pubmed/23584387
http://dx.doi.org/10.1016/j.bios.2013.08.051
http://www.ncbi.nlm.nih.gov/pubmed/24041661
http://dx.doi.org/10.1016/j.bios.2013.06.054
http://www.ncbi.nlm.nih.gov/pubmed/23891798
http://dx.doi.org/10.1016/j.bios.2014.05.059
http://www.ncbi.nlm.nih.gov/pubmed/24967751
http://dx.doi.org/10.1016/j.jelechem.2015.12.014
http://dx.doi.org/10.1016/j.ab.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/26898304

Sensors 2017, 17, 794 57 of 63

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Qi, T; Liao, J; Li, Y; Peng, J; Li, W; Chu, B; Li, H; Wei, Y; Qian, Z. Label-free alpha
fetoprotein immunosensor established by the facile synthesis of a palladium—graphene nanocomposite.
Biosens. Bioelectron. 2014, 61, 245-250. [CrossRef] [PubMed]

Wang, H.; Zhang, Y.; Wang, Y.; Ma, H.; Du, B.; Wei, Q. Facile synthesis of cuprous oxide nanowires decorated
graphene oxide nanosheets nanocomposites and its application in label-free electrochemical immunosensor.
Biosens. Bioelectron. 2017, 87, 745-751. [CrossRef] [PubMed]

Wang, X.; Chen, L.; Su, X.; Ai, S. Electrochemical immunosensor with graphene quantum dots and
apoferritin-encapsulated Cu nanoparticles double-assisted signal amplification for detection of avian leukosis
virus subgroup J. Biosens. Bioelectron. 2013, 47, 171-177. [CrossRef] [PubMed]

Wu, Y.; Xue, P,; Kang, Y.; Hui, K.M. Highly specific and ultrasensitive graphene-enhanced electrochemical
detection of low-abundance tumor cells using silica nanoparticles coated with antibody-conjugated quantum
dots. Anal. Chem. 2013, 85, 3166-3173. [CrossRef] [PubMed]

Shi, J.J.; He, T.T,; Jiang, E; Abdel-Halim, E.S.; Zhu, ]J.J. Ultrasensitive multi-analyte electrochemical
immunoassay based on GNR-modified heated screen-printed carbon electrodes and PS@PDA-metal labels
for rapid detection of MMP-9 and IL-6. Biosens. Bioelectron. 2014, 55, 51-56. [CrossRef] [PubMed]

Zhang, S.; Du, B.; Li, H,; Xin, X.; Ma, H.; Wu, D.; Yan, L.; Wei, Q. Metal ions-based immunosensor for
simultaneous determination of estradiol and diethylstilbestrol. Biosens. Bioelectron. 2014, 52, 225-231.
[CrossRef] [PubMed]

Liu, G.; Qi, M.; Zhang, Y.; Cao, C.; Goldys, E.M. Nanocomposites of gold nanoparticles and graphene
oxide towards an stable label-free electrochemical immunosensor for detection of cardiac marker troponin-I.
Anal. Chim. Acta 2016, 909, 1-8. [CrossRef] [PubMed]

Tuteja, S.K.; Chen, R.; Kukkar, M.; Song, C.K.; Mutreja, R.; Singh, S.; Paul, AK.; Lee, H.; Kim, KH,;
Deep, A.; et al. A label-free electrochemical immunosensor for the detection of cardiac marker using graphene
quantum dots (GQDs). Biosens. Bioelectron. 2016, 86, 548-556. [CrossRef] [PubMed]

Tran, H.V,; Piro, B.; Reisberg, S.; Duc, H.T.; Pham, M.C. Antibodies directed to RNA/DNA hybrids:
An electrochemical immunosensor for microRNAs detection using graphene-composite electrodes.
Anal. Chem. 2013, 85, 8469-8474. [CrossRef] [PubMed]

Liu, Y;; Liu, Y,; Feng, H.; Wu, Y,; Joshi, L.; Zeng, X.; Li, ]. Layer-by-layer assembly of chemical reduced
graphene and carbon nanotubes for sensitive electrochemical immunoassay. Biosens. Bioelectron. 2012, 35,
63-68. [CrossRef] [PubMed]

Lai, G.; Zhang, H.; Tamanna, T,; Yu, A. Ultrasensitive immunoassay based on electrochemical measurement
of enzymatically produced polyaniline. Anal. Chem. 2014, 86, 1789-1793. [CrossRef] [PubMed]

Yan, M.; Zang, D.; Ge, S.; Ge, L.; Yu, J. A disposable electrochemical immunosensor based on carbon
screen-printed electrodes for the detection of prostate specific antigen. Biosens. Bioelectron. 2012, 38, 355-361.
[CrossRef] [PubMed]

Sun, G.; Lu, J.; Ge, S.; Song, X.; Yu, ].; Yan, M.; Huang, J. Ultrasensitive electrochemical immunoassay for
carcinoembryonic antigen based on three-dimensional macroporous gold nanoparticles/graphene composite
platform and multienzyme functionalized nanoporous silver label. Anal. Chim. Acta 2013, 775, 85-92.
[CrossRef] [PubMed]

Liu, J.; Wang, ].; Wang, T.; Li, D.; Xi, F; Wang, J.; Wang, E. Three-dimensional electrochemical immunosensor
for sensitive detection of carcinoembryonic antigen based on monolithic and macroporous graphene foam.
Biosens. Bioelectron. 2015, 65, 281-286. [CrossRef] [PubMed]

Yang, Z.; Lan, Q.; Li, J.; Wu, J.; Tang, Y.; Hu, X. Efficient streptavidin-functionalized nitrogen-doped graphene
for the development of highly sensitive electrochemical immunosensor. Biosens. Bioelectron. 2017, 89, 312-318.
[CrossRef] [PubMed]

Li, J; Liu, S;; Yu, J.; Lian, W.,; Cui, M.; Xu, W.; Huang, ]. Electrochemical immunosensor based on
graphene—polyaniline composites and carboxylated graphene oxide for estradiol detection. Sens. Actuators
B Chem. 2013, 188, 99-105. [CrossRef]

Cincotto, FH.; Martinez-Garcia, G.; Yafiez-Sedefio, P.; Canevari, T.C.; Machado, S.A.S.; Pingarrén, J.M.
Electrochemical immunosensor for ethinylestradiol using diazonium salt grafting onto silver
nanoparticles-silica-graphene oxide hybrids. Talanta 2016, 147, 328-334. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bios.2014.05.021
http://www.ncbi.nlm.nih.gov/pubmed/24906081
http://dx.doi.org/10.1016/j.bios.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27649330
http://dx.doi.org/10.1016/j.bios.2013.03.021
http://www.ncbi.nlm.nih.gov/pubmed/23570680
http://dx.doi.org/10.1021/ac303398b
http://www.ncbi.nlm.nih.gov/pubmed/23402311
http://dx.doi.org/10.1016/j.bios.2013.11.056
http://www.ncbi.nlm.nih.gov/pubmed/24361422
http://dx.doi.org/10.1016/j.bios.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24055936
http://dx.doi.org/10.1016/j.aca.2015.12.023
http://www.ncbi.nlm.nih.gov/pubmed/26851079
http://dx.doi.org/10.1016/j.bios.2016.07.052
http://www.ncbi.nlm.nih.gov/pubmed/27448545
http://dx.doi.org/10.1021/ac402154z
http://www.ncbi.nlm.nih.gov/pubmed/23930580
http://dx.doi.org/10.1016/j.bios.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22464918
http://dx.doi.org/10.1021/ac4037119
http://www.ncbi.nlm.nih.gov/pubmed/24392763
http://dx.doi.org/10.1016/j.bios.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22770827
http://dx.doi.org/10.1016/j.aca.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23601978
http://dx.doi.org/10.1016/j.bios.2014.10.016
http://www.ncbi.nlm.nih.gov/pubmed/25461170
http://dx.doi.org/10.1016/j.bios.2016.09.026
http://www.ncbi.nlm.nih.gov/pubmed/27650709
http://dx.doi.org/10.1016/j.snb.2013.06.082
http://dx.doi.org/10.1016/j.talanta.2015.09.061
http://www.ncbi.nlm.nih.gov/pubmed/26592615

Sensors 2017, 17, 794 58 of 63

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Sun, B.; Gou, Y.; Ma, Y,; Zheng, X.; Bai, R.; Abdelmoaty, A.A.A.; Hu, E Investigate electrochemical
immunosensor of cortisol based on gold nanoparticles/magnetic functionalized reduced graphene oxide.
Biosens. Bioelectron. 2017, 88, 55-62. [CrossRef] [PubMed]

Yang, G.; Li, L.; Rana, RK,; Zhu, ].J. Assembled gold nanoparticles on nitrogen-doped graphene for
ultrasensitive electrochemical detection of matrix metalloproteinase-2. Carbon 2013, 61, 357-366. [CrossRef]
Fang, Y.S.; Huang, X.J.; Wang, L.S.; Wang, ].F. An enhanced sensitive electrochemical immunosensor based
on efficient encapsulation of enzyme in silica matrix for the detection of human immunodeficiency virus p24.
Biosens. Bioelectron. 2015, 64, 324-332. [CrossRef] [PubMed]

Arenas, C.B.; Sanchez-Tirado, E.; Ojeda, I.; Gémez-Suarez, C.A.; Gonzalez-Cortés, A.; Villalonga, R.;
Yanez-Senego, P.; Pingarrén, ].M. An electrochemical immunosensor for adiponectin using reduced graphene
oxide—carboxymethylcellulose hybrid as electrode scaffold. Sens. Actuators B Chem. 2016, 223, 89-94.
[CrossRef]

Yang, E; Yang, Z.; Zhuo, Y.; Chai, Y.; Yuan, R. Ultrasensitive electrochemical immunosensor for carbohydrate
antigen 19-9 using Au/porous graphene nanocomposites as platform and Au@ Pd core/shell bimetallic
functionalized graphene nanocomposites as signal enhancers. Biosens. Bioelectron. 2015, 66, 356-362.
[CrossRef] [PubMed]

Tran, H.V,; Piro, B.; Reisberg, S.; Nguyen, L.H.; Nguyen, T.D.; Duc, H.T.; Pham, M.C. An electrochemical
ELISA-like immunosensor for miRNAs detection based on screen-printed gold electrodes modified with
reduced graphene oxide and carbon nanotubes. Biosens. Bioelectron. 2014, 62, 25-30. [CrossRef] [PubMed]
Gao, Z.D,; Guan, EF; Li, C\Y,; Liu, H.F; Song, Y.Y. Signal-amplified platform for electrochemical
immunosensor based on TiO 2 nanotube arrays using a HRP tagged antibody-Au nanoparticles as probe.
Biosens. Bioelectron. 2013, 41, 771-775. [CrossRef] [PubMed]

Cao, X.; Wang, N.; Jia, S.; Guo, L.; Li, K. Bimetallic AuPt nanochains: Synthesis and their application in
electrochemical immunosensor for the detection of carcinoembryonic antigen. Biosens. Bioelectron. 2013, 39,
226-230. [CrossRef] [PubMed]

Song, Y.; Shen, Y.; Chen, J; Song, Y, Gong, C.; Wang, L. A pH-Dependent Electrochemical
Immunosensor Based on Integrated Macroporous Carbon Electrode for Assay of Carcinoembryonic Antigen.
Electrochim. Acta 2016, 211, 297-304. [CrossRef]

Hong, W.; Lee, S.; Kim, E.J.; Lee, M.; Cho, Y. A reusable electrochemical immunosensor fabricated using
a temperature-responsive polymer for cancer biomarker proteins. Biosens. Bioelectron. 2016, 78, 181-186.
[CrossRef] [PubMed]

Li, L; Xu, J.; Zheng, X.; Ma, C.; Song, X.; Ge, S.; Yu, J.; Yan, M. Growth of gold-manganese oxide
nanostructures on a 3D origami device for glucose-oxidase label based electrochemical immunosensor.
Biosens. Bioelectron. 2014, 61, 76-82. [CrossRef] [PubMed]

Zhang, H.; Liu, L.; Fu, X,; Zhu, Z. Microfluidic beads-based immunosensor for sensitive detection
of cancer biomarker proteins using multienzyme-nanoparticle amplification and quantum dotslabels.
Biosens. Bioelectron. 2013, 42, 23-30. [CrossRef] [PubMed]

Huo, X,; Liu, P; Zhu, J.; Liu, X.; Ju, H. Electrochemical immunosensor constructed using TiO, nanotubes as
immobilization scaffold and tracing tag. Biosens. Bioelectron. 2016, 85, 698-706. [CrossRef] [PubMed]

Sun, Z.; Deng, L.; Gan, H.; Shen, R.; Yang, M.; Zhang, Y. Sensitive immunosensor for tumor necrosis factor
a based on dual signal amplification of ferrocene modified self-assembled peptide nanowire and glucose
oxidase functionalized gold nanorod. Biosens. Bioelectron. 2013, 39, 215-219. [CrossRef] [PubMed]

Zhang, Y.; Zhang, B.; Ye, X,; Yan, Y.; Huang, L.; Jiang, Z.; Tan, S.; Cai, X. Electrochemical immunosensor
for interferon-y based on disposable ITO detector and HRP-antibody-conjugated nano gold as signal tag.
Mat. Sci. Eng. C 2016, 59, 577-584. [CrossRef] [PubMed]

Han, J.H.; Lee, D.; Chew, C.H.C.; Kim, T.; Pak, J.J. A multi-virus detectable microfluidic electrochemical
immunosensor for simultaneous detection of HIN1, H5N1, and H7N9 virus using ZnO nanorods for
sensitivity enhancement. Sens. Actuators B Chem. 2016, 228, 36—42. [CrossRef]

Bravo, K,; Ortega, F.G.; Messina, G.A.; Sanz, M.I.; Fernandez-Baldo, M.A.; Raba, J. Integrated bio-affinity
nano-platform into a microfluidic immunosensor based on monoclonal bispecific trifunctional antibodies
for the electrochemical determination of epithelial cancer biomarker. Clin. Chim. Acta 2017, 464, 64-71.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bios.2016.07.047
http://www.ncbi.nlm.nih.gov/pubmed/27499382
http://dx.doi.org/10.1016/j.carbon.2013.05.016
http://dx.doi.org/10.1016/j.bios.2014.09.022
http://www.ncbi.nlm.nih.gov/pubmed/25240959
http://dx.doi.org/10.1016/j.snb.2015.09.055
http://dx.doi.org/10.1016/j.bios.2014.10.066
http://www.ncbi.nlm.nih.gov/pubmed/25463643
http://dx.doi.org/10.1016/j.bios.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/24973539
http://dx.doi.org/10.1016/j.bios.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/23102831
http://dx.doi.org/10.1016/j.bios.2012.07.046
http://www.ncbi.nlm.nih.gov/pubmed/22921093
http://dx.doi.org/10.1016/j.electacta.2016.06.063
http://dx.doi.org/10.1016/j.bios.2015.11.040
http://www.ncbi.nlm.nih.gov/pubmed/26606310
http://dx.doi.org/10.1016/j.bios.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24858676
http://dx.doi.org/10.1016/j.bios.2012.10.076
http://www.ncbi.nlm.nih.gov/pubmed/23202325
http://dx.doi.org/10.1016/j.bios.2016.05.053
http://www.ncbi.nlm.nih.gov/pubmed/27261885
http://dx.doi.org/10.1016/j.bios.2012.07.050
http://www.ncbi.nlm.nih.gov/pubmed/22884000
http://dx.doi.org/10.1016/j.msec.2015.10.066
http://www.ncbi.nlm.nih.gov/pubmed/26652410
http://dx.doi.org/10.1016/j.snb.2015.07.068
http://dx.doi.org/10.1016/j.cca.2016.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27836687

Sensors 2017, 17, 794 59 of 63

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Alves, R.C.; Pimentel, EB.; Nouws, H.P.; Marques, R.C.; Gonzalez-Garcia, M.B.; Oliveira, M.B.P;
Delerue-Matos, C. Detection of Ara h 1 (a major peanut allergen) in food using an electrochemical gold
nanoparticle-coated screen-printed immunosensor. Biosens. Bioelectron. 2015, 64, 19-24. [CrossRef] [PubMed]
Tabrizi, M.A.A.; Shamsipur, M.; Mostafaie, A. A high sensitive label-free immunosensor for the determination
of human serum IgG using overoxidized polypyrrole decorated with gold nanoparticle modified electrode.
Mat. Sci. Eng-C 2016, 59, 965-969. [CrossRef] [PubMed]

Maltez-da Costa, M.; de la Escosura-Muiiiz, A.; Nogués, C.; Barrios, L.; Ibafiez, E.; Merkogi, A. Detection of
Circulating Cancer Cells Using Electrocatalytic Gold Nanoparticles. Small 2012, 8, 3605-3612. [CrossRef]
[PubMed]

Liu, G.; Iyengar, S.G.; Gooding, J.J. An Electrochemical Impedance Immunosensor Based on Gold
Nanoparticle-Modified Electrodes for the Detection of HbAlc in Human Blood. Electroanalysis 2012, 24,
1509-1516. [CrossRef]

Sinawang, P.D.; Rai, V.; Ionescu, R.E.; Marks, R.S. Electrochemical lateral flow immunosensor for detection
and quantification of dengue NS1 protein. Biosens. Bioelectron. 2016, 77, 400-408. [CrossRef] [PubMed]

Lu, L.; Seenivasan, R.; Wang, Y.C.; Yu, ].H.; Gunasekaran, S. An Electrochemical Immunosensor for Rapid
and Sensitive Detection of Mycotoxins Fumonisin Bl and Deoxynivalenol. Electrochim. Acta 2016, 213, 89-97.
[CrossRef]

Carneiro, P; Loureiro, J.; Delerue-Matos, C.; Morais, S.; do Carmo Pereira, M. Alzheimer’s disease:
Development of a sensitive label-free electrochemical immunosensor for detection of amyloid beta peptide.
Sens. Actuators B Chem. 2017, 239, 157-165. [CrossRef]

Dutta, G.; Nagarajan, S.; Lapidus, L.J.; Lillehoj, P.B. Enzyme-free electrochemical immunosensor based on
methylene blue and the electro-oxidation of hydrazine on Pt nanoparticles. Biosens. Bioelectron. 2017, 92,
372-377. [CrossRef] [PubMed]

Viswanathan, S.; Rani, C.; Ho, J.A.A. Electrochemical immunosensor for multiplexed detection of food-borne
pathogens using nanocrystal bioconjugates and MWCNT screen-printed electrode. Talanta 2012, 94, 315-319.
[CrossRef] [PubMed]

Fan, H.; Guo, Z.; Gao, L.; Zhang, Y.,; Fan, D.; Ji, G.; Du, B.; Wei, Q. Ultrasensitive electrochemical
immunosensor for carbohydrate antigen 72—4 based on dual signal amplification strategy of nanoporous
gold and polyaniline-Au asymmetric multicomponent nanoparticles. Biosens. Bioelectron. 2015, 64, 51-56.
[CrossRef] [PubMed]

Liu, X.; Li, WJ.; Li, L.; Yang, Y.; Mao, L.G.; Peng, Z. A label-free electrochemical immunosensor based on
gold nanoparticles for direct detection of atrazine. Sens. Actuators B Chem. 2014, 191, 408—414. [CrossRef]
Vabbina, PK.; Kaushik, A.; Pokhrel, N.; Bhansali, S.; Pala, N. Electrochemical cortisol immunosensors based
on sonochemically synthesized zinc oxide 1D nanorods and 2D nanoflakes. Biosens. Bioelectron. 2015, 63,
124-130. [CrossRef] [PubMed]

Lin, D.; Wu, J.; Wang, M.; Yan, E; Ju, H. Triple signal amplification of graphene film, polybead carried
gold nanoparticles as tracing tag and silver deposition for ultrasensitive electrochemical immunosensing.
Anal. Chem. 2012, 84, 3662-3668. [CrossRef] [PubMed]

Taleat, Z.; Ravalli, A.;, Mazloum-Ardakani, M.; Marrazza, G. CA 125 Immunosensor Based on
Poly-Anthranilic Acid Modified Screen-Printed Electrodes. Electroanalysis 2013, 25, 269-277. [CrossRef]
Liu, Z.; Ma, Z. Fabrication of an ultrasensitive electrochemical immunosensor for CEA based on conducting
long-chain polythiols. Biosens. Bioelectron. 2013, 46, 1-7. [CrossRef] [PubMed]

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

Wang, Z.; Liu, N.; Ma, Z. Platinum porous nanoparticles hybrid with metal ions as probes for simultaneous
detection of multiplex cancer biomarkers. Biosens. Bioelectron. 2014, 53, 324-329. [CrossRef] [PubMed]
Wang, H; Li, H.; Zhang, Y.; Wei, Q.; Ma, H.; Wu, D.; Li, Y;; Zhnag, Y.; Du, B. Label-free immunosensor based
on Pd nanoplates for amperometric immunoassay of alpha-fetoprotein. Biosens. Bioelectron. 2014, 53, 305-309.
[CrossRef] [PubMed]

Rong, Q.; Feng, F; Ma, Z. Metal ions doped chitosan—poly (acrylic acid) nanospheres: Synthesis
and their application in simultaneously electrochemical detection of four markers of pancreatic cancer.
Biosens. Bioelectron. 2016, 75, 148-154. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bios.2014.08.026
http://www.ncbi.nlm.nih.gov/pubmed/25173734
http://dx.doi.org/10.1016/j.msec.2015.10.093
http://www.ncbi.nlm.nih.gov/pubmed/26652454
http://dx.doi.org/10.1002/smll.201201205
http://www.ncbi.nlm.nih.gov/pubmed/22893274
http://dx.doi.org/10.1002/elan.201200233
http://dx.doi.org/10.1016/j.bios.2015.09.048
http://www.ncbi.nlm.nih.gov/pubmed/26433352
http://dx.doi.org/10.1016/j.electacta.2016.07.096
http://dx.doi.org/10.1016/j.snb.2016.07.181
http://dx.doi.org/10.1016/j.bios.2016.10.094
http://www.ncbi.nlm.nih.gov/pubmed/27829560
http://dx.doi.org/10.1016/j.talanta.2012.03.049
http://www.ncbi.nlm.nih.gov/pubmed/22608454
http://dx.doi.org/10.1016/j.bios.2014.08.043
http://www.ncbi.nlm.nih.gov/pubmed/25194795
http://dx.doi.org/10.1016/j.snb.2013.10.033
http://dx.doi.org/10.1016/j.bios.2014.07.026
http://www.ncbi.nlm.nih.gov/pubmed/25064820
http://dx.doi.org/10.1021/ac3001435
http://www.ncbi.nlm.nih.gov/pubmed/22439678
http://dx.doi.org/10.1002/elan.201200425
http://dx.doi.org/10.1016/j.bios.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23500469
http://dx.doi.org/10.1016/j.bios.2012.02.061
http://www.ncbi.nlm.nih.gov/pubmed/22444512
http://dx.doi.org/10.1016/j.bios.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24176967
http://dx.doi.org/10.1016/j.bios.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24161565
http://dx.doi.org/10.1016/j.bios.2015.08.041
http://www.ncbi.nlm.nih.gov/pubmed/26318783

Sensors 2017, 17, 794 60 of 63

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Lu, W,; Cao, X,; Tao, L;; Ge, J.; Dong, J.; Qian, W. A novel label-free amperometric immunosensor
for carcinoembryonic antigen based on Ag nanoparticle decorated infinite coordination polymer fibres.
Biosens. Bioelectron. 2014, 57, 219-225. [CrossRef] [PubMed]

Zhou, J.; Du, L.; Zou, L.; Zou, Y,; Hu, N.; Wang, P. An ultrasensitive electrochemical immunosensor for
carcinoembryonic antigen detection based on staphylococcal protein A—Au nanoparticle modified gold
electrode. Sens. Actuators B Chem. 2014, 197, 220-227. [CrossRef]

Wang, Y.; Xu, H,; Luo, J; Liu, J.; Wang, L.; Fan, Y,; Yan, S.; Yang, Y.; Cai, X. A novel label-free microfluidic
paper-based immunosensor for highly sensitive electrochemical detection of carcinoembryonic antigen.
Biosens. Bioelectron. 2016, 83, 319-326. [CrossRef] [PubMed]

Li, X.; Yu, M,; Chen, Z,; Lin, X.; Wu, Q. A sensor for detection of carcinoembryonic antigen based on the
polyaniline-Au nanoparticles and gap-based interdigitated electrode. Sens. Actuators B Chem. 2017, 239,
874-882. [CrossRef]

Su, S.; Zou, M.; Zhao, H.; Yuan, C; Xu, Y.; Zhang, C.; Wang, L.; Fan, C.; Wang, L. Shape-controlled gold
nanoparticles supported on MoS, nanosheets: Synergistic effect of thionine and MoS, and their application
for electrochemical label-free immunosensing. Nanoscale 2015, 7, 19129-19135. [CrossRef] [PubMed]
Huang, J.; Tian, J.; Zhao, Y.; Zhao, S. Ag/Au nanoparticles coated graphene electrochemical sensor for
ultrasensitive analysis of carcinoembryonic antigen in clinical immunoassay. Sens. Actuators B Chem. 2015,
206, 570-576. [CrossRef]

Omidfar, K.; Zarei, H.; Gholizadeh, F; Larijani, B. A high-sensitivity electrochemical immunosensor
based on mobile crystalline material-41-polyvinyl alcohol nanocomposite and colloidal gold nanoparticles.
Anal. Biochem. 2012, 421, 649-656. [CrossRef] [PubMed]

Wang, H.; Zhang, Y.; Yu, H.; Wu, D.; Ma, H; Li, H.; Du, B.; Wei, Q. Label-free electrochemical immunosensor
for prostate-specific antigen based on silver hybridized mesoporous silica nanoparticles. Anal. Biochem. 2013,
434,123-127. [CrossRef] [PubMed]

Zhang, B.; Liu, B.; Chen, G.; Tang, D. Redox and catalysis ‘all-in-one’infinite coordination polymer for
electrochemical immunosensor of tumor markers. Biosens. Bioelectron. 2015, 64, 6-12. [CrossRef] [PubMed]
Li, F; Li, Y;; Feng, J.; Dong, Y.; Wang, P.; Chen, L.; Chen, Z.; Liu, H.; Wei, Q. Ultrasensitive amperometric
immunosensor for PSA detection based on Cu20@CeO2-Au nanocomposites as integrated triple signal
amplification strategy. Biosens. Bioelectron. 2017, 87, 630—-637. [CrossRef] [PubMed]

Duangkaew, P.; Wutikhun, T.; Laocharoensuk, R. Triple signal amplification strategy based on size and
shape transformation of ultrasmall sub-10nm gold nanoparticles tag towards sensitivity improvement of
electrochemical immunosensors. Sens. Actuators B Chem. 2017, 239, 430-437. [CrossRef]

Zhao, L.; Ma, Z. New immunoprobes based on bovine serum albumin-stabilized copper nanoclusters
with triple signal amplification for ultrasensitive electrochemical immunosensing for tumor marker.
Sens. Actuators B Chem. 2017, 241, 849-854. [CrossRef]

Chuah, K; Lai, L.M.; Goon, L.Y.; Parker, S.G.; Amal, R.; Gooding, ].J. Ultrasensitive electrochemical detection
of prostate-specific antigen (PSA) using gold-coated magnetic nanoparticles as ‘dispersible electrodes’.
Chem. Commun. 2012, 48, 3503-3505. [CrossRef] [PubMed]

Chen, H; Tang, D.; Zhang, B.; Liu, B.; Cui, Y.; Chen, G. Electrochemical immunosensor for carcinoembryonic
antigen based on nanosilver-coated magnetic beads and gold-graphene nanolabels. Talanta 2012, 91, 95-102.
[CrossRef] [PubMed]

Vidal, ].C.; Bonel, L.; Ezquerra, A.; Duato, P,; Castillo, ].R. An electrochemical immunosensor for ochratoxin A
determination in wines based on a monoclonal antibody and paramagnetic microbeads. Anal. Bioanal. Chem.
2012, 403, 1585-1593. [CrossRef] [PubMed]

Shang, K.; Wang, X.; Sun, B.; Cheng, Z.; Ai, S. 3-cyclodextrin-ferrocene host-guest complex multifunctional
labeling triple amplification strategy for electrochemical immunoassay of subgroup J of avian leukosis
viruses. Biosens. Bioelectron. 2013, 45, 40-45. [CrossRef] [PubMed]

Xu, M.; Wang, R.; Li, Y. Rapid detection of Escherichia coli O157: H7 and Salmonella Typhimurium in
foods using an electrochemical immunosensor based on screen-printed interdigitated microelectrode and
immunomagnetic separation. Talanta 2016, 148, 200-208. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bios.2014.02.027
http://www.ncbi.nlm.nih.gov/pubmed/24583695
http://dx.doi.org/10.1016/j.snb.2014.02.009
http://dx.doi.org/10.1016/j.bios.2016.04.062
http://www.ncbi.nlm.nih.gov/pubmed/27132007
http://dx.doi.org/10.1016/j.snb.2016.08.101
http://dx.doi.org/10.1039/C5NR05614D
http://www.ncbi.nlm.nih.gov/pubmed/26524543
http://dx.doi.org/10.1016/j.snb.2014.09.119
http://dx.doi.org/10.1016/j.ab.2011.12.022
http://www.ncbi.nlm.nih.gov/pubmed/22209737
http://dx.doi.org/10.1016/j.ab.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23201390
http://dx.doi.org/10.1016/j.bios.2014.08.024
http://www.ncbi.nlm.nih.gov/pubmed/25173732
http://dx.doi.org/10.1016/j.bios.2016.09.018
http://www.ncbi.nlm.nih.gov/pubmed/27619526
http://dx.doi.org/10.1016/j.snb.2016.08.037
http://dx.doi.org/10.1016/j.snb.2016.11.012
http://dx.doi.org/10.1039/c2cc30512g
http://www.ncbi.nlm.nih.gov/pubmed/22389188
http://dx.doi.org/10.1016/j.talanta.2012.01.025
http://www.ncbi.nlm.nih.gov/pubmed/22365686
http://dx.doi.org/10.1007/s00216-012-5951-5
http://www.ncbi.nlm.nih.gov/pubmed/22466259
http://dx.doi.org/10.1016/j.bios.2013.01.049
http://www.ncbi.nlm.nih.gov/pubmed/23454341
http://dx.doi.org/10.1016/j.talanta.2015.10.082
http://www.ncbi.nlm.nih.gov/pubmed/26653441

Sensors 2017, 17, 794 61 of 63

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Riahi, R.; Shaegh, S.A.M.; Ghadiri, M.; Zhang, Y.S.; Shin, S.R.; Aleman, J.; Massa, S.; Kim, D.; Dokmeci, M.R,;
Khademhosseini, A. Automated microfluidic platform of bead-based electrochemical immunosensor
integrated with bioreactor for continual monitoring of cell secreted biomarkers. Sci. Rep. 2016, 6, 24598.
[CrossRef] [PubMed]

Sanchez-Tirado, E.; Martinez-Garcia, G.; Gonzalez-Cortés, A.; Yafiez-Sedefio, P.; Pingarréon, J.M.
Electrochemical immunosensor for sensitive determination of transforming growth factor (tgf)-f1 in urine.
Biosens. Bioelectron. 2017, 88, 9-14. [CrossRef] [PubMed]

Maltez-da Costa, M.; de la Escosura-Muiiz, A.; Nogués, C.; Barrios, L.; Ibafiezand, E.; Merkogi, A. Simple
Monitoring of Cancer Cells Using Nanoparticles. Nano Lett. 2012, 12, 4164—4171. [CrossRef] [PubMed]
Masoomi, L.; Sadeghi, O.; Banitaba, M.H.; Shahrjerdi, A.; Davarani, S.5.H. A non-enzymatic nanomagnetic
electro-immunosensor for determination of Aflatoxin B 1 as a model antigen. Sens. Actuators B Chem. 2013,
177,1122-1127. [CrossRef]

Chan, K.Y.; Ye, WW.,; Zhang, Y.; Xiao, L.D.; Leung, PH.; Li, Y.; Yang, M. Ultrasensitive detection of E. coli
0157: H7 with biofunctional magnetic bead concentration via nanoporous membrane based electrochemical
immunosensor. Biosens. Bioelectron. 2013, 41, 532-537. [CrossRef] [PubMed]

Hussein, A.R.; Hassan, A.A.; de la Escosura-Mufiiz, A.; Merkogi, A. Highly sensitive and rapid determination
of Escherichia coli O157:H7 in minced beef and water using electrocatalytic gold nanoparticle tags. Biosens.
Bioelectron. 2015, 67, 511-515. [CrossRef] [PubMed]

Wu, D,; Fan, H; Li, Y,; Zhang, Y.; Liang, H.; Wei, Q. Ultrasensitive electrochemical immunoassay for
squamous cell carcinoma antigen using dumbbell-like Pt-Fe3O4 nanoparticles as signal amplification.
Biosens. Bioelectron. 2013, 46, 91-96. [CrossRef] [PubMed]

Yang, X.; Wu, F; Chen, D.Z,; Lin, HW. An electrochemical immunosensor for rapid determination
of clenbuterol by using magnetic nanocomposites to modify screen printed carbon electrode based on
competitive immunoassay mode. Sens. Actuators B Chem. 2014, 192, 529-535. [CrossRef]

Ahmadi, A.; Shirazi, H.; Pourbagher, N.; Akbarzadeh, A.; Omidfar, K. An electrochemical immunosensor for
digoxin using core-shell gold coated magnetic nanoparticles as labels. Mol. Biol. Rep. 2014, 41, 1659-1668.
[CrossRef] [PubMed]

Rivas, L.; de la Escosura-Muiiiz, A.; Pons, J.; Merkogi, A. Alzheimer Disease Biomarker Detection Through
Electrocatalytic Water Oxidation Induced by Iridium Oxide Nanoparticles. Electroanalysis 2014, 26, 1287-1294.
[CrossRef]

De la Escosura-Muiiiz, A.; Plichta, Z.; Horak, D.; Merkogi, A. Alzheimer’s disease biomarkers detection
in human samples by efficient capturing through porous magnetic microspheres and labelling with
electrocatalytic gold nanoparticles. Biosens. Bioelectron. 2015, 67, 162-169. [CrossRef] [PubMed]

Ilkhani, H.; Sarparast, M.; Noori, A.; Bathaie, S.Z.; Mousavi, M.F. Electrochemical aptamer/antibody based
sandwich immunosensor for the detection of EGFR, a cancer biomarker, using gold nanoparticles as a
signaling probe. Biosens. Bioelectron. 2015, 74, 491-497. [CrossRef] [PubMed]

Wang, Y.; Mazurek, G.H.; Alocilja, E.C. Measurement of Interferon Gamma Concentration Using an
Electrochemical Immunosensor. J. Electrochem. Soc. 2016, 163, B140-B145. [CrossRef]

An, Y,; Jiang, X.; Bi, W,; Chen, H.; Jin, L.; Zhang, S.; Wang, C.; Zhang, W. Sensitive electrochemical
immunosensor for a-synuclein based on dual signal amplification using PAMAM dendrimer-encapsulated
Au and enhanced gold nanoparticle labels. Biosens. Bioelectron. 2012, 32, 224-230. [CrossRef] [PubMed]
Jeong, B.; Akter, R.; Han, O.H.; Rhee, C.K.; Rahman, M.A. Increased electrocatalyzed performance through
dendrimer-encapsulated gold nanoparticles and carbon nanotube-assisted multiple bienzymatic labels:
Highly sensitive electrochemical immunosensor for protein detection. Anal. Chem. 2013, 85, 1784-1791.
[CrossRef] [PubMed]

Kavosi, B.; Salimi, A.; Hallaj, R.; Moradi, F. Ultrasensitive electrochemical immunosensor for PSA biomarker
detection in prostate cancer cells using gold nanoparticles/PAMAM dendrimer loaded with enzyme linked
aptamer as integrated triple signal amplification strategy. Biosens. Bioelectron. 2015, 74, 915-923. [CrossRef]
[PubMed]

Gao, Q.; Han, J.; Ma, Z. Polyamidoamine dendrimers-capped carbon dots/Au nanocrystal nanocomposites
and its application for electrochemical immunosensor. Biosens. Bioelectron. 2013, 49, 323-328. [CrossRef]
[PubMed]


http://dx.doi.org/10.1038/srep24598
http://www.ncbi.nlm.nih.gov/pubmed/27098564
http://dx.doi.org/10.1016/j.bios.2016.05.093
http://www.ncbi.nlm.nih.gov/pubmed/27297187
http://dx.doi.org/10.1021/nl301726g
http://www.ncbi.nlm.nih.gov/pubmed/22817451
http://dx.doi.org/10.1016/j.snb.2012.11.067
http://dx.doi.org/10.1016/j.bios.2012.09.016
http://www.ncbi.nlm.nih.gov/pubmed/23058659
http://dx.doi.org/10.1016/j.bios.2014.09.019
http://www.ncbi.nlm.nih.gov/pubmed/25241123
http://dx.doi.org/10.1016/j.bios.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23517823
http://dx.doi.org/10.1016/j.snb.2013.11.011
http://dx.doi.org/10.1007/s11033-013-3014-4
http://www.ncbi.nlm.nih.gov/pubmed/24395297
http://dx.doi.org/10.1002/elan.201400027
http://dx.doi.org/10.1016/j.bios.2014.07.086
http://www.ncbi.nlm.nih.gov/pubmed/25153932
http://dx.doi.org/10.1016/j.bios.2015.06.063
http://www.ncbi.nlm.nih.gov/pubmed/26176209
http://dx.doi.org/10.1149/2.0271605jes
http://dx.doi.org/10.1016/j.bios.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22221797
http://dx.doi.org/10.1021/ac303142e
http://www.ncbi.nlm.nih.gov/pubmed/23289608
http://dx.doi.org/10.1016/j.bios.2015.07.064
http://www.ncbi.nlm.nih.gov/pubmed/26257183
http://dx.doi.org/10.1016/j.bios.2013.05.048
http://www.ncbi.nlm.nih.gov/pubmed/23792654

Sensors 2017, 17, 794 62 of 63

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Kavosi, B.; Hallaj, R.; Teymourian, H.; Salimi, A. Au nanoparticles/PAMAM dendrimer functionalized
wired ethyleneamine-viologen as highly efficient interface for ultra-sensitive «-fetoprotein electrochemical
immunosensor. Biosens. Bioelectron. 2014, 59, 389-396. [CrossRef] [PubMed]

Tang, D.; Hou, L.; Niessner, R.; Xu, M.; Gao, Z.; Knopp, D. Multiplexed electrochemical immunoassay
of biomarkers using metal sulfide quantum dot nanolabels and trifunctionalized magnetic beads.
Biosens. Bioelectron. 2013, 46, 37—43. [CrossRef] [PubMed]

Chandra, S.; Gébler, C.; Schliebe, C.; Lang, H.; Bahadur, D. Fabrication of a label-free electrochemical
immunosensor using a redox active ferrocenyl dendrimer. New J. Chem. 2016, 40, 9046-9053. [CrossRef]
Liu, N.; Chen, X.; Ma, Z. Ionic liquid functionalized graphene/Au nanocomposites and its application for
electrochemical immunosensor. Biosens. Bioelectron. 2013, 48, 33-38. [CrossRef] [PubMed]

Liu, N.; Ma, Z. Au-ionic liquid functionalized reduced graphene oxide immunosensing platform for
simultaneous electrochemical detection of multiple analytes. Biosens. Bioelectron. 2014, 51, 184-190.
[CrossRef] [PubMed]

Li, R; Xia, Q.; Li, Z.; Sun, X.; Liu, J. Electrochemical immunosensor for ultrasensitive detection
of microcystin-LR based on graphene-gold nanocomposite/functional conducting polymer/gold
nanoparticle/ionic liquid composite film with electrodeposition. Biosens. Bioelectron. 2013, 44, 235-240.
[CrossRef] [PubMed]

Zhou, L.; Li, R; Li, Z,; Xia, Q.; Fang, Y.; Liu, J]. An immunosensor for ultrasensitive detection of
aflatoxin B 1 with an enhanced electrochemical performance based on graphene/conducting polymer/gold
nanoparticles/the ionic liquid composite film on modified gold electrode with electrodeposition. Sens.
Actuators B Chem. 2012, 174, 359-365. [CrossRef]

Roushani, M.; Valipour, A. Using electrochemical oxidation of Rutin in modeling a novel and sensitive
immunosensor based on Pt nanoparticle and graphene—ionic liquid—chitosan nanocomposite to detect
human chorionic gonadotropin. Sens. Actuators B Chem. 2016, 222, 1103-1111. [CrossRef]

Kavosi, B.; Salimi, A.; Hallaj, R.; Amani, K. A highly sensitive prostate-specific antigen immunosensor based
on gold nanoparticles/PAMAM dendrimer loaded on MWCNTS/ chitosan/ionic liquid nanocomposite.
Biosens. Bioelectron. 2014, 52, 20-28. [CrossRef] [PubMed]

Setford, S.J.; Kroger, S.; & Turner, A.P.F. Organic phase immunosensors. Analusis 1999, 27, 600-608. [CrossRef]
Lou, X,; Zhu, A.; Wang, H.; Wu, ]J.; Zhou, L.; Long, F. Direct and ultrasensitive optofluidic-based
immunosensing assay of aflatoxin M 1 in dairy products using organic solvent extraction. Anal. Chim. Acta
2016, 940, 120-127. [CrossRef] [PubMed]

Schirhagl, R.; Qian, J.; Dickert, F.L. Inmunosensing with artificial antibodies in organic solvents or complex
matrices. Sens. Actuators B Chem. 2012, 173, 585-590. [CrossRef]

Tomassetti, M.; Martini, E.; Campanella, L. New Immunosensors Operating in Organic Phase (OPIEs) for
Analysis of Triazinic Pesticides in Olive Oil. Electroanalysis 2012, 24, 842-856. [CrossRef]

Martini, E.; Tomassetti, M.; Campanella, L. Determination of traces of several pesticides in sunflower oil
using organic phase immuno electrodes (OPIEs). Talanta 2015, 132, 503-512. [CrossRef] [PubMed]

Martini, E.; Merola, G.; Tomassetti, M.; Campanella, L. Agent orange herbicides, organophosphate and
triazinic pesticides analysis in olive oil and industrial oil mill waste effluents using new organic phase
immunosensors. Food Chem. 2015, 169, 358-365. [CrossRef] [PubMed]

De la Escosura-Muriz, A.; Merkogi, A. Label-free voltammetric immunosensor using a nanoporous
membrane based platform. Electrochem. Commun. 2010, 12, 859-863. [CrossRef]

Tan, F; Leung, PHM.,; Liu, Z,; Zhang, Y,; Xiao, L.; Ye, W.; Zhang, X,; Yi, L.; Yang, M. A PDMS
microfluidic impedance immunosensor for E. coli O157:H7 and Staphylococcus aureus detection via
antibody-immobilized nanoporous membrane. Sens. Actuators B Chem. 2011, 159, 328-335. [CrossRef]

De la Escosura-Muiiz, A.; Parolo, C.; Merkogi, A. Imnmunosensing using nanoparticles. Mater. Today 2010,
13, 24-34. [CrossRef]

Cheng, M.S.; Ho, ].S.; Tan, C.H.; Wong, ].P.S.; Ng, L.C.; Toh, C.S. Development of an electrochemical
membrane-based nanobiosensor for ultrasensitive detection of dengue virus. Analytica Chimica Acta 2012,
725, 74-80. [CrossRef] [PubMed]

Peh, AEK,; Li, SEY. Dengue virus detection using impedance measured across nanoporous
aluminamembrane. Biosens. Bioelectron. 2013, 42, 391-396. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bios.2014.03.049
http://www.ncbi.nlm.nih.gov/pubmed/24755256
http://dx.doi.org/10.1016/j.bios.2013.02.027
http://www.ncbi.nlm.nih.gov/pubmed/23500474
http://dx.doi.org/10.1039/C6NJ00830E
http://dx.doi.org/10.1016/j.bios.2013.03.080
http://www.ncbi.nlm.nih.gov/pubmed/23644143
http://dx.doi.org/10.1016/j.bios.2013.07.051
http://www.ncbi.nlm.nih.gov/pubmed/23962704
http://dx.doi.org/10.1016/j.bios.2013.01.007
http://www.ncbi.nlm.nih.gov/pubmed/23434759
http://dx.doi.org/10.1016/j.snb.2012.06.051
http://dx.doi.org/10.1016/j.snb.2015.08.031
http://dx.doi.org/10.1016/j.bios.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24016535
http://dx.doi.org/10.1051/analusis:1999270600
http://dx.doi.org/10.1016/j.aca.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27662766
http://dx.doi.org/10.1016/j.snb.2012.07.036
http://dx.doi.org/10.1002/elan.201100422
http://dx.doi.org/10.1016/j.talanta.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25476337
http://dx.doi.org/10.1016/j.foodchem.2014.07.137
http://www.ncbi.nlm.nih.gov/pubmed/25236238
http://dx.doi.org/10.1016/j.elecom.2010.04.007
http://dx.doi.org/10.1016/j.snb.2011.06.074
http://dx.doi.org/10.1016/S1369-7021(10)70125-5
http://dx.doi.org/10.1016/j.aca.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22502614
http://dx.doi.org/10.1016/j.bios.2012.10.054
http://www.ncbi.nlm.nih.gov/pubmed/23220066

Sensors 2017, 17, 794 63 of 63

188. Espinoza-Castafieda, M.; de la Escosura-Muiiiz, A.; Chamorro, A.; de Torres, C.; Merkogi, A. Nanochannel
array device operating through Prussian blue nanoparticles for sensitive label-free immunodetection of a
cancer biomarker. Biosens. Bioelectron. 2015, 67, 107-114. [CrossRef] [PubMed]

189. De la Escosura-Muiiiz, A.; Espinoza-Castafieda, M.; Hasegawa, M.; Philippe, L.; Merkogi, A. Assembled
nanoparticles-based nanochannels onto a plastic flexible substrate for label-free immunosensing. Nano Res.
2015, 8, 1180-1188. [CrossRef]

190. Chaturvedi, P,; Rodriguez, S.D.; Vlassiouk, I.; Hansen, I.A.; Smirnov, S.N. Simple and Versatile Detection of
Viruses Using Anodized Alumina Membranes. ACS Sens. 2016, 1, 488—492. [CrossRef]

191. De la Escosura-Muiiz, A.; Merkogi, A. Nanochannels for electrical biosensing. Trends Anal. Chem. 2016, 79,
134-150. [CrossRef]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.bios.2014.07.039
http://www.ncbi.nlm.nih.gov/pubmed/25103338
http://dx.doi.org/10.1007/s12274-014-0598-5
http://dx.doi.org/10.1021/acssensors.6b00003
http://dx.doi.org/10.1016/j.trac.2015.12.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Glossary of Acronyms 
	Discussion 
	Conventionnal Electrode Substrates 
	Enzyme-Based Immunosensors 
	Enzyme-Free Immunosensors 

	Nanostructured Carbon Substrates 
	Carbon Nanotubes 
	Nanoparticles Combined with Carbon Nanotubes 
	Other Carbon Materials 

	Graphene and Graphene Derivatives 
	Enzyme-Free Immunosensors 
	Enzyme-Based Immunosensors 

	Metal or Metal Oxide Nanoparticles 
	Enzyme-Based Immunosensors 
	Enzyme-Free Immunosensors 

	Magnetic Nanoparticles 
	Enzyme-Based Immunosensors 
	Enzyme-Free Immunosensors 

	Dendrimers 
	Enzyme-Based Immunosensors 
	Enzyme-Less Immunosensors 

	Ionic Liquids 
	Unconventionnal Electrochemical Immunosensors Working in Organic Solvents 
	Unconventionnal Substrates: Nanochannels for Electrochemical Immunodetection 

	Conclusions and Perspectives 

