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Electrochemical immunosensors and their recent
nanomaterial-based signal amplification strategies:
a review
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In recent years, tremendous advances have been made in biosensors based on nanoscale electrochemical
immunosensors for use in the fields of agriculture, food safety, biomedicine, quality control, and
environmental and industrial monitoring. One of the main challenges in biosensors is achieving an extremely
low limit of detection. A current trend to address this is fabrication of highly sensitive electrochemical

immunosensors through the use of nanotechnology; for example, biofunctionalization of nanomaterials that
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Accepted 28th February 2016 are used as a catalyst, label or biosensing transducer. This review introduces recent advances in signal
amplification strategies for electrochemical immunosensing applications, with a particular focus on
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1. Introduction

1.1 Biosensors

According to a proposed International Union of Pure and
Applied Chemistry (IUPAC) definition, “A biosensor is a self-
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advantages and limitations of electrochemical immunosensors developed to date are also considered.

contained integrated device which is capable of providing
specific quantitative or semi-quantitative analytical information
using a biological recognition element (biochemical receptor)
which is in direct spatial contact with a transducer element. A
biosensor should be clearly distinguished from a bioanalytical
system, which requires additional processing steps, such as
reagent addition. Furthermore, a biosensor should be distin-
guished from a bioprobe which is either disposable after one
measurement, ie. single use, or able to continuously monitor
the analyte concentration”." In a broad context, a biosensor can
be simply described as an analytical device that translates
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a biological interaction into a signal that can be quantified.> A
biosensor integrates two main components: (1) a bioreceptor or
biorecognition element that recognizes a target analyte such as
an enzyme substrate, complementary DNA, or antigen; and (2)
a sensor or transducer element that detects the (bio)chemical
interaction of the analyte with the bioreceptor and subsequently
converts the signal into a measurable signal. The biological
element may be tissue, living cells, an enzyme, antibody or
antigen, and the sensor/transducer element may be an electric
current, electric potential, intensity or phase of electromagnetic
radiation, mass, conductance, impedance, temperature or
viscosity or combination of two or more of these techniques.
Biosensors are categorized into biocatalytic and bioaffinity-
based biosensors. While biocatalytic biosensors mainly use
enzymes as the biological mediator to catalyze a signaling
biochemical reaction, bioaffinity-based biosensors monitor the
binding episode itself. In bioaffinity-based biosensors, biomo-
lecular recognition can involve specific binding proteins, lec-
tins, receptors, nucleic acids, membranes, whole cells,
antibodies or antibody-related substances.?

In recent years, electrochemical immunosensors have
become widely used in different sectors such as agriculture,
food and medical applications, quality control, environmental
and industrial surveillance as well as point-of-care devices.**®
Correspondingly, there has been an exponential increase in the
number of papers published on electrochemical immuno-
sensors since 2000 (Fig. 1). With the aims of successful fabri-
cation and application of immunosensors, much recent
research has been focused on signal amplification strategies to
obtain sensors with a low limit of detection (LOD) and thus high
sensitivity. This review highlights recent advances in electro-
chemical immunosensors for protein detection that use signal
amplification strategies. A selection of representative examples
based on studies published during the past five years are
described. It is worthwhile noting that although this report
primarily focuses on protein-based detection protocols,
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Fig. 1 Exponential growth of the number of articles published from
2000-2014 on electrochemical immunosensors (Source: http://
www.Scopus.com).
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DNA-based detection strategies are also ubiquitous in the field
of biosensors.'*** Many recent signal amplification strategies
use nanomaterials (NMs) such as carbon nanotubes (CNTs),
graphene and nanoparticles (NPs); these strategies will be dis-
cussed in detail in the following sections of this review.

1.2 Classification and properties of nanomaterials

Recently, NMs have stimulated an unprecedented amount of
research interest in biosensor development because of their
impressive chemical and physical properties.’® For instance,
NMs are used as “molecular wires” in electrochemical sensors
to promote electron transfer because biomolecules are unable
to communicate directly with electrodes. Because any scientific
development requires classification, this subsection will
provide a brief overview of the classification and properties of
NMs widely used for signal enhancement through the trans-
duction of biomolecular recognition and binding events.

NMs are defined as materials composed of particles with at
least one dimension ranging from 1-100 nm and possess
characteristics that are remarkably different from those of
their bulk counterparts.’”” Classification of NMs does not
strictly adhere to their size range but is based on their
number of dimensions, with classes including:
dimensional (0D) spheres, particles, quantum dots (QDs)
and clusters; one-dimensional (1D) needle-like nanorods,
nanofibers and nanowires; two-dimensional (2D) films,
plates, and networks; and three-dimensional (3D) graphite,*®
as depicted in Fig. 2." In addition, 0D NMs, in which all three
dimensions are less than 100 nm, are further grouped into
magnetic, metallic, semiconductor and insulating NPs based
on their conducting properties. As displayed in Fig. 2, 1D NMs
are a lengthened form of NPs where one of the dimensions
exceeds the nanoscale range. Examples of 1D NMs are nano-
tubes, nanorods and nanowires. Meanwhile, 2D NMs, which
possess two dimensions greater than 100 nm, have sheet-like
structures and include nanofilms, nanolayers and nano-
coatings. In NMs with 3D structure, all three dimensions
exceed 100 nm.>°

The method used to synthesize a NM will influence its
properties, size, shape and chemical composition.”* Therefore,
knowledge of fabrication procedures represents a cornerstone
for further development and application of nanotechnology.
NM production processes must be completely controllable and
reproducible to attain the desired properties and performance
of the final integrated biosensor devices.”?*** NMs can be fabri-
cated using top-down and bottom-up strategies. The bottom-up
approach is based on the congregation of atoms or molecules to
assemble NMs. This strategy includes methods such as the sol-
gel technique, self-assembly, chemical vapor deposition and
template-assisted electrodeposition, all of which have been
widely reported in nanotechnology literature. This is because
the bottom-up approach produces nanostructured materials
with few defects, homogeneous chemical composition and
short- and long-range order. The bottom-up approach works
principally by lowering the Gibbs free energy so the resulting
NMs are in a state closer to thermodynamic equilibrium than
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Fig.2 Molecular models of different types of sp?-like hybridized carbon nanostructures with different dimensionalities: (a) buckminsterfullerene
(Ce0); (b) nested giant fullerenes or graphitic onions; (c) carbon nanotube; (d) nanocones or nanohorns; (e) nanotoroids; (f) graphene surface; (g)
3D graphite crystal; (h) Haeckelite surface; (i) graphene nanoribbons; (j) graphene clusters; (k) helicoidal carbon nanotube; (l) short carbon chains;
(m) 3D Schwarzite crystals; (n) carbon nanofoams (interconnected graphene surfaces with channels); (o) 3D nanotube networks; (p) nanoribbon

2D networks.*®

the starting materials. Conversely, in the top-down strategy, NM
formation involves the use of larger starting materials, which
are scaled down to nanoscale size. This strategy includes
methods like lithography, deposition, and etching, and the
resulting NMs often contain surface defects and suffer from
internal stress.****

Despite NMs exhibiting a plethora of outstanding properties,
ultimately only two of their attributes—high surface area and
excellent electrical conductivity—markedly affect their electro-
chemical performance because of their configuration.”®?*®
Therefore, the inclusion of NMs (such as CNTs, graphene, or
nanowires) in electrochemical biosensors amplifies signal
response via the following mechanisms:

Lowering detection potentials. At higher surface area,
current density tends to be smaller, which lowers “over-
potential” and consequently improves electrocatalysis effi-
ciency. Overall, this enhances analytical selectivity.

Increasing current yield. Current yield is increased because
of augmentation of redox conversion stemming from the large
surface area of NMs. This increases analytical sensitivity.

Improving stability and resistance to electrode fouling. A
high surface area allows electron transfer at lower overpotential,
which lessens the complications associated with electrode
fouling, and consequently improves reproducibility.

Enhancing biomolecule compatibility and functionalization.
For instance, the hollow tubular structure of a CNT contributes
to its huge surface area. Meanwhile, carboxyl-functionalized
CNTs readily attach to proteins and other biomolecules,
allowing efficient immobilization and increased electroanalyti-
cal response.

This journal is © The Royal Society of Chemistry 2016

1.3 Recent signal amplification strategies for
electrochemical immunosensors

Electrochemical techniques are generally used in the develop-
ment and design of innovative biosensors because of their ease
of miniaturization, high sensitivity, low cost and compatibility
with advanced microfabrication technology.””*® Electro-
chemical processes commonly used to quantify the amount of
an analyte of interest are cyclic voltammetry, potential step
techniques like square-wave voltammetry and chro-
noamperometry, the rotating disk method and potentiometry.
Comprehensive reviews of these techniques, excellent textbooks
and specialist manuscripts on electrochemistry that deal with
the theory and applications of analytical electrochemistry are
available.”*** Immunosensor signals are conventionally ob-
tained using labels such as enzymes, electroactive molecules,
redox complexes, and metal ions.”® The drawback of immuno-
assays that use this conventional approach is the low number of
labels captured per biorecognition event, which results in low
sensitivity. Thus, signal amplification has attracted consider-
able attention to realize highly sensitive immunosensors with
low LOD.* Many published reports on immunosensors have
focused on creating innovative approaches that include inte-
gration of NMs in various amplification processes and trans-
ducer platforms to achieve low LOD. Without doubt,
nanotechnology provides new signal enhancement strategies
with the ability to use NMs as labels and produce NM-modified
electrochemical transducers.”” Table 1 introduces recent
studies that use NMs as their core strategy for signal amplifi-
cation. Because NMs are widely used for signal enhancement

RSC Adv., 2016, 6, 24995-25014 | 24997
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Table 1 Nanomaterial-based signal amplification strategies®

Nanomaterial Electrode (E)/Label (L) Detection method Analyte Limit of detection Ref.
Graphene Monolithic and macroporous graphene Differential pulse voltammetry (DPV) CEA 90 pg mL " 34
()
Palladium-reduced graphene oxide (E) DPV, amperometry AFP 700 pg mL " 35
Graphene-polyaniline (E); horseradish DPV Estradiol 20 pg mL ™" 36
peroxidase-graphene oxide-antibody (L)
Ionic liquid-gold NPs-graphene Amperometry Human apurinic/apyrimidinic 0.04 pg mL " 37
nanosheets (L) endonuclease 1
Metal nanoparticles (NPs) Graphene-coupled quantum dots and Electrochemiluminescence (ECL) Mercury(u) ion 60 pg mL ™" 38
gold NPs-labeled horseradish peroxidase
®)
Poly(o-phenylenediamine)/gold (L) DPV CEA 5.0 pg mL " 39
Poly(vinyl ferrocene-2-aminothiophenol) DPV AFP 3.0 pg mL™* 40
gold (L)
Gold/silver/gold core/double-shell NPs Amperometry Squamous cell carcinoma antigen 0.18 pg mL " 41
(L); gold NPs-mercapto-functionalized
graphene sheet (E)
Copper-doped titanium dioxide NP (L); Square wave voltammetry, IgG 0.052 pg mL ™" 42
carboxyl-functionalized graphene oxide chronoamperometry
®)
Mesoporous platinum NP (L) DPV CA 125 0.002 U mL™* 43
CA 153 0.001 U mL ™"
CEA 7.0 pg mL™*
Gold NP-modified graphene paper (E) Impedimetry Escherichia coli 0157:H7 150 CFU mL ™" 44
Gold NPs-graphene-chitosan (E) Cyclic voltammetry (CV) CEA 20 pg mL ™" 45
Sodium nano-montmorillonite- Amperometry Squamous cell carcinoma antigen 0.30 pg mL " 46
polyaniline-gold NPs (L)
Strepavidin functionalized silver NPs (L) Linear sweep stripping voltammetry AFP 0.046 pg mL ™" 47
Single-domain antibody-conjugated gold Impedimetry Clostridium difficile toxin A 0.61 pg mL ™" 48
NPs (L) Clostridium difficile toxin B 0.60 pg mL~"
AuNPs-horseradish peroxidase (L) LSV Pantoea stewartii subsp. stewartii-NCPPB 7.8 x 10° CFU mL ™" 49
44
AuNPs-Prussian blue, polyaniline/poly Amperometry Salbutamol 40 pg mL™" 50
(acrylic acid) (E); Au-hybrid graphene
nanocomposite (L)
Ferrocene carboxylic acid-platinum NPs DPV Procalcitonin 6.0 pg mL ™" 51
L)
Polypyrrole film-Au nanocluster (E); Cv Ofloxacin 30 pg mL ™" 52
functionalized gold nanorod (L)
Chitosan-encapsulated silica NP hybrid Potentiometry Hepatitis B surface antigen 3890 pg mL " 53
film (E)
Nano-gold modified planar gold Potentiometry Mouse IgG 200 pg mL ™" 54
electrode (E)
Pyrolytic graphite sensor disk electrodes Rotating-disk electrode amperometry NANOG 0.1 pg mL ™" 55

coated with gold NPs (E)
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“ CEA - carcinoembryonic antigen, AFP - alpha-fetoprotein, CA 125 - cancer antigen 125, CA 153 - cancer antigen 153, IgG - immunoglobulin G.
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based on different strategies, the following section describes
label and label-free methods of detection using NMs. The
present review focuses on CNTs, graphene-based materials and
NPs because these NMs are the most commonly used in existing
electrochemical immunosensors.

2. Nanomaterials as labels in
electrochemical immunosensors

Electrochemical applications of NMs as amplifying tags can be
categorized as follows:

e as carriers for numerous signal molecules because of the
large surface area and high loading capacity of NMs;

e as electroactive tracers because NMs are electrochemically
active;

e to accumulate a large amount of sample molecules;

e as catalysts, which is attributed to the ready availability of
active sites on their surfaces.

To illustrate the working principles of NMs as labels in signal
amplification strategies and recent developments in this
direction, selected examples are provided for each application
strategy in the following sections.

2.1 Nanomaterials as nanocarriers

NMs act as excellent nanocarriers by loading and carrying
numerous signal molecules, such as enzymes, organic dyes,
oligonucleotides and electroactive compounds, because their
large surface area can increase the number of signal molecules
transported to the electrode surface for detection, resulting in
a considerable amplification of electrochemical signal
responses.®*® Various NMs including gold nanoparticles
(AuNPs), magnetic beads (MBs), multi-walled carbon nanotubes
(MWCNTS), single-walled carbon nanotubes (SWCNTSs), silica
NPs, carbon spheres, graphene oxide, dendrimers and electro-
active component-encapsulated NPs have been used as nano-
carriers in electrochemical sensing. For example, detection
signals have been amplified by using AuNPs to increase the
loading of MBs in bioconjugate labels,** an AuNP-graphene
hybrid to increase antibody loading,*” reduced graphene oxide-
tetrathylene pentamine to load Pb and Cu ions,* and peptide
nanowires to load electroactive ferrocene (Fc).*

Horseradish peroxidase (HRP) has been extensively used as
an enzymatic label in electrochemical studies and has been
carried on a variety of NMs because it generates a sensitive
electrochemical response through enzymatic catalytic reaction,
as well as being inexpensive and convenient. Nevertheless, the
practical application of HRP is hindered because of interference
by dissolved oxygen reduction. Such interference can be
resolved through the replacement of HRP with noble metal NPs
such as AuNPs and AgNPs because trace amounts of metal ions
can be electrochemically determined by stripping analysis at
relatively positive potential range. Cheng and co-workers™
replaced HRP with AuNPs in a sandwich-based immunosensor
using Au nanorods as a nanocarrier for loading of detection
antibody and glucose oxidase. In the resulting nanobioprobe,
glucose oxidase was used for catalytic deposition of AuNPs onto

RSC Adv., 2016, 6, 24995-25014 | 24999
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the Au nanorods. Amplified signal response was obtained based
on simultaneous electrochemical stripping analysis of the
captured Au nanorod carrier and the enzymatically produced
AuNPs, allowing the sensitive detection of carcinoembryonic
antigen (CEA).

For the determination of avian leukosis virus subgroup J, Ai
and colleagues exploited the large surface areas of graphene
quantum dots and apoferritin-encapsulated CuNPs.” In their
microcrystal encapsulation approach, a “supernova effect” of
encapsulated electroactive compounds was initiated upon
exposure to a releasing agent. Dissolution of core crystals
released a large number of signal-generating molecules, which
diffused across the capsule wall into the outer surroundings,’
resulting in an amplified signal. Graphene quantum dots (GQD)
were incorporated into the sensor to increase the loading of both
the antibodies and apoferritin-encapsulated CuNPs, and in turn,
the apoferritin-encapsulated CuNPs increased the loading of
electroactive species. This dual signal amplification strategy is
illustrated in Fig. 3(a) and (b). The essential roles of graphene
quantum dots and apoferritin-encapsulated CuNPs in this signal
enhancement strategy are characterized by the voltammetry
responses in Fig. 4. The immunosensor with graphene quantum
dots displayed a larger current signal than that of the immu-
nosensor without the quantum dots (Al = 19.96 pA). This

Review

phenomenon was attributed to the larger available space for
conjugation of both apoferritin-encapsulated CuNPs and anti-
bodies in the sensor with quantum dots. Interestingly, the
apoferritin-encapsulated CuNP-based immunosensor exhibited
a larger current peak than that of the sensor without apoferritin
(AI = 47.74 pA). This was ascribed to the high loading capacities
of apoferritin-encapsulated CuNPs allowing them to accommo-
date a large amount of electroactive redox species.

2.2 Nanomaterials as electroactive nanotracers

In electrochemical studies, NMs, particularly metal NPs, have
been used as electroactive nanotracers. The NMs accumulate
captured molecules and/or load signal molecules onto the
electrode surfaces to increase the number of electroactive
species present.”” Because metal NPs are highly stable, they
need to be dissolved in acidic medium to produce metal ions
and pre-concentrated by an anodic stripping-based electro-
chemical method for further analysis and quantification. This
process generates thousands of detectable metal ions per bio-
recognition event and hence enhances electrochemical
response.”

Among noble metal NPs, AuNPs are the most commonly
used for this type of signal amplification because of their simple
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Fig.3 Schematic representations of (A) the preparation of Fes0,@GQDs/Ab,—-Cu-apoferritin/BSA and (B) immunosensing. EDC/NHS is (1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide)/N-hydroxysuccinimide, BSA is bovine serum albumin, and GQD is graphene quantum dots.*®
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Fig.4 Differential pulse voltammetry responses of immunosensors with (upper curve) and without (lower curve) (A) graphene quantum dots and

(B) apoferritin-encapsulated CuNPs.™

fabrication, efficient bioconjugation, ready biofunctionalization
and excellent stability.”>”” For example, Lim et al.”® used AuNPs
to load a large amount of signal molecules. Upon conjugation of
AuNPs with a detection antibody, a series of sandwich-type
immunoreactions occurred. Then, an electrochemical
response was generated by pre-oxidation of AuNPs in 0.5 M HCI
at a high potential of 1.2 V for 40 s followed by immediate
reduction of [AuCl,]” to Au® and scanning in differential pulse
voltammetry (DPV) mode (Fig. 5). This approach was based on
the redox properties of the AuNPs in acidic medium, where
target analyte human chorionic gonadotropin (hCG) in the
sample was detected by quantifying the released Au ions. A
decrease of DPV response was observed with increasing
concentration of hCG in standard and phosphate-buffered
saline (PBS) solutions. The reduction properties of Au ions to
metallic Au in HCl were also investigated using a carbon screen-
printed electrode (SPE) and graphene-modified SPE. Compar-
ison of current signals for both types of electrodes revealed that
the graphene-modified SPE exhibited a more intense reduction
peak (19 pA) compared with that of the carbon SPE (1.7 pA).”*
This showed that graphene promoted the reduction of AuNPs
better than carbon because of its high surface area and

1.2V,40s
in 0.5 M
HCl

N\ A
BSA 4/ Primary

i antibody

outstanding electron transfer, which occurs primarily at the
edge of graphene rather than at its basal plane. The immuno-
sensor based on a graphene-modified SPE achieved a linear
range from 0 to 500 pg mL ™" with a LOD of 5.0 pg mL .

Regardless of the sensitivity obtained by this strategy, one of
its major disadvantages is high background signal because
oxidation of AuNPs takes place in the potential region near to
potential limit in aqueous electrolyte solutions. To alleviate this
problem, AgNPs have become increasingly popular as nano-
tracers that can be oxidized at a more negative potential and
produce a sharper peak than AuNPs.** Furthermore, by
controlling the deposition of Ag on electrode surfaces, the issue
of dominating background signal can be completely
circumvented.”

AuNPs have the ability to catalyze many reactions including
chemical reduction of Ag ions to metallic Ag on the surface of
AuNPs. Following the deposition of Ag metal onto the surface of
AuNPs, quantitative analysis of Au can be carried out through
the oxidation of Ag. In this scenario, AuNPs are enlarged with
“silver-enhancing” solution, resulting in the formation of an Ag
layer around them, and then electrochemically stripped and
detected at a favorable potential range (Fig. 6).” Another

DPV
From
1Vto0V

[AuCl4] ©

[AuCl4] -

Fig. 5 Schematic illustration of an electrochemical immunosensor system. (a) The primary antibody was immobilized on a graphene working
electrode by physical adsorption. BSA was used to block the uncoated surface of the electrode. A sandwich-type immunoreaction was then
performed. (b) Redox reaction was carried out at a high potential of 1.2 V for 40 s (termed pre-oxidation) in 0.5 M HCl to oxidize the AuNPs, which
were immediately reduced and (c) scanned by differential pulse voltammetry from 1 to 0 V.78

This journal is © The Royal Society of Chemistry 2016
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method to regulate the deposition of Ag is by controlling metal
ion precipitation enzymatically. This method was recently used
to detect major peanut allergen Ara h 1, a 7S vicilin-like glob-
ulin, in which the secondary antibody was labeled with alkaline
phosphatase (AP) and electrochemical detection relied on
enzyme-catalyzed metal precipitation followed by anodic vol-
tammetric potential scanning.*® In principle, AP catalyzes the
dephosphorylation of substrate 3-indoxyl phosphate to an
indoxyl intermediate that reduces the Ag ions to metallic Ag.
This process is confined to where the enzymatic label AP is
attached. The enzymatically deposited Ag is then electrochem-
ically stripped into solution and subsequently detected by
anodic stripping voltammetry.” Using this protocol, a wide
linear range from 13 to 2000 ng mL~" and LOD of 38 ng mL ™"
were obtained.

To omit steps involving metal dissolution in acidic medium
and pre-concentration to detect metal ions, metals ions can be
directly attached to the surface of signal probes. For example,
Feng et al.®* directly immobilized Zn>" and Cd*" on the surface
of titanium phosphate nanospheres with excellent ion-
exchange properties. More recently, Xu and co-workers®
further improved this approach by simplifying the strategy to
immobilize metal ions on probes without the need to fabricate
a template for ion-exchange to allow simultaneous detection of
CEA and alpha-fetoprotein (AFP). They conjugated the detection
antibodies on the surface of AuNPs through S-Au and NH-Au
covalent bonds, producing NP surfaces with abundant amino
groups. Next, Cu”" and Pb>" were separately absorbed on the NP
surface through the interaction of the metal ions with the
amino groups of antibody-conjugated colloidal AuNPs. The
metal ion labels were then directly detected through DPV
without metal pre-concentration. The observed well-defined
voltammetric peaks had a close relationship with each

(A)

@ PDDA . Pss . PDDA L 1.HAuCI,
=0 =0= Q=

(B)

Current

Potential

¥ BSA

Y anti-CEA

Y anti-CEA

.Chitosan

2.Electro- %

reduction

Review

sandwich-type immunoreaction. Simultaneous determination
of CEA and AFP with linear ranges of 10-50 ng mL~" were ob-
tained with LODs for CEA and AFP of 5 pg mL ™" (calibration
curve of y = 3.3x + 8.9) and 3 pg mL ™" (calibration curve of y =
4.9x + 14), respectively.

2.3 Magnetic nanomaterials as accumulators

The use of MBs in biosensors has shown excellent progress
recently. Micro- or nanoscale MBs can be conveniently and
immediately separated by an external magnetic field and used
together with antibodies or proteins with a high affinity for the
target. The functionalization and separation of MBs using
magnetic forces can substantially improve the performance of
not only immunosensors but also aptasensors (aptamer-based
biosensors).** An important issue in immunosensor develop-
ment is renewal of the sensing surface, which is made more
difficult by strong antigen-antibody interactions, and hinders
integration of immunosensor into automatic systems.**
However, by using MBs as a reaction carrier, this problem of
electrode fouling can be avoided. In addition, the performance
of immunological reactions can be improved through the
unique advantages of MBs.*® Signal amplification materials
such as metal NPs have been integrated in MB-based immu-
nosensors, where they function as signal tags to amplify signals.

In 2011, Zhang et al® synthesized polyethyleneimine-
functionalized MBs with electroactive thionine molecules and
AuNPs alternately immobilized on their surface using an
adsorption technique and in situ synthesis method, respec-
tively. Thyroid-stimulating hormone was detected electro-
chemically on the AuNP-functionalized graphene sensing
platform. In addition, HRP-labeled anti-thyroid-stimulating
hormone antibodies were immobilized on the surface of

9 cea © AuNPs ® AgNPs

Fig. 6 A three-step signal amplification strategy for ultrasensitive immunosensing of a cancer biomarker. Reprinted with permission from ref. 77.

Copyright © 2012 American Chemical Society.
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AuNPs, which were used as signal tags for determination of the
hormone with a sandwich-type immunoassay format. Effec-
tively, the MBs aided the localization of the immunocomplexes
on the electrode surface and increased the concentration of the
enzyme as a tracer on the electrode, which resulted in a large
electrochemical response amplified by an enzymatic reaction.
The use of magnetic particles made a low LOD possible because
a magnetic particle collection step was included in the assay to
concentrate the sample.

2.4 Nanomaterials as nanocatalysts

A NM-based strategy that takes advantage of the excellent
catalytic activity of NMs, this approach involves indirect quan-
tification of nanocatalyst using an electrocatalytic system,
which is a similar concept to the use of enzymes as redox
labels.”>®*” However, unlike enzymes, NM nanocatalysts possess
numerous active sites on their surfaces. Therefore, when NMs
are employed as catalysts, larger signals are generated per
electrochemical reaction, enhancing signal response.*® CNTs
and noble metal NPs composed of metals such as Au, Pt and Ag
have been widely implemented to enhance electrocatalytic
activity in electrochemical immunosensors.

For instance, in the determination of procalcitonin,
a biomarker for septicemia, a conjugate of single-walled nano-
horns and hollow Pt chains was used as a label to amplify signal
because of its excellent electrocatalytic activity with hydrogen
peroxide (H,0,).** Exploring the exceptional electrocatalytic
attributes of MWCNTs in the reduction of H,0,, Li and
colleagues  synthesized = AuNP-functionalized  magnetic
MWCNTs loaded with Pb>" for the determination of AFP.* They
reported that the label with MWCNTSs generated an enhanced
signal compared with that of the label without MWCNTSs, and
observed further signal enhancement when Pb*" and AuNPs
were also present. The inclusion of these NMs resulted in
multifaceted signal amplification of the reduction of H,O, as an
analytical signal with a LOD of 0.003 pg mL ™"

Immunosensors utilizing conductometry as detection
method are associated with enzymatic-catalyzed reactions
involving the change in conductivity of solution through the
utilization or production of charged particles. Double-codified
nanogold particles were utilized as secondary antibodies in
signal amplification of conductometric immunosensor to
detect hepatitis B surface antigen (HBsAg).”* Conjugating
double-codified nanogold particles to secondary antibodies
demonstrated much larger changes in conductometric signals
(with reported LOD of 10 pg mL ™" HBsAg, estimated to be 3 x
the standard deviation of zero-dose response) than using those
without nanogold particles (LOD of HBsAg reported to be 500 pg
mL~"). This observation was due to the large surface area of
nanogold particles that could accommodate large amount of
immobilized secondary antibody, which increased the possi-
bility the antigen-antibody interaction and also the bio-
electrocatalytic reaction of the immobilized HRP that amplified
the conductometric signal response.

Of late, research interest has turned towards the collision of
individual NPs pioneered by Bard and colleagues,” who

This journal is © The Royal Society of Chemistry 2016
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explored the electrocatalytic properties of a single PtNP and
bare ultramicroelectrode. Their work was based on the high
current amplification involved in a rapid electrocatalytic reac-
tion with single NP collisions. Inspired by this excellent study,
Castafieda and co-workers® went a step further by modifying an
ultramicroelectrode with a passivating polyelectrolyte multi-
layer (PEM) through layer-by-layer assembly and detecting the
amplified current achieved by electrocatalysis between the
negatively charged Pt NPs and PEM. Layer-by-layer assembly, an
effective procedure developed by Decher, allows simple fabri-
cation of multilayer films.?*** The ionic attraction between
oppositely charged molecules is the primary driving force
involved as each layer of film being attached is exposed to
polycationic and polyanionic solutions to fabricate a film with
individual layers at desired positions. It was observed that by
changing the layer number of the PEM, and thus reversing the
charge, the current could effectively be turned on and off. Based
on these innovations, it would be interesting to observe further
development of this strategy for future electrochemical sensing
applications.

2.5 Multi-step enhancement strategies

Many recent enzyme-based immunosensor studies have re-
ported signal amplification by multiple steps using HRP,
glucose oxidase and alkaline phosphatase (AP). This system
requires a redox mediator, because these enzymes are not
directly involved in electron exchange with the electrodes.”® The
fundamental concept of multi-step amplification strategies is to
increase the amount of immobilized antibodies on secondary
enzyme-labelled antibodies to improve detection sensitivity.
Tang et al.*’” and Malhotra et al.”” reported NM-based multi-
enzyme amplification strategies that use substrate recycling
protocols. In their substrate recycling strategies, signal ampli-
fication is markedly improved because the shuttle analyte (e.g.,
enzyme substrate) is measured repeatedly with the use of an
oxidizing or reducing agent (chemical approach), oxidation or
reduction of the substrate on the electrode surface (electro-
chemical recycling), and/or enzymes (enzymatic recycling).***°
Recently, a novel electrochemical immunoassay protocol
based on catalytic recycling of product to determine apurinic/
apyrimidinic endonuclease (APE-1) using a three-step signal
amplification process was published.'® The first step of this
process involved the biocatalysis of ascorbic acid 2-phosphate
(AA-P) to produce ascorbic acid (AA) in situ by labelled bio-
tinylated alkaline phosphatase (bio-AP) on nickel hex-
acyanoferrate NP-decorated Au nanochains (Ni-AuNCs). By
subsequent electrochemical oxidization of the AA produced in
situ by the Ni-AuNCs, the signal was additionally enhanced.
Using nanochain-modified streptavidin (SA), the stoichiometry
of bio-AP was further improved through the well-known specific
and high-affinity interaction of SA and biotin (Fig. 7). This
strongly amplified the generated signal. This three-step ampli-
fication approach showed a wide linear range of 0.01-100 pg
mL ™" with a remarkably low LOD of 0.004 pg mL™" (signal/noise
= 3). The important role of each component in the three-step
amplification protocol was evaluated using different labelled

RSC Adv., 2016, 6, 24995-25014 | 25003
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Fig. 7 Preparation of an immunosensor with a three-step signal amplification mechanism. (A) Stepwise fabrication of the bio-AP/SA/Ab,/Ni-
AuNC bioconjugate: (a) absorption of NiNPs, (b) Ab, loading, (c) blocking with SA, and (d) binding bio-AP. (B) Molecular structure of an aromatic
compound (denoted as PTC-NH,) formed by reaction of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) and ethylenediamine.1°®

bioconjugates. The results revealed that bio-AP/SA/Antibody, The current response was increased ten-fold for the label with
(Aby)/Ni-AuNC labels yielded the highest current when NiNPs compared with that of the label without NPs, which
compared with Ni-AuNC-labelled Ab, and bio-AP/Ab,/Ni- confirmed the role of NiNPs as a nanocatalyst. An aromatic
AuNCs lacking the three types of signal amplification (Fig. 8). compound (denoted as PTC-NH,) prepared by reaction of
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Fig. 8 Cyclic voltammograms obtained after the sandwich immunoreaction of the immunosensor with various Ab, bioconjugates: (A) BSA/Ab,/
Ni—AuNCs, (B) bio-AP/Ab,/Ni—AuNCs, (C) bio-AP/SA/Ab,/Ni—AuNCs with APE-1 concentrations of (a) 0, (b) 20, (c) 40 and (d) 100 pg mL™?, and
(D) cyclic voltammograms obtained using the immunosensors with (a) AUNCs and (b) Ni—AuNCs when incubated with 100 pg mL™* APE-1. All
voltammograms were measured in the presence of 5.0 mM AA-P.2
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Table 2 Comparison of analytical performance of electrochemical immunosensors that use nanomaterials (NMs) as labels®

Comparison of enhancement with nanomaterial, hybrid
nanomaterial and without nanomaterials (under identical
experimental conditions)

Electro- Signal Without NMs/ Limit of
chemical Detection amplification single Reason for detection Linear
application  Analyte Label Electrode method strategy With NM/NM hybrid NM enhanced signal (LOD) range  Ref.
Nanocarrier CEA Au nanorods, Carbon nanotube Stripping Antibody and CNT-modified screen-printed electrode High conductivity of 4.2 pgmL™" 10- 70
Au nano- (CNT)-modified  DPV glucose oxidase showed a three-fold increase in current CNTs 100 000
particles (NPs) screen-printed (GOD) loaded on signal compared with that of a carbon pg
electrode Au nanorods. screen-printed electrode mL "
GOD was further
used for catalytic
deposition of
AuNPs onto Au
nanorod.
Stripping
analysis of the
Au nanorod
carrier and
enzymatically
produced AuNPs
allowed sensitive
detection
Nanocarrier CEA 3,3,5,5'- AuNPs deposited Differential ~ Electrocatalytic =~ CEA/MB/TMB gave CEA/TMB gave  High loading of 1.0 pgmL™"  1- 71
Tetramethy- on polydopamine pulse oxidation of peak separation of  peak separation TMB enzyme labels 10 000
Ibenzidine (TMB)  film voltammetry ascorbic acid by 0.16 V and of 0.6 V on MBs pg
enzyme on (DPV) TMB enzyme demonstrated mL "
magnetic beads label after irreversibility
(MBs) competitive because of the large
binding between electron transfer
MB/TMB- distance between
conjugated-CEA the electrode and
and free-CEA the MB-supported
TMB molecules
Nanocarrier ~ Thyroxine Magnetic graphene CNTs/Nafion on DPV Cascade catalysis Cyt ¢ and GOD Without Large surface area, 0.015 pg 0.05- 102
spheres glassy carbon involving GOD  carried on graphene graphene high redox activity —mL™" 5000 pg
catalyzing spheres produced  spheres, cascade and the loading mL ™’
oxidation of a current response  catalysis gave numerous detection
glucose to of 420.9 pA in the  a current antibodies by the

generate H,0,,
which can then
be further
catalyzed by
cytochrome ¢

(Cyt c)

presence of 5 ng
mL " of analyte

response of 46.7 graphene spheres
pA at 5 ng mL ™"
of analyte
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Table 2 (Contd.)

Comparison of enhancement with nanomaterial, hybrid
nanomaterial and without nanomaterials (under identical

experimental conditions)

Electro- Signal Without NMs/ Limit of
chemical Detection amplification single Reason for detection Linear
application  Analyte Label Electrode method strategy With NM/NM hybrid NM enhanced signal (LoD) range  Ref.
Nanocatalyst CEA GOD-Au-Ag Graphene/ DPV Dual The anti-CEA-AuUAgHS-GOD label was ~ Higher conductivity 1.0 pg mL™* 5- 85
mesoporous NPs  Prussian blue amplification 1.42 times more sensitive than anti-  of AgNPs than 50 000
(anti-CEAAuAgHS-  (PB) catalase on strategy by CEA-AuHS-GOD and 1.09 times more ~ AuNPs, and high pg
GOD) glassy carbon catalytic sensitive than anti-CEA-AgHS-GOD catalytic ability of mL "
recycling of AgNPs towards
product paired reduction of H,0,
with GOD and
PB artificial
catalase. AgNPs
and AuNPs
catalyzed
reduction of
H,0, produced
by GOD and then
catalytically
reduced by PB on
graphene
nanosheet for
second
amplification
Nanocarrier CEA Mesoporous Electrochemically Stripping Electrochemical Antibody/Au/MCF  Antibody/MCF  MCEF strongly 0.024 pg 0.05- 105
and carbon foam (MCF) reduced graphene DPV stripping of Ag  gave current peak  gave current catalyzed Ag mL ™! 1000
nanocatalyst and AuNPs oxide/chitosan based on 64.2 pA at 0.1 ng peak of 32.8 pA  deposition to Pg
film on glassy enlargement of mL™" of CEA at 0.1 ng mL ™" of produce AgNPs on mL ™"
carbon gold NPs with Ag CEA sensor because of its
abundance of
surface carboxyl
groups
Nanocatalyst AFP Pt hybrid mullti- B-cyclodextrin- Amperometry Catalytic Pt@CuOMWCNT CuO-MWCNT  High catalytic 0.3pgmL™" 1- 103
walled CNT-copper functionalized reduction of gave a signal provided a signal activity based on 20 000
oxide NPs graphene on H,0, in enzyme- response two times response 20 synergistic effect of pg
(Pt@CuOMWCNT) glassy carbon free higher than that of times higher Pt@CuOMWCNT mL ™!
amplification CuO-MWCNT than that of towards reduction
strategy MWCNTSs alone of H,0,
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Table 2 (Contd.)
Comparison of enhancement with nanomaterial, hybrid
nanomaterial and without nanomaterials (under identical
experimental conditions)
Electro- Signal Without NMs/ Limit of
chemical Detection amplification single Reason for detection Linear
application  Analyte  Label Electrode method strategy With NM/NM hybrid NM enhanced signal (LoD) range  Ref.
Nanocarrier ~ AFP CNTs/manganese  Nanogold/ Linear sweep High catalytic CNT/MnO, MnO, alone Large surface area of 40 pg mL™'  200- 106
and dioxide (CNT/ chitosan film on voltammetry reduction demonstrated provided CNTs allowed 100 000
nanocatalyst MnO,) glassy carbon performance of higher anodic a current ratio of conjugation of pg
H,0, by current than MnO, 36 numerous mL ™
manganese alone with a current biomolecules and
dioxide. ratio of 87 MnO, NPs
Inclusion of
CNTs increased
surface area to
allow high
loading of
biomolecules
Accumulator CEA Magnetic Electrodeposited DPV Excellent Magnetic mesoporous NiCo,0, Accumulation and 0.5 pg mL™'  5- 107
and mesoporous nanogold on adsorption nanosheets gave a LOD 10-fold lower  pre-concentration of 160 000
nanocarrier NiCo,0, nanosheet glassy carbon properties of the than that of solid NiCo,0, sample by the pg
magnetic magnet, and the mL !
mesoporous high surface area of
NiCo0,0, magnetic
nanosheet. The mesoporous

interlayer of
Nafion/thionine
organic
molecules and
nanogold
allowed
attachment of
a large amount
of horseradish
peroxidase-
labeled
secondary anti-
CEA antibody

“ CEA - carcinoembryonic antigen, AFP - alpha-feto protein, HER-2 - human epidermal growth factor receptor type-2.

NiCo,0, loaded
a large amount of
biomolecules
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s9dUBAPY DSY



RSC Advances

3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) and
ethylenediamine was employed as the electrode material
because of its amino-functionalized interface and low electro-
chemical background current.

However, practical applications of these NM-based multi-
enzyme probes are still restricted because the sensitive nature
of enzymes results in problems such as leakage, denaturation
and high cost. Furthermore, non-enzymatic sensors are
preferred over enzymatic ones by some research groups because
of their enhanced sensitivity and lower LOD."'** To overcome the
limitations originating from the fragility of enzyme-based
immunosensors, researchers have been experimenting using
electroactive reagents as labels in place of enzymes. For
example, Zhao et al.'** incorporated Au-PdNPs to catalyze the
reduction of H,0, in their enzyme-free immunosensor system
along with graphene as their sensing platform for the detection
of AFP. Using hybrid Au-PdNPs had increased the effective
surface area for biomolecule conjugation. The sensor achieved
a LOD of 5 pg mL™" with a linear range of 50 pg mL ™" to 30 ng
mL ™.

To achieve highly sensitive catalytic amplification, many
researchers have reported strategies to recycle redox substrates
to ensure a continuous increase of signal intensity. For
instance, a system to detect CEA based on a ‘one-to-many’
autocatalytic strategy using thionine-cerium oxide organic-
inorganic hybrid nanostructures (Thi-CeO,) as a nanocatalyst
was reported recently.”® The ‘one-to-many’ autocatalytic strategy
involved the chemical catalytic recycling of the self-produced
reactant between AA and dehydroascorbic acid (DAA),
producing an amplified electrochemical signal. The immuno-
sensor worked by autocatalyzing the hydrolysis of the phos-
phate ester bond of AA-P by CeO, NPs to produce AA as a new
reactant. The produced AA was then electro-oxidized to DAA by
the assembled thionine in Thi—-CeO,. DAA then reduced back to
AA by tris(2-carboxyethyl)phosphine. This sensor realized
a linear range of 0.1 pg mL ™" to 80 ng mL ™" with a LOD of 0.08
pg mL ™" for CEA.**

Table 2 summarizes the roles of NMs in selected reported
electrochemical immunosensors and compares the enhance-
ments achieved by NMs under identical experimental condi-
tions. Although label-based electrochemical amplification
strategies are extremely sensitive with detection of target down
to femtogram level and able to detect more than one analyte
simultaneously, their complicated fabrication, high assay cost
and long analysis time hinder their practical application.***

3. Nanomaterials as electrode
materials

Despite the high sensitivity of label-based sensors arising from
the excellent characteristics of the labels, label-free methods are
still preferred by many research groups because of the limita-
tions of label-based sensors discussed in Section 2.5. Lately,
interest in label-free immunosensors has surged in a drive to
simplify the fabrication of immunosensors without compro-
mising sensitivity. In label-free immunosensors, the change in

25008 | RSC Adv., 2016, 6, 24995-25014
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surface properties after the formation of an antigen-antibody
complex is detected as a transducer signal. Thus, label-free
techniques rely on detection of potential change upon the
formation of an immunocomplex on the surface of the elec-
trode.’”® Additionally, a new attractive research direction is the
use of nanocomposites as a label-free strategy to enhance the
signal from immunocomplexes. NMs can act as effective elec-
trochemical sensing platforms because their large surface area
increases mass transport, provides excellent loading capacity
for receptor molecules to allow synergistic amplification of the
target response, in addition, the unique biocompatible, elec-
tronic, and catalytic properties of NMs aid the translation of
molecular biorecognition interactions to an electrochemical
signal output.'®'® One popular approach is the inclusion of
carbon NMs, namely CNTs and graphene, and metallic NPs in
sensor electrodes.""!*?

3.1 Carbon nanotube-based electrodes

Apart from the high availability of reactive carboxyl groups that
can be conveniently and efficiently functionalized and conju-
gated to proteins and biomolecules, an additional advantage of
CNT-based materials for electrode fabrication is their inherent
potential to improve catalytic redox reactions by facilitating
electron transfer at low overpotential, which reduces the like-
lihood of electrode fouling. Studies have demonstrated that the
outstanding electron transfer properties of CNTs arise from the
curved structure of the tubes, which shifts the energy bands
close to the Fermi level."**

Voelcker and co-authors designed an elegant system
exploiting the magnetic properties of iron oxide NPs (FeNPs).'**
They functionalized FeNPs with SWCNTSs to obtain composites
that served as both an immobilization platform and magnetic
immunocarrier for the detection of MS2 bacteriophage (Fig. 9).
Using an external magnet, the FeNP-SWCNT composite was
captured on the electrode surface and then electrografted using
diazonium salt to form an antibody-modified SWCNT-NP
composite. This strategy effectively eliminates the need for
electrode modification. The researchers also presented another
strategy in which SWCNTs were covalently coupled with
a cysteamine-modified Au amide bond
formation.™*

electrode via

3.2 Nanoparticles in electrode fabrication

To provide a stable platform and facilitate electron transfer,
metal NPs are commonly included in electrodes. Decher and
co-workers demonstrated the simple fabrication of multilayer
films from aqueous anionic and cationic polyelectrolytes on
solid supports.”®> They observed minimal changes in the
adsorption behavior of the deposited films for at least 100
consecutive alternating layers. This technique was used by Liu
et al.*® to assemble zinc selenide quantum dots (ZnSe QDs)/
Azure I/AuNP/poly(3,4-ethylenedioxythiophene) (PEDOT) on
Pt electrodes for detection of AFP. The AuNP-PEDOT
composite provided a stable platform to facilitate electron
transfer while the water-soluble ZnSe QDs were used to
immobilize antibody and hence enhance the loading of anti-

This journal is © The Royal Society of Chemistry 2016
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Cysteamine-modified SWCNTs In situ generation  Binding of

gold electrode covalently of diazonium salt  oxidised
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blocking) carbodiimide  grafting onto (hydrazone
B coupling SWCNTs bond)

Capture of iron
oxide-modified
SWCNTs onto the
gold electrode
surface

Binding of oxidised
antibody to modified
SWCNTs (hydrazone
bond) in solution.
Binding of analyte and
detection antibody in
solution and final
capture on the gold

In situ generation of diazonium salt and electrode surface

electrochemical grafting onto iron-modified SWCNTs.
Release of modified SWCNTS to the solution

Fig. 9 Preparation of sensing platforms based on (A) covalently bound
SWCNTSs and (B) SWCNTSs used as magnetic immunocarriers.**

AFP. Azure I was chosen as the redox mediator because it can
readily adsorbed onto the surface of the AuNP-PEDOT
composite films through m-m stacking interactions. HRP was
used to prevent nonspecific binding and its electrocatalytic
activity for H,0,, which amplified the current signal of the
antigen-antibody reaction. This system exhibited a low LOD of
0.011 pg mL~" (signal/noise = 3) and a linear range from 5 pg
mL ™" to 250 ng mL .

To promote the electrochemical reaction process and thus
amplify the signal response, it is critical to consider the
roughness of the electrode surface: greater surface roughness
gives enhanced electrochemical activity.'®* A commonly used
direct procedure to increase surface roughness is direct elec-
trodeposition of metal NPs onto electrode surfaces, creating
a more favorable microenvironment for the attachment of
biomolecules.'*® AuNPs are widely used for this role because of
their outstanding biocompatibility with antigens and
antibodies.'” For example, a system developed for simulta-
neous detection of CEA and AFP achieved LOD of 0.7 pg mL ™"
(y = 39 + 12x) and 0.9 pg mL ™" (y = 50 + 16x), respectively
(signal/noise = 3).**® This system used a reduced graphene
oxide/thionine/AuNP nanocomposite as a supporting matrix
for anti-CEA immobilization and reduced graphene oxide/
Prussian blue/AuNP composite to immobilize anti-AFP on an
indium tin oxide electrode. Nevertheless, it should be
highlighted that because non-enzymatic CNT/metal
nanocomposite-based sensors need to be at basic pH so
hydroxyl groups can form higher oxides, such as Ni/CuOOH,
their practical use in blood samples of either neutral or
acidic pH remains a challenge.*”*

This journal is © The Royal Society of Chemistry 2016
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3.3 Nanomaterials as both labels and electrode materials for
signal amplification

In Section 3.1 and 3.2, the main roles of NMs in electrochemical
immunosensors as signal tags and in electrode fabrication for
amplified signal recognition were described. Rather than using
NMs for a single role, numerous reports have focused on the use
of NMs as both labels and transducer platform materials to
obtain sensors with enhanced sensitivity and performance.
Here, a few recent representative studies are introduced as
examples.

Very recently, Li et al'* obtained an amplified signal
response using ultrathin Au nanowires incorporated with gra-
phene oxide on a 3-D microfluidic paper-based electrochemical
transducer. In their work, CuS was loaded on the surface of
graphene oxide as a signal tag for AFP detection. They ascribed
their amplified signal to the high CuS loading of the CuS-gra-
phene oxide composite resulting from the presence of
numerous oxygen-containing groups on the graphene sheets.
The high CusS loading provided abundant sites for reduction of
H,0,. Also, the high conductivity of graphene oxide contributed
to the amplified electrochemical response because it facilitated
charge transfer. To demonstrate the superior sensing ability of
Au nanowires, graphene oxide and Au nanowire-graphene
oxide hybrid transducer platforms were constructed and their
ability to sense AFP antigen compared. The Au nanowire-gra-
phene oxide hybrid sensor displayed enhanced sensitivity
compared with that of graphene oxide alone because of its
better biocompatibility through inclusion of additional surface
functionalities, and high solubility and conductivity.

Of late, many reports have used Fc as an electroactive label.
Fc-based derivatization is useful in analytical chemistry because
of its well-established chemistry. Fc contains an iron ion that
can be reversibly oxidized, which makes it attractive for use in
electrochemical immunosensors.”” To enhance the signal
amplification potential of Fc, various groups have used different
materials, such as AuNPs, magnetic NPs, and dendrimers, to
anchor numerous Fc moieties."****

Li et al.* prepared dopamine-functionalized Fe;O, and
conjugated it with ferrocene carboxylic acid (FC) and secondary
antibody. In their electrochemical immunosensor, the as-
prepared Fe;O, was used to detect PSA and graphene sheet
was employed as a sensor platform. Signal amplification was
achieved through the large amount of dopamine molecules
loaded on the Fe;0, surface enhancing the immobilization of
FC and antibody on the Fe;O4 NPs. As a biosensor platform, the
graphene sheets contributed to signal amplification in two
ways: (i) their large surface area helped to capture numerous
primary antibodies; and (ii) their good conductivity improved
the detection sensitivity of FC. Using the redox amperometric
current of FC as the signal, the immunosensor displayed
a linear range of 0.01-40 ng mL~" and low LOD of 2 pg mL™".

However, Gao and Cranston'?* stated that electroactive labels
may not be the most sensitive labels because each electroactive
label is only able to generate one electron during oxidation.
They thus suggested the use of an electroactive polymer, each
molecule of which is able to generate numerous electrons

RSC Adlv., 2016, 6, 24995-25014 | 25009
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Table 3 Selected examples of signal amplification strategies using nanomaterials with electrochemical roles®

Electrochemical role

Nanomaterials

Amplification strategy

Analyte

Limit of detection

Ref.

Electroactive tracer

Multistep-enhancement strategies

Transducer platform fabrication

Au nanoparticles (NPs) graphene

Silica nanospheres AgNPs

AuNP-modified Prussian blue onion-like
mesoporous graphene sheets
(Au@PBNPs/O-GS)

AuNP-modified nickel hexacyanoferrate
NP-decorated onion-like mesoporous
graphene sheets (Au@NiNPs/O-GS)

AuNPs
Carbon nanotube (CNT)

Multi-walled CNT (MWCNT)

AuNPs
PtNPs
Au-Ag-graphene hybrid nanosheet

Sodium dodecylbenzene sulfonate-
functionalized graphene sheets

Pd NPs in functionalized mesoporous
silica

A triple signal amplification strategy
combining AuNP-catalyzed Ag deposition
for anodic stripping signal amplification
with graphene used as electrode for rapid
electron transfer

Signal based on impedance or inhibition
effect by target antigen. Conjugation of
primary antibody to silica nanospheres
amplified signal inhibition of
electrochemical stripping signal of the
AgNP-chitosan nanocomposite

Dual amplification by catalysis of the
ascorbic acid 2-phosphate to produce
ascorbic acid in situ, and oxidation of
ascorbic acid catalyzed by Au@PBNPs/O-
GS and Au@NiNPs/O-GS nanohybrids,
respectively, to obtain the higher signal
responses

Aggregation of many nanocatalysts
(AuNPs) on one nanolabel (CNT)
increased the number of nanocatalyst
particles. Detection was based on
catalytic reduction of p-nitrophenol to p-
aminophenol by AuNPs on the CNT-
AuNPs with subsequent redox cycling of
p-aminophenol and p-quinone imine
MWCNT-modified glassy carbon
electrode followed by
electropolymerization of poly(pyrrole
propionic acid)

Incorporation of hybrid nanoparticles in
electrode fabrication

Signal amplification based on physical
characteristics of AgNPs but acquiring
the surface chemistry of AuNPs used in
electrode fabrication. This was attributed
to AgNPs being able to occupy the
interspace between AuNPs because of the
smaller relative size of AgNPs than
AuNPs, which facilitated electron
transfer

Use of ionic liquid as a modifier because
of its high ionic conductivity and good
biocompatibility with biomolecules to
increase signal output

“ CEA - carcinoembryonic antigen IgG - immunoglobulin G PSA - prostate specific antigen AFP - alpha-fetoprotein.

CEA

PSA

Free prostate specific antigen

AFP

Hormone insulin-like growth factor 1

Nuclear matrix protein 22

AFP

Salbutamol

0.12 pg mL™ "

0.7 pg mL "

7 pg mL~*

3pgmL*

0.001 pg mL "

30 pg mL !

3 pg mL "

0.5 pg mL !

7.0 pg mL ™!
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during electrochemical oxidation, to assist in electrochemical
signal amplification and improve detection sensitivity. As proof-
of-principle, polytyrosine was used conjugated with a PSA
peptide and used as an electroactive signal tag in competitive
electrochemical immunoassays. During oxidation, the phenol
group of tyrosine lost two protons and two electrons. With
a molecular weight of 10 000-40 000 Da (i.e., approximately 50—
200 tyrosyl residues), one molecule of polytyrosine would
produce 100-400 electrons when oxidized completely on an
electrode surface. When conjugated to an antibody or antigen,
this would dramatically enhance the electrochemical signal.
MWCNTSs were used as a transducer to facilitate immobilization
of primary antibodies and electron transfer. The sensor ob-
tained a LOD for PSA peptide of approximately 1 nM. Table 3
summarizes different roles of NMs in signal enhancement
strategies.

4. Practical applications and future
perspectives

The use of nanotechnology in the field of biosensors has
allowed development of innovative electrochemical immuno-
sensors, and opened up endless possibilities for signal ampli-
fication strategies. The incorporation of NMs in
immunosensors has resulted in unprecedented success in
improving sensing performance. NMs have been used as labels
to increase loading of signal entities and enhance electron
transfer. In addition, NMs have been incorporated in electrodes
to dramatically increase the surface area of electrochemical
transducers with the ultimate objective of achieving higher
sensitivity. High selectivities and recoveries have been obtained
in real sample analysis using NM-based sensors. In biomedical
settings, ultrasensitive biosensors show huge potential in the
early detection of tumor and cancer biomarkers. Their
successful application to real samples will undoubtedly have an
immense effect on this field.

However, despite the sophisticated sensing principles and
signal amplification strategies with impressive LOD being re-
ported, their feasibility in clinical and field settings requires
consideration of reliability and cost. For example, although
AuNPs and graphene have been demonstrated to be excellent
materials in point-of-care devices, they may not be cost-effective
for practical usage. Thus, smooth transition from academic
research and development to affordable products requires more
time and investment. The practical usefulness of reported
strategies in real-life situations is also limited because of their
complicated fabrication procedures, and issues with instability
and reproducibility. The main contributing factor to failure in
the development and practical application of NM-based sensors
is the sensor-to-sensor variability of their properties and ulti-
mately their analytical performance. This variability results
from fluctuation of the electrical, chemical and mechanical
properties of fabricated NMs, such as contact resistance and
graphene configuration on metal electrodes. For instance, in
the synthesis of metal NP/CNT nanohybrids, it is highly desir-
able to fabricate well-dispersed, uniformly small metal NPs on

This journal is © The Royal Society of Chemistry 2016
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CNT surfaces. However, it is a still challenge to maintain the
original configuration and properties of CNTs and at the same
time introduced groups onto CNTs via functionalization. The
size, shape, structure, dispersibility and stability of NPs on
CNTs can all affect CNT properties. In the case of nanowire
fabrication, the inability to control the number of nanowires
incorporated into a sensor and their diameter causes variation
of sensing performance. Furthermore, the impressive sensitivity
achieved by reported electrochemical immunosensors was ob-
tained under optimal conditions in a laboratory; these sensi-
tivities cannot be directly transcribed to real biological samples.

Consequently, a great deal of research still needs to be per-
formed to eliminate matrix interference in real-sample
measurements with different biological microenvironments,
shorten incubation times for real-time detection of analytes,
and simplify fabrication procedures. Nevertheless, with the
successful development of biosensors at a laboratory scale, the
opportunity to further improve them for actual field applica-
tions remains. Although NM-based biosensors have been
proven to be propitious for sensitive detection, for them to be
commercially successful, their sensitivity and stability in
detection of real samples that are free from matrix interference
still need to be evaluated.
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