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ABSTRACT: Rapid progress in identifying biomarkers that are hallmarks of disease has

increased demand for high-performance detection technologies. Implementation of |I O my '#.\'2%
electrochemical methods in clinical analysis may provide an effective answer to the growing )
need for rapid, specific, inexpensive, and fully automated means of biomarker analysis. This l
Review summarizes advances from the past S years in the development of electrochemical .
sensors for clinically relevant biomolecules, including small molecules, nucleic acids, and g ? %\-F \]r OJE U eﬁ}g Q
proteins. Various sensing strategies are assessed according to their potential for reaching : o

relevant limits of sensitivity, specificity, and degrees of multiplexing. Furthermore, we l

address the remaining challenges and opportunities to integrate electrochemical sensing
platforms into point-of-care solutions.
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1. INTRODUCTION

The detection of clinically relevant molecules, including small
molecules, nucleic acids, and proteins, is fundamental to
understanding their biological and physiological functions and
to developing clinical diagnostics." These molecules carry out
many biological functions, including storing and transmitting
genetic information, regulating biological activities, transporting
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Figure 1. Reference ranges for clinically relevant small molecules, nucleic acids, and proteins sorted by mass. The value for bacterial nucleic acids
corresponds to levels observed in clinical swab and urine specimens. The value for viral nucleic acids corresponds to levels observed in clinical swab and

urine specimens.

small molecules, and catalyzing reactions. Moreover, they can be
used as biomarkers in the diagnosis of many diseases. Clinical
analysis is no longer performed exclusively in clinical
laboratories.” Instead, it is routinely carried out in several
settings, including hospital point-of-care settings, by caregivers in
nonhospital settings, and by patients at home.” Electrochemical
detection systems are ideally suited for these new applications.”

Electrochemical sensing strategies have the potential to
achieve rapid, sensitive, selective, and low-cost detection of
biomolecular analytes relevant to clinical diagnosis and
monitoring treatment of disease.” A variety of strategies for
target recognition and signal transduction have allowed the
development of a vast array of electrochemical assays. Electro-
chemical sensing platforms have been successfully transitioned
from the central lab to the point-of-care for the detection of small
molecules, such as glucose and lactate, using enzymatic
approaches.”” In contrast, detection of larger biomolecules,
such as nucleic acids and proteins, requires further innovation to
overcome challenging problems related to nonspecific adsorp-
tion of nontarget molecules and lack of enzyme/analyte pairs for
many analytes.

This Review will acquaint the reader with recently developed
electrochemical approaches that can be deployed for analysis of
clinically relevant biomolecules. Examples of the biomolecular
analytes of interest as well as their reference values are provided
in Figure 1. This is a large and rapidly advancing field, and this
Review attempts to provide comprehensive coverage of the last
five years of progress to inform the selection of targets for future
work. Overviews of different sensors are presented combined
with important performance metrics including dynamic range
and limit of detection (LOD). We also discuss the new frontiers
in the field and the challenges to be addressed.

2. ELECTROCHEMICAL BIOSENSORS

An electrochemical biosensor is an integrated device that
provides analytical information, either quantitative or semi-
quantitative, using a biorecognition strategy involving an
electrochemical transducer (e.g, an electrode or field-effect
transistor).8

2.1. Types of Electrochemical Biosensors
Electrochemical techniques discussed in this Review can be

organized into five main types, including voltammetric/
amperometric, impedimetric, conductometric, potentiometric,
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and field-effect transistor-based biosensors. The principles
behind each approach are outlined below.

2.1.1. Voltammetric/Amperometric Biosensors. Vol-
tammetric and amperometric biosensors apply a potential to a
working electrode versus a reference electrode and measure the
current. The current arises from electrolysis by means of an
electrochemical oxidation or reduction at the working electrode
and is limited by the mass transport rate of the reactant molecules
from the bulk solution to the electrode interface. Voltammetric
biosensors measure current as the potential is ramped at a given
rate, and the current response is usually a peak or a plateau that is
proportional to the concentration of analyte. Amperometric
biosensors allow the detection of an analyte by measuring the
current at a constant applied potential at the working electrode
with respect to the reference electrode. In this technique, the
potential is stepped directly to the desired value and the current is
then measured. Amperometric biosensors offer additional
selectivity because their oxidation or reduction potential used
in analysis is typically characteristic of the analyte species.” The
different combinations of parameters, including potential (E),
current (I), charge (Q), and time (f), make for a long list of
electrochemical techniques. In this section, we will provide a brief
summary of the techniques that were used throughout this
Review.

2.1.1.1. Linear Sweep Voltammetry (LSV). In LSV, the
electrode potential is varied at a constant rate throughout the
scan, and the resulting current is measured.

2.1.1.2. Alternating Current Voltammetry (ACV). During
ACV an alternating potential is added to the DC potential ramp
used for LSV. Only the AC portion of the total current is
measured and plotted versus the DC potential portion of the
potential ramp.

2.1.1.3. Cyclic Voltammetry (CV). In CV, the applied
potential is varied at a working electrode in both forward and
reverse directions while monitoring the current. Depending on
the analysis, a partial cycle, one full cycle, or a series of cycles can
be carried out. CV is widely used for the study of redox processes,
monitoring reaction intermediates, and stability assessment of
reaction products.

2.1.1.4. Chronoamperometry (CA). In CA, the current
response is studied as a function of time after a potential step
large enough to initiate a chemical reaction is applied to an
electrode.

2.1.1.5. Chronocoulometry (CC). In a CC experiment, the
charge used in an oxidation or reduction reaction is measured
and plotted versus to time. The excitation waveform used in CC
is similar to that used in CA, but the resulting curve shows an
increase of charge with time, rather than the decrease of current
with time that can be observed in CA. In addition, CC allows for
more accurate determination of a kinetic rate constant.

2.1.1.6. Chronopotentiometry (CP). CP is a technique in
which a constant current, or a current step, is applied to the
electrode and the resulting potential change is monitored over
time.

2.1.1.7. Pulse Methods. To improve the speed and sensitivity,
many forms of potential modulation have been developed. Two
of these pulse techniques, including differential pulse voltam-
metry and square wave voltammetry, are widely used.

2.1.1.8. Differential Pulse Voltammetry (DPV). In this
technique, the potential is scanned with a series of pulses with
fixed small amplitude (10—100 mV) and superimposed on a
slowly changing base potential. The current is determined at two
points for each pulse; the first point is registered before the pulse

application, and the second is taken at the end of the pulse. These
sampling points are selected to allow for the decay of the
nonfaradic (charging) current. The difference between current
measurements at these points is determined for each pulse and
plotted as a function of the base potential.

2.1.1.9. Square Wave Voltammetry (SWV). In SWV, the
excitation signal consists of a symmetrical square-wave pulse of
amplitude E,, superimposed on a staircase waveform of step
height AE, where the forward pulse of the waveform coincides
with the staircase step. The net current is centered on the redox
potential and is determined by measuring the difference between
the forward and reverse currents. SWV has several advantages,
including its excellent sensitivity, speed, and discrimination
against nonfaradic current.

2.1.1.10. Preconcentration and Stripping Techniques.
These techniques have the lowest detection limits of any of the
commonly used electrochemical techniques. The three most
commonly used preconcentration and stripping techniques
include anodic stripping voltammetry, cathodic stripping
voltammetry, and adsorptive stripping voltammetry. Even
though each technique has its own unique features, all have
two steps in common. First, the target analyte in the sample
solution is concentrated onto the working electrode. In the
second step, the preconcentrated analyte is stripped from the
electrode surface by the application of potential and measured.
Potential waveforms can be used in the stripping step, such as
linear sweep, differential pulse, and square wave. The most
common are the differential pulse or square wave due to their
abilities to discriminate against charging current. In addition,
square wave has the added advantages of rapid scan rate and
enhanced sensitivity as compared to differential pulse.

2.1.1.11. Anodic Stripping Voltammetry (ASV). In ASV, the
metal ions in a sample are concentrated onto the electrode
surface by application of a negative potential. The metals are then
oxidized and stripped off of the electrode surface by scanning to
positive potentials. The peak currents that result are correlated to
the concentration of each metal in the sample solution. In
addition, the position of the peak potential is characteristic for
each metal. ASV is widely used for the determination of trace
metals and has a detection limit of parts per trillion.

2.1.1.12. Cathodic Stripping Voltammetry (CSV). In CSV,
the anions in a sample are concentrated on the electrode surface
by applying a positive potential. A negative potential scan will
then strip out the deposited film. This method has been used to
analyze inorganic anions and halides.

2.1.1.13. Adsorptive Stripping Voltammetry (AdSV). AdSV is
similar to anodic and cathodic stripping techniques. The main
difference is that preconcentration occurs via adsorption on the
electrode surface or by a specific reaction at a chemically
modified electrode rather than by accumulation via electrolysis.
The adsorbed species is quantified by measuring a voltammetric
response, the amplitude of which is proportional to the
concentration of the species. Many organic and inorganic species
can be analyzed using AdSV.

2.1.2. Impedimetric Biosensors. Electrochemical impe-
dance spectroscopy (EIS) determines the resistive and capacitive
properties of materials upon perturbation of the system by a
small amplitude sinusoidal AC excitation signal (~2—10 mV).
The frequency is changed over a wide range to obtain an
impedance spectrum. The in-phase and out-of-phase current
responses are then measured to determine the resistive and
capacitive components of the circuit. At high frequency, the
migration rate of the redox species to the electrode surface
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becomes rate limiting, and thus analytes that block access to the
electrode surface can generate a frequency-dependent phase lag
between the AC voltage and current.”

2.1.3. Conductometric and Capacitive Biosensors.
Conductometric biosensors measure changes in the electrical
conductivity of a sample solution as the composition of the
solution changes during a chemical reaction. Conductometric
biosensors often include enzymes whose charged products cause
changes in the ionic strength of the sample solution." In general,
capacitive biosensors have the advantage that capacitance
measurements are more indicative of the insulating properties
of the biosensor.'" Even minor desorption of the sensing layer is
usually translated into an increase in the capacitance baseline.'”
In addition, capacitive sensors are less prone to nonspecific
binding.

2.1.4. Potentiometric Biosensors. Potentiometric bio-
sensors measure the potential of an electrochemical cell while
drawing negligible current. These sensors usually contain an
electrochemical cell with two reference electrodes capable of
measuring the potential across an ion-selective membrane that
reacts with the charged ion of interest. Biological elements such
as enzymes are commonly integrated into potentiometric sensors
to catalyze the reaction that forms the ion, which can be detected
by the underlying electrode.”

2.1.5. Field-Effect Transistor-Based Biosensors. Field-
effect transistor (FET)-based biosensors detect a change in
source-drain channel conductivity arising from the electric field
of its environment. The electrical conductance of the channel is
proportional to its carrier density, and this is readily sensed via
the change in the source-drain voltage—current."”

Of all of these methods, voltammetric approaches are the most
widely deployed. This type of measurement strategy has the most
flexibility, and the signals that are generated are straightforward
to interpret.

2.2. Biosensor Recognition Elements

Molecular recognition is central to biosensing. Initially, biosensor
recognition elements were obtained from living systems.
However, many recognition elements are synthetic and have
been prepared in the laboratory. The recognition element plays a
crucial role in the overall biosensor performance and selectivity
toward a particular analyte. Recognition elements currently used
in the preparation of electrochemical sensors for clinically
relevant biomolecules include antibodies, antibody fragments,
enzymes, receptors, lectins, whole cells, peptides/proteins,
nucleic acids, aptamers, peptide nucleic acids, locked nucleic
acids, and molecularly imprinted polymers.

2.2.1. Antibodies. Antibodies are proteins produced by the
immune system. They feature antigen recognition sites, which
can bind to their respective antigens by noncovalent interactions
with relatively high affinity. The antigen-binding fragments of the
molecules comprise the heavy chain variable region (Vi) and the
light chain variable region (V). Both fragments fold to provide a
perfect fit for the specific antigen. Frequently, sensor design
makes use of antibody sandwiches, where capture antibodies are
immobilized onto the surface of the sensor, while labeled
reporter antibodies bind to the analyte to provide a signal.
Antibodies could be either polyclonal or monoclonal. In contrast
to polyclonal antibodies, which are produced by different
immune cells, monoclonal antibodies are produced by identical
immune cells that are all clones of a unique parent cell. In
addition, they have monovalent affinity and bind to the same
epitope within the antigen.'*

2.2.2. Antibody Fragments. For sensing applications, only
the antigen-binding fragment of the antibody is required for
biomolecular recognition, while the crytallizable fraction is not
involved in target binding. Smaller antibody fragments have
more defined immobilization sites through thiol groups liberated
after cleavage of the whole antibody molecule. In addition, these
small fragments could be more densely packed onto the sensor
surface, thus improving the interaction with the target analyte.
Enzymatic cleavage of antibodies is one way to produce antigen-
binding fragments. Phage display and ribosome display
techniques for antibody gene cloning and expression are other
alternatives to produce single chain variable fragments. These
fragments feature the Vi and V; domains connected by a flexible
polypeptide linker that can be designed to have desirable
properties for immobilization. "

2.2.3. Enzymes. Enzymes are catalytic proteins with an active
site that has some features similar to those of antigen-binding
fragment of antibodies, that is, exquisite specificity for certain
molecules, known as their substrates. Enzymes are not only used
as recognition elements per se, but are commonly conjugated to a
secondary recognition element to allow for signal amplification.
Of all enzyme recognition element-based biosensors, glucose
biosensors are the most widely studied and used.'®

2.2.4. Receptors. Receptors are transmembrane and soluble
proteins that bind to specific molecules called ligands to initiate a
specific cellular response. Receptor preparations are attractive
recognition elements because they can bind to their ligands with
high affinity and selectivity. Nevertheless, their low yield, relative
instability, tedious isolation methods, and transduction difficul-
ties have significantly impeded the pursuit of receptor-based
sensing. However, recombinant techniques are currently used to
generate large amounts of receptor proteins, thus alleviating
many of the earlier logistical issues.

2.2.5. Lectins. Lectins represent a broad family of proteins
involved in many biological processes. They generally exhibit
strong binding affinities to specific carbohydrates, known as
glycans. Their specific binding has been exploited in biosensor
design.'” Although there are a variety of ligand-specific lectins
available, Concanavalin A remains one of the most widely used
lectins for carbohydrate detection.

2.2.6. Whole Cells. The term whole cells often refers to
microbial cells. In whole cell-based sensors, the whole cellular
machinery functions as a recognition system for the target
analyte. For instance, bacterial cells can be induced to produce
amino acid metabolizing enzymes that can be used in the
detection of that particular amino acid.'®

2.2.7. Peptides/Proteins. Using techniques such as phage,
bacterial, and ribosome display, it is now possible to produce
peptides/proteins with strong binding affinities to specific
ligands. In each technique, iterative rounds of affinity purification
are employed to produce proteins/peptides with desired binding
properties.'” The unique feature of phage display is that the
production of 10’—10° short peptides on the surface of
filamentous phages can be achieved via the fusion of an epitope
library of DNA sequences and one of several coat proteins. These
peptides are screened, and candidates exhibiting specific binding
properties can be integrated into many analytical platforms. For
example, a number of peptide- and protein-based electro-
chemical sensors have been described in the literature, many of
which feature impressive sensitivity and selectivity.”*~>°

2.2.8. Nucleic Acids. In classical nucleic acid-based sensors,
often referred to as genosensors, the biorecognition process
involves noncovalent interactions between bases of comple-
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mentary nucleic acid strands and is manifested by hybridization
between an immobilized capture probe and a complementary
target sequence.”””® The immobilized nucleic acid could be
either a stem-loop probe (SLP) or linear probe (LP).*’*' In
SLP sensors, the probe is usually tagged with a redox label that is
positioned in proximity to the electrode surface in absence of the
target sequence. Upon hybridization with the target sequence,
the flexibility of redox-labeled probe is hindered, diminishing the
electron transfer efficiency (signal—OFF).}2 In LP sensors, the
redox-labeled probe is highly flexible in the absence of the target
sequence. Target hybridization induces a change in probe
dynamics, leading to a reduction of the redox current (signal-
OFF).* A signal-ON sensor is fabricated using a redox-labeled
linear DNA probe containing a flexible linker. Target hybrid-
ization induces the formation of “close” structure, positioning the
redox label close to the sensor surface and subsequently resulting
in an increase in the redox current.””* Displacement-based
genosensors represent another class of signal-ON sensors in
which the capture probe is partially hybridized with a redox-
labeled DNA. In the presence of the target sequence, a new
hybrid is formed and the redox-labeled DNA is released to form a
hairpin structure, thus bringing the redox label close to the
electrode surface and consequently resulting in an increase in
redox current.’* " interestingly, nucleic acids are used as
recognition elements to develop electrochemical ion sensors. In
the absence of the target ion, the redox-labeled thymine-
containing DNA probes are highly flexible, enabling efficient
electron transfer between the electrode and redox label. Binding
of Hg(1II) or Au(III) rigidifies the g)robe, resulting in a decrease in
the redox current (signal-OFF).*”*

2.2.9. Aptamers. Aptamers are nucleic acid ligands that are
isolated from libraries of oligonucleotides by an in vitro selection
process called systematic evolution of ligands by exponential
enrichments (SELEX).*"** In contrast to base pairing exhibited
by nucleic acids, aptamers can fold to form highly specific three-
dimensional structures due to their self-annealing properties.
The selectivity and binding affinity of aptamers can be similar to
those of the correspondin§ antibodies. However, the selectiv-
ity*>** and binding affinity” of aptamers can be tailored during
the selection process. Another advantage of aptamers over
antibodies is that they are inherently stable, so that they can be
subjected to numerous rounds of denaturation and renaturation,
thus allowing for an easy regeneration of the sensor surface.
Aptamers are produced by chemical synthesis after selection and
sequencing, and so they can be readily modified to enhance their
affinity and stability. A variety of electrochemical aptamer-based
sensors (aptasensors) have been fabricated to detect a plethora of
analytes ranging from small molecules** to large microorgan-
isms*’ 7% and cells.”">* Many signal-ON aptasensors rely on the
formation of a layer of partially unfolded redox-labeled aptamer
probe on the electrode surface. Upon binding to the target, the
probe forms a “close” structure™ or a “three-way junction”,”*>*
thus bringing the redox label in proximity to the electrode surface
and subsequently increasing the redox current.

Catalytic aptamers called aptazymes (RNAzymes and
DNAzymes) are aptamers possessing allosteric properties that
convert the recognition of target analytes into catalytically
generated signals. DNAzymes can be easily engineered to detect
many classes of biological molecules. In addition, DNAzymes can
be repeatedly denatured without losing their catalytic or binding
properties.”® >

2.2.10. Peptide Nucleic Acids (PNAs). PNAs are synthetic
DNA analogues with a polyamide backbone instead of the sugar

phosphate backbone. The uncharged nature of PNAs is mainly
responsible for the thermal stability of PNA—DNA hybrids as
compared to DNA—DNA equivalents. Hence, single-base
mismatches in PNA/DNA hybrids have a considerable more
destabilizing effect that can be easily interrogated. PNAs are
resistant to nucleases and proteases. In addition, PNAs can form
higher order complexes (3- and 4-stranded) with DNA. Hence,
they can be used for the detection of double-stranded DNA
(dsDNA) directly without thermal denaturation.>

2.2.11. Locked Nucleic Acids (LNAs). LNAs are modified
RNA nucleotides. The ribose moiety of an LNA nucleotide is
modified with a methylene linkage connecting the 2" oxygen and
4" carbon. The bridge locks the ribose in the 3’-endo
conformation. LNAs can hybridize with DNAs and RNAs
according to Watson—Crick base-pairing rules to form highly
stable hybrids that are compatible with most enzymes.*’

2.2.12. Molecularly Imprinted Polymers (MIPs). Molec-
ular imprinting is a method for making selective binding sites in
synthetic polymers using molecular templates. Following
polymerization, the template molecule is extracted from the
polymeric matrix using a suitable solvent or by chemical cleavage,
leaving a cavity within the polymeric matrix, which can be used to
capture the target analyte. MIPs offer great promise for the
production of stable “solid-state like” synthetic recognition
elements.”"*> MIPs have been successfully utilized to develop
sensing platforms for small molecules (200—1200 Da range).
Detection of larger biomolecules remains challenging because
the formation of the template cavity to conform to the three-
dimensional image of the biomolecule may be difficult.
Nevertheless, recent studies have shown that MIPs can be
fabricated using biomolecular templates such as presented by a
protein cancer marker, cancer antigen 125 (CA-125, molecular
weight 200 kDa), enabling a subsequent binding of those
targets.“

2.3. Integrated Electrochemical Assays

As compared to carrying out electrochemical analysis in bulk
solution, microfluidics can speed up the interaction between the
recognition element and the target analyte by reducing the
distance required for interaction. Smaller channel dimensions
lead to smaller sample volumes, which can subsequently reduce
the amount of sample and reagents required for analysis.
Reduced dimensions can also lead to miniaturized portable
devices that can enable on-site analysis. Finally, integration of
multiple processes, such as labeling, separation, and detection, in
a microfluidic device is highly amenable for many applica-
tions.** ¢

Microfluidic éplatforms are fabricated from inorganic materials
(e.g., silicon,®” glass,® and ceramics®®), polymers (e.g.
elastomers’” and thermoplastics”"), and paper.”* The choice of
material depends on the application, detection system,
fabrication facility, cost, and other factors including thermal
conductivity, sealing properties, and resistance to different
chemicals. Silicon, glass, and ceramics are more expensive and
less flexible to work with, as compared to polymers. Fabrication
of polymer-based microfluidics does not have stringent require-
ment on clean room facility. Within the past few years, paper-
based microfluidic devices have been widely used as a lower-cost
microfluidic platform.”

The majority of single-step electrochemical assays are based on
microfluidic devices integrated with embedded electrodes or
electrode arrays.”®’*”7® These devices were predominantly
made from elastomers (e.g, polydimethylsiloxane, PDMS),

DOI: 10.1021/acs.chemrev.6b00220
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.6b00220

Chemical Reviews

thermoplastics (e.g,, poly(methyl methacrylate), PMMA), and
paper.

2.3.1. PDMS-Based Microfluidic Devices. PDMS is one of
the most widely used elastomers as it is cheap, elastic, and cures at
low temperature. In contrast to other polymers, PDMS is gas
permeable, which can be advantageous for O, and CO, transport
in cellular studies. However, bubble formation caused by passage
of gas through PDMS can cause technical problems. Because of
its hydrophobicity, PDMS is prone to nonspecific adsorption and
permeation by hydrophobic molecules.”” Chemical modification
of PDMS can often address these problems. In addition, plasma
exposure can hydrophilize the exposed PDMS surface but only
lasts for a short period.”" Although PDMS is one of the most
widely used materials to fabricate cost-effective microfluidic
platforms, the fabricated devices have some limitations as well.
PDMS swells in organic solvents and low molecular weight
organic solutes. It cannot withstand high temperature, and its
mechanical stability is quite low. There are several methods
available for the fabrication of PDMS devices including soft
lithography, casting, img)rinting, injection molding, hot emboss-
ing, and laser ablation.”"** Importantly, multig)le layers can be
stacked to create complex microfluidic designs. ® In recent years,
several PDMS-based microfluidic devices were desi§ned to allow
for efficient capture of circulating tumor cells.”"** Several
PDMS-based microfluidic devices integrated with electro-
chemical sensors have been developed for the analysis of
clinically relevant proteins, such as prostate-specific antigen,g9
interleukin 6,*” C-reactive protein,” and apolipoprotein E.”!

2.3.2. PMMA-Based Microfluidic Devices. PMMA,
formed through the polymerization of methyl methacrylate, is
widely known under the name lucite and Plexiglas. PMMA
patterns can be formed by injection molding or hot embossing.
Several advantages of this material include gas impermeability,
biological compatibility, and ease of micromachining at relatively
low temperatures (~100 °C).”” PMMA offers better perform-
ance than PDMS under mechanical stress. In addition, it does not
require long fabrication and curing time. PMMA-based
mutlilayered devices can be completely fabricated in few hours.
PMMA-based microfluidic devices integrated with electro-
chemical sensors have been employed for the analysis of
clinically relevant proteins, such as a-fetoprotein” and amino-
terminal pro-B-type natriuretic peptide.”*

2.3.3. Paper-Based Microfluidic Devices. Paper is a
flexible, cellulose-based material that has recently emerged as a
promising microfluidic substrate for several reasons: (1) paper
can transport liquids via the capillary effect without the assistance
of an external force; (2) inkjet and solid wax printing enable facile
functionalization and pattern definition; (3) paper is biologically
compatible and can be chemically modified; (4) the high surface
to volume ratio provided by the macroporous structures in paper
improves the immobilization of recognition elements, allowing
for rapid detection; (S) paper-based microfluidic devices can be
fabricated both in 2D and in 3D for either horizontal and vertical
flow; and (6) the material can be easily disposed by natural
degradation. Electrochemical detection in paper microfluidics
was first demonstrated using a three-electrode design to analyze
clinically relevant small molecules, such as glucose, lactate, and
uric acid in human serum.”

Integration of electrochemical detection into paper-based
microfluidic devices has led to the development of several low-
cost, easy-to-use portable diagnostic devices. Microfluidic
channels can be fabricated on cellulose paper and wax-patterned
paper using photolithography. Electrodes can be fabricated by

several methods, including screen-printing, direct writing with a
pen dispensing conductive material, spraying conductive inks
through stencils, and physical deposition of metals. However,
screen-printing remains the most convenient method for
electrode fabrication.” Paper-based microfluidic devices inte-
grated with electrochemical sensors have been used in the
analysis of clinically relevant small molecules, such as glucose,
lactate, and uric acid,”® and proteins, such as carcinoembryonic
alntigen,(ﬁ’98 a-fetoprotein,9 cancer antigen 125,97 and immu-
noglobulins.99

3. ELECTROCHEMICAL ANALYSIS OF SMALL
MOLECULES

Clinically relevant endogenous small molecules and ions include
neurotransmitters, metabolites, vitamins, amino acids, dietary
minerals, and other small biomolecules. In this section, we review
several approaches adopted for the selective detection of small
molecules and ions, including: (i) using specific biorecognition
elements such as antibodies, biological receptors, aptamers,
MIPs, enzymes, enzyme-mimicking metalloproteins, coenzymes,
whole cells, affinity ligands, double-stranded nucleic acids,
DNAzymes, and ionophores in case of ion detection; (ii) the
use of conducting films and electrocatalytic electrode-coating
materials to enhance the response current and reduce the
overpotential to minimize the interference caused by other
electrochemical analogues; (iii) using nanostructured interfaces
to amplify the signal and subsequently improve the temporal
resolution of the sensor; and (iv) chemometrics that resolve the
overlapping signals of the target small molecules and other
interfering species. Combinations of two or more of these
approaches have also been pursued to improve the analytical
performance of biosensors.

3.1. Neurotransmitters

Neurotransmitters are endogenous chemical messengers that
transmit, enhance, and convert specific signals between neurons
and other cells. Neurotransmitters include dopamine, acetylcho-
line, serotonin, epinephrine, norepinephrine, nitric oxide,
glutamate, and tryptamine. A variety of electrochemical methods
are available for the measurement of these analytes both in vitro
and in vivo.

3.1.1. Dopamine (DA). DA is a catecholamine neuro-
transmitter widely present in the central nervous system. It
influences a variety of motivated behaviors, attention span, and
neuronal plasticity and plays a critical role in memory and
learning. Altered levels of DA have been implicated in several
neurological disorders including Parkinson’s disease and
schizophrenia."” The normal values of DA in blood range
from 10 to 480 pM."°" Monitoring of DA, in the presence of
other chemical analogues such as epinephrine, norepinephrine,
serotonin, ascorbic acid, uric acid, catechol, phenethylamine,
tyramine, and tyrosine, is crucial in the diagnosis and mechanistic
understanding of human neuropathology.

A voltammetric immunosensor for DA was designed on the
basis of magnetic particles (MPs) coated with anti-DA
monoclonal antibody.'”> Carbon nanotubes (CNTs) were
adsorbed on the surface of the MPs. The magnetic entrapment
of the CNT/MP hybrids onto a gold screen-printed electrode
placed on top of a magnet allowed for straightforward
electrochemical sensing of DA by exploiting CNT's as a wiring
tool. Cyclic voltammetry (CV) permitted the determination of
DA level in the linear range from 780 pM to 50 M, with a limit of
detection (LOD) of 120 nM.
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An amperometric aptasensor for DA was fabricated on the
basis of the electrostatic interactions between a negatively
charged DA-specific aptamer and a positively charged cyste-
amine-modified gold electrode.'”® The sensor allowed for
quantification of DA over the range from 100 nM to S yM. In
addition, interference from ascorbic and uric acid was rendered
negligible by coating the sensor surface with a Nafion-coated
membrane.

Recently, the aptamer affinity to DA was enhanced by 1 order
of magnitude via regulating the electrostatic immobilization of
the aptamer.'” Under optimal conditions, the dissociation
constant of the aptamer was 0.12 + 0.01 4M as compared to 1.6
+ 0.17 uM in solution. Remarkably, the amperometric sensor
demonstrated more robustness and allowed for a more selective
determination of DA level in the range from 100 nM to 2 uM,
with negligible interference from structurally related catechol-
amines.

A FET-based aptasensor for DA was recently developed in
which a multiple-parallel-connected silicon nanowire field-effect
transistor (MPC/SiNW-FET) was modified using a DA-specific
aptamer (Figure 2).'"®> As compared to conventional electro-
chemical methods, the nanoelectronic device lowered the LOD
of DA to 100 pM and did so even in the presence of other
chemical analogues.

15-ﬁﬁ . Hypoxic buffer
éaz, P . PC12cell
1 - Dopamines

Y 2

MPC aptamer/SiNW-FET

Lock-in
amplifier

Figure 2. Illustration of an aptamer-modified silicon nanowire field-
effect transistor (FET) device for detecting exocytotic DA under
hypoxic stimulation from living PC12 cells (left). Optical microscopy
image of the device (right). S, source; D, drain. Reprinted with
permission from ref 10S. Copyright 2013 American Chemical Society.

A MIP-based voltammetric sensor for DA was prepared using a
core—shell composite of gold nanoparticles (GNPs) and
biocompatible porous sol—gel SiO, preformed on the surface
of a glassy carbon electrode (GCE).'” The template DA

molecules were first adsorbed on the GNPs surface; then they
were further assembled onto the polymer membrane via
hydrogen bonding and 7—7 interactions between the template
molecules and the silane monomers. Subsequently, CV was
carried out to strip out the DA molecules from the imprinted
membrane. Differential pulse voltammetry (DPV) permitted the
measurement of DA in the linear range from 48 nM to 50 uM,
with a LOD of 20 nM.

To enhance further the selectivity of MIP-based detection of
DA, a combination of boronic acid functional groups and
molecularly imprinted cavities of poly(aniline-co-anthranilic
acid) (PANANA) was utilized as the support material.'”” This
receptor, which bore a covalent ester linkage to DA via boronic
acid, was employed as a recognition element for DA. The double
recognition through the boronic acid and the shape of the cavities
endowed the sensor with high selectivity toward DA. DPV
measurements revealed a linear relationship between the peak
current and DA concentration in the range from 10 nM to 10
M, with a LOD of 3.3 nM.

An enzymatic implantable microbiosensor is also available for
in vivo monitoring of DA.'* The biosensor was fabricated using
tyrosinase enzyme immobilized in a biocompatible matrix
comprising chitosan and ceria-based metal oxides, and was
deposited onto the surface of a carbon fiber microelectrode.
Tyrosinase catalyzed the conversion of DA to o-dopaquinone,
and the reduction of the product was detected at low potential.
This amperometric sensor demonstrated a linear range of §
orders of magnitude between 10 nM and 220 uM, with a LOD of
1 nM.

Another DA specific enzyme, laccase, was utilized to construct
an amperometric sensing platform for DA via laccase-catalyzed
oxidation and intramolecular cyclization of DA.'” In  this
approach, the enzyme was immobilized onto magnetite nano-
particles confined in a fused-silica capillary using an external
magnetic fleld. The resultant magnetic bioreactor was then
placed upstream relative to an electrochemical flow cell. Laccase
catalyzed the oxidation of DA into a quinonoid form and thereby
initiated a series of sequential reactions, including deprotonation,
intramolecular cyclization, and oxidation to yield S,6-dihydrox-
yindoline quinone. The electrochemical reduction of the product
on the surface of a GCE provided the readout for DA
measurement, as shown in Figure 3. The amperometric sensor
allowed for the detection of 2 yM of DA in the brain
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Figure 3. Schematic illustration of online measurements of dopamine based on a nonoxidative electrochemical approach integrated with in vivo
microdialysis and laccase-immobilized magnetic microreactor. Reprinted with permission from ref 109. Copyright 2010 Elsevier.
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microdialysate, without significant interference from uric acid
and S-hydroxytryptamine.

Another enzyme-based sensing platform for DA was
constructed on the basis of a mixture of horseradish peroxidase
(HRP) and multiwalled carbon nanotubes (MWCNTSs). The
latter were immobilized onto the surface of a carbon paste
electrode coated with a polymerized film of glycine through silica
sol—gel entrapment.''’ Using DPV, a calibration curve of DA
was obtained in the range from 15 to 865 uM, with a LOD of 6
UM.

Sensors coated with conducting films have also been employed
for selective detection of DA."'" In one study, the aromatic 7—7x
stacking and electrostatic attraction between the positively
charged DA and negatively charged porphyrin-functionalized
graphene electrode were found to accelerate electron transfer
between the DA and the electrode surface. In contrast, oxidation
of anionic interferents, such as ascorbic acid and uric acid, was
inhibited at the negatively charged porphyrin-modified surface.
DPV permitted the analysis of DA level, with a LOD of 10 nM.

In a related approach, a screen-printed carbon electrode was
pretreated with an anionic surfactant, sodium dodecyl sulfate, for
DA analysis.''* It was observed that the sodium dodecyl sulfate
pretreatment had caused the DA oxidation peak to shift
cathodically and became clearly distinguishable from the
oxidation peaks of ascorbic and uric acid. Using square wave
voltammetry (SWV), a calibration curve of DA was obtained in
the range from 1 to 100 uM, with a LOD of 370 nM.

Silicon carbide-coated GCEs have also been utilized for
selective detection of DA in the presence of interferents.''> SWV
permitted the interrogation of the DA level in the linear range
from 0.2 to 35 uM, with a LOD of 50 nM.

Nanomaterial-based interfaces have also been utilized for
selective DA analysis."'* In one study, single-walled carbon
nanotubes (SWCNTs) were functionalized with carboxylic
groups and assembled onto a carbon-fiber disk electrode
modified with a thin, iron hydroxide-decorated, Nafion film.
The surface modification allowed for a 9-fold increase in
temporal resolution as compared to the bare electrode. Fast-scan
cyclic voltammetry (FSCV) permitted a sensitive dopamine
analysis, with a LOD of 17 nM.

In another approach to enhance the selectivity of DA analysis
using nanostructured surfaces, the electrooxidation of DA was
investigated on the surface of five different classes of carbon
electrodes.''> These included a GCE, oxygen-terminated
polycrystalline boron-doped diamond, edge plane pyrolitic
graphite, basal plane pyrolitic graphite, and the basal surface of
highly oriented pyrolitic graphite, encompassing five distinct
grades and coverage varying by more than 2 orders of magnitude.
Of all of the five carbon electrode types, the highly oriented
pyrolitic graphite showed the clearest signal at a low
concentration of DA (10 uM). Interestingly, repetitive
voltammetry caused the products of ascorbic acid oxidation to
adsorb onto the surface, forming a perm-selective layer that
allowed an unimpeded electrochemical oxidation of DA, while
significantly inhibiting the electrochemical response of ascorbic
acid.

Using nanostructured interfaces coated with electroactive
materials, the selectivity of DA sensors has been enhanced
significantly. A sensor coated with a three-layered film, consisting
of poly(3,4-ethylenedioxithiophene) as the internal and external
layer and poly(N-methylpyrrole) as the intermediate layer, was
utilized for voltammetric analysis of DA."'® The sensitivity of the
three-layered electrode was further enhanced by coating its

surface with GNPs. Using CV, the level of DA was determined,
with a LOD of 10 uM and 2—3 M in the presence and absence
of interferents, respectively.

Chemometrics represents an alternative means to improve the
selectivity of assays using mathematical and statistical methods
rather than interfacial design techniques. Mutivariate curve
resolution using a least-squares approach has been used for
selective determination of DA in the presence of other
catecholamines.'” Chemometrical analysis of the DPV data
using an alogarithm to correct the potential drift in the
voltammetric response allowed for the analysis of a wide
concentration range of DA extending from 0.1 to 205 uM, with a
LOD of 35.5 nM.

3.1.2. Acetylcholine (ACh). ACh is a neurotransmitter that
acts as a key link in the communication between the neurons in
the spinal cord and the nerve skeletal junctions in vertebrates.
ACh is found in the preganglionic and motor neurons that affect
cognition, learning, memory, and muscle tone. A variety of
neuropsychiatric disorders such as Parkinson’s disease, myas-
thenia gravis, and Alzheimer’s disease are correlated with
dysfunctional ACh regulation. The normal values of ACh in
blood range between 7.6 and 9.7 nM."'® The release of this
neurotransmitter occurs at the millisecond time scale, thus
requiring a rapid and sensitive method for its detection.

One approach for ACh detection that is available relies on M1
muscarinic ACh receptor expressed in E. coli and subsequently
immobilized onto the surface of a SWCNTs-based FET, thus
enabling sensitive and selective detection of ACh.'"” This sensor
system provided the first demonstration of real-time detection of
ACh. The sensor allowed highly sensitive detection of ACh, with
a LOD of 100 pM.

An enzymatic microbiosensor for choline (Ch) and ACh was
constructed using an electropolymerized film of poly(o-phenyl-
enediamine).”” Two ACh-specific enzymes, including acetyl-
choline esterase (AChE) and choline oxidase (ChO), were
coimmobilized onto the surface of a poly(o-phenylenediamine)-
modified carbon fiber microelectrode. The electrode assembly
was completed by depositing MWCNTs and Nafion. This
amperometric sensor permitted the analysis of ACh and Ch
levels, with a LOD of 45 nM.

To enhance the sensitivity of enzyme-based ACh sensors, an
enzymatic sensor was designed to work at near monolayer
coverage.'”' Reducing the enzyme layer thickness was found to
improve the temporal resolution of the sensor by reducing the
diffusion time of the enzyme product. In this work, two enzymes,
AChE and ChO, were coimmobilized onto the surface of a
GNPs-modified carbon fiber microelectrode at an optimized
ratio of 1:10 AChE/ChO for most eflicient sequential enzymatic
activity. Amperometric detection of ACh was linear over the
range from 10 M to 4 mM, with a LOD of 10 M.

Another enzyme-based sensing platform relied on two
enzymes, ChO and catalase coimmobilized onto magnetite
nanoparticles and confined within a fused-silica capillary using an
external magnet.'”” The bienzyme microreactor was placed
between an in vivo microdialysis system and an electrochemical
detector to suppress the interference of Ch toward ACh
detection. Selective detection of ACh was achieved using
AChE and ChO as the recognition units for ACh and Prussian
blue as the electrocatalyst for H,O, reduction. Electrochemical
measurements revealed a linear relationship between the
amperometric current and ACh concentration in the range
from 5 to 100 uM, with a LOD of 1 uM.
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The use of nanostructured electrodes for ACh detection has
also been reported. An amperometric sensor was fabricated using
nano%)ipette electrodes with diameters ranging from 14 and 70
nm.'** The sensor distinguished between ACh, tryptamine, and
serotonin at half wave transfer potentials (E;/,) of —0.11, —0.25,
and —0.47 V, respectively. When amperometry was used, the
current was proportional to ACh concentration in the range from
250 uM to 6 mM, with a LOD of 205 M.

3.1.3. Serotonin. Also known as S-hydroxytryptamine (5-
HT), serotonin is a major monoamine neurotransmitter and
neuromodulator that contributes to a variety of biological and
psychopathological processes, including sleep regulation,
depression, eating disorders, autism, alcoholism, anxiety
disorders, obsessive-compulsive disorder, and psychosis. The
normal values of S-HT in blood range between 0.6 and 1.6
ﬂMIIOI

A variety of electrochemical sensing platforms for 5-HT have
relied on f-cyclodextrin as a recognition element, leveraging its
ability to form a stable inclusion complex with 5-HT. A carbon
paste electrode was modified with a composite of -cyclodextrin,
N-acetylaniline, and MWCNTSs to construct an electrochemical
sensor for 5-HT."”* Using amperometry, the 5-HT level was
determined in the linear range from 4 to 200 M, with a LOD
down to the sub-micromolar level.

The use of specific ligands for S-HT has also been pursued,
including in an electrochemical sensor based on a mixed layer of
captopril and thiophenol self-assembled onto the surface of a
gold electrode.'” The 5-HT molecules were selectively captured
via the formation of a strong complex with the layer, providing an
anodic stripping current upon anodic scan or increase in the
charge-transfer resistance to a redox probe due to the blocking
effect of the formed complex. Differential pulse anodic stripping
voltammetry (DPASV) and EIS were successfully used for S-HT
detection with LOD values of 28 and 1.2 nM, respectively.

Real-time analysis of S-HT in biological samples was also
demonstrated using a carbon fiber microelectrode for the
quantification of 5-HT secreted from a platelets suspension.'*®
Notably, this electrode was chosen due to its excellent temporal
resolution, high sensitivity, and ability to provide a cyclic
voltammogramic signature for S-HT identification. Using FSCV,
the sensor allowed for a sensitive detection of 5-HT, with a LOD
of 360 pmol/107 platelets.

In a closely related approach, a Wireless Instantaneous
Neurotransmitter Concentration System (WINCS) was pro-
duced to support FSCV at a carbon fiber microelectrode for real-
time measurement of 5-HT.'”” Optimized for S-HT detection,
FSCV consisted of an N-shaped waveform scanned linearly from
a resting potential of +0.2 to +0.1 V then to —0.1 V and back to
+0.2 V at arate of 1000 V's™". The sensor permitted the detection
of 10 uM of 5-HT in the dorsal raphe nucleus of rat brain slices
after neurotransmitter release was provoked electrically.

3.1.4. Epinephrine (Ep). Ep, also known as adrenalin, is a
hormone and neurotransmitter secreted by the medulla of the
adrenal glands. It is also produced at the ends of sympathetic
nerve fibers and serves as a chemical mediator for conveying
nerve impulses to the effector organs. Ep is mainly responsible for
activating the sympathetic system associated with the energy and
excitement of the fight-or-flight response. The influence of Ep is
mainly limited to metabolic and bronchodilation effects on
organs devoid of direct sympathetic innervations. The normal
values of Ep in blood range from 20 and 460 pM."""

A MIP-based sensor for Ep was constructed using CNTs
bearing a terminal monomeric unit and entailing N-hydrox-

yphenyl maleimide functionality as a polymeric network with
simultaneous imprinting of Ep as a template molecule.'”* The
MIP was cast onto a pencil graphite electrode (PGE). Using
DPASYV, the Ep level was determined in the linear range from 0.5
to 32 nM, with a LOD of 10.9 nM.

In another nanomaterial-based approach, an electrochemical
sensor for Ep was made on the basis of oxidized single-wall
carbon nanohorns.'”” DPV permitted the analysis of Ep level in
the linear range from 2 to 2.5 yM, with a LOD of 0.1 uM.

A similar strategy was adopted using a GCE modified with
nickel oxide nanoparticles and CNT's within a dihexadecylphos-
phate film for selective Ep analysis."” DPV measurements
allowed for the quantification of Ep within the linear range from
0.3 to 9.5 M, with a LOD of 82 nM.

Selective detection of Ep was also achieved with porous
diamond-like carbon electrodes.'*! Using CV, interrogation of
Ep levels was achieved in the linear range from 10 to 100 M,
with a LOD of 4.5 uM.

3.1.5. Norepinephrine (NE). NE, also known as nora-
drenalin, is a hormone and neurotransmitter released from the
sympathetic neurons to affect the heart. As a stress hormone, NE
affects the amygdala in the brain where attention and vigilant
concentration are controlled.** In addition, NE also underlies
the fight-or-flight response along with Ep by directly increasing
the heart rate, triggering the release of glucose from energy stores
and increasing the blood flow to skeletal muscles. The normal
values of NE in blood range from 0.45 and 2.49 nM.""

A MIP-based sensor for NE was constructed by electro-
polymerizing o-aminophenol on the surface of a GCE in the
presence of NE."”> Using SWV, a linear increase in the peak
current was observed in the range from 50 nM to 10 uM, with a
LOD of 490 pM.

An enzymatic amperometric sensor for NE was fabricated
using a mixture of phenylethanolamine N-methyl transferase
enzyme and S-(5'-adenosyl)-L-methionine chloride cofactor
coimmobilized onto the surface of a mesoporous carbon
electrode.'** The sensor permitted the linear determination of
NE level up to 2995 M, with a LOD of 591 uM.

The use of electrode materials coated with poly(acrylic acid)
represents a means to enhance the selectivity of the underlying
sensors, because the negatively charged film can inhibit anionic
interferents, such as ascorbic acid and uric acid. A sensing
platform for NE was designed utilizing a screen-printed carbon
electrode modified with poly(acrylic acid) coated-MWCNTs."*
DPV permitted linear quantification of the NE level up to 10 M,
with a LOD of 131 nM.

3.1.6. Nitric Oxide (NO). NO is a transcellular messenger
molecule that mediates various physiological and pathological
events in the biological system. NO is released by most cancer
cells and normal cells under drug stimulation and in the course of
disease development. Nevertheless, it is very challenging to
detect NO in real-time due to its low concentration, high
diffusivity, and fast decay.'*

An enzymatic electrochemical assay for NO was developed
using a microperoxidase enzyme immobilized onto a nano-
composite of MWCNTs and poly-5,2":5',2-terthiophene-3’-
carboxylic acid preformed on the surface of a GCE."*” Catalase
and superoxide dismutase enzymes were coimmobilized onto the
probe surface to prevent any interference from H,0, and O,
during NO detection. Using amperometry, a linear relationship
was established between the current and NO concentration in
the range from 1 to 40 uM, with a LOD of 4.3 nM.
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Another enzymatic approach was described for NO detection
in biological fluids, which usually contain a mixture of NO and its
oxidation products, nitrite and nitrate."*® In this method, nitrate
was enzymatically converted to nitrite, which was then
chemically converted to equimolar NO in acidic iodide bath.
The total NO was directly detected using an amperometric
sensor. The method permitted a sensitive detection of NO, with
aLOD of 0.1 nM.

Hemin is an iron protoporphyrin that has a high binding
affinity and selectivity toward NO. A NO sensor was fabricated
using a hemin-functionalized graphene-based FET."”” An
efficient immobilization of hemin molecules on graphene,
without damaging the graphene lattice, was attained through
m—n stacking interactions. The sensor allowed for the linear
determination of NO level up to 1 M, with a LOD of 0.3 nM.

Direct oxidation of NO using nanomaterials-based sensors has
also been reported.'*’ A nanocomposite of GNPs was deposited
on a three-dimensional graphene hydrogel to fabricate an
amperometric sensor for NO. The relation between the
oxidation peak current and NO level was linear over the range
from 0.2 to 6 uM, with a LOD of 9 nM.

Direct real-time monitoring of NO was demonstrated using a
thin amperometric sensor that can be embedded into a
microfluidic device."*' A gold/indium—tin oxide (Au/ITO)
patterned electrode was directly positioned on a porous polymer
membrane as the base working electrode. An electrochemically
deposited Au-hexacyanoferrate layer on the surface of Au/ITO
was used to catalyze NO oxidation to nitrite at lower potential. In
addition, a gas-permeable membrane was used to enhance the
selectivity of the sensor. The sensor enabled NO detection, with
aLOD of 1 nM.

3.1.7. Glutamate (Glu). Glu is a major excitatory neuro-
transmitter in the central nervous system. It is involved in the
main aspects of brain functions and plays a principal role in
neural activation. Excessive glutamate in brain fluids is indicative
of acute brain insults such as traumatic brain injury and stroke.'**

An enzymatic amperometric sensor for Glu was constructed
using glutamate oxidase immobilized onto a composite film of
carboxylated MWCNTSs, GNPs, and chitosan, preformed on the
surface of a gold electrode.'*” A linear relationship was obtained
between the amperometric current and Glu concentration over
the range of 5—500 uM, with a LOD of 1.6 uM.

Another enzymatic sensor was based on glutamate dehydro-
genase enzyme covalently attached to the tips of vertically aligned
CNTs grown on the surface of a silicon substrate usin§ direct
current plasma enhanced chemical vapor deposition.'*" Using
DPV, two linear calibration curves of Glu were obtained in the
range from 0.1 to 20 uM and 20 to 300 uM, with a LOD of 57
nM.

An enzyme-free electrochemical platform for Glu analysis was
developed using vertically aligned arrays of nickel nanowires and
platinum-coated nickel nanowires.'*> The amperometric sensor
allowed for the analysis of glutamate level up to 8 mM, with a
LOD of 68 and 83 uM for nickel nanowire array and platinum-
coated nickel nanowire array, respectively.

3.1.8. Tryptamine. This monoamine alkaloid found in trace
amounts in the brains of mammals is believed to play a role as a
neurotransmitter or neuromodulator. Tryptamine acts as a
nonselective serotonergic receptor agonist and releasing agent
for S-HT and DA."*

A MIP specific for tryptamine was synthesized by electro-
polymerizing p-aminobenzoic acid in the presence of the
template, tryptamine."*” The MIP was deposited onto a

graphene electrode modified with polypyrrole-sulfonated
graphene and hyaluronic acid-modified MWCNTSs. Ampero-
metric measurements permitted the quantification of tryptamine
in the linear range from 90 nM to 70 uM, with a LOD of 74 nM.

3.2. Metabolites

Metabolites are the intermediates and products of metabolism.
They include glucose, uric acid, urea, cholesterol, lactates,
hydrogen peroxide, creatine, creatinine, ketone bodies, xanthine,
and hypoxanthine. One member of this molecular class, glucose,
is perhaps the largest success story in the application of
electrochemical sensing methods to clinical applications. The
widespread use of electrochemical glucometers is a clear example
of how the cost-effectiveness and robustness of electrochemical
sensors can be leveraged in commercial products.

3.2.1. Glucose. Diabetes mellitus is a worldwide public
health problem. This metabolic disorder is caused by insulin
deficiency and is reflected by blood glucose concentrations
higher or lower than the normal range (4.4—6.6 mM).'** The
first and second generations of commercial glucose sensors were
based on the immobilization of glucose oxidase enzyme onto an
electrode surface. Mediators were employed for electron
shuttling between the enzyme and electrode surface.*” Direct
electron transfer between the enzyme and the electrode surface
was introduced in third generation glucose sensors.”’ The
selectivity of these sensors is excellent; however, problems such
as enzyme denaturation and subsequent reduction in reprodu-
cibility after storage can arise."”’ Alternative nonenzymatic
glucose sensors are therefore of considerable interest; however,
these require alkaline aqueous conditions during measurement,
and this is not suitable for in vivo glucose sensing applications.

To facilitate glucose monitoring without the need for blood
sampling, an enzymatic amperometric sensor was designed to
facilitate glucose measurement in tears.">” The sensor relied on
immobilized glucose oxidase onto the surface of a 0.25 mm
platinum/iridium wire and anodic detection of the liberated
H,O, from the enzymatic reaction. Inner layers of Nafion and an
electropolymerized film of 1,3-diaminobenzene/resorcinol
greatly enhanced the selectivity of the sensor in the presence
of interferents in tear fluids. Using only 4—5 uL of tear fluid, the
sensor had a LOD of 1.5 uM glucose.

A microfluidic paper-based electrochemical device (uPED)
was developed to quantify the glucose level in various biological
fluids such as serum, blood, and urine. The yPED comprised
paper-based microfluidic channels patterned using photo-
lithography or wax-printing and electrodes directly screen-
printed from conducting inks (e.g., carbon or Ag/AgCl).153 A
solution of glucose oxidase was spotted on top of the paper
microchannel. Using chronoamperometry (CA), a linear
quantification of glucose level up to 22.2 mM was accomplished.

Another version of the paper-based electrochemical system
was made to facilitate flow-injection analysis of glucose.'>* In this
design, capillary wicking was used to allow for a gravity-driven
flow of buffer solution continuously through paper from a buffer
reservoir placed at the higher end of the device to a sink at the
lower end. Glucose oxidase was immobilized onto a nitro-
cellulose membrane coating a thin platinum electrode positioned
on a solid support. The counter and reference electrodes were
positioned upstream in the buffer reservoir. CA allowed glucose
level determination up to 26 mM, with a LOD of 0.2 mM. This
method did not require disposable test strips.

A universal mobile electrochemical detector (uMED) was
developed for use in resource-limited applications.">® The device
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was designed to operate with a wide range of electrode formats
coupled directly to the mobile Internet using a cellular device, as
shown in Figure 4. The uMED allowed for direct glucose sensing
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Figure 4. An image of the uMED interfaced to a commercial glucose test
strip and a cellular device through an audio cable, for transmission of
data over voice (left). A schematic of the connections and data flow from
the electrodes through the uMED to the remote back end (right).
Reprinted with permission from ref 155. Copyright 2014 National
Academy of Sciences of the United States of America.

in blood, using glucose oxidase-modified test strips. CA was
employed for glucose measurement within the linear range from
2.8 to 27.8 mM.

An enzymatic-ink-based roller pen was produced to allow for
direct incorporation of the sensing element into renewable
glucose sensor strips.'*® The resulting enzymatic-ink-pen
permitted facile fabrication of high-quality inexpensive ampero-
metric sensors of any design using a wide variety of surfaces. The
renewable sensor strips allowed for up to 20 measurements of 2
mM glucose in blood without any appreciable change in
sensitivity.

Intense research efforts to develop affinity sensors for glucose
have focused on the plant lectin Concanavalin A (Con A) due to
its inherent stability and activity in physiological pH."” For
example, a competitive capacitive glucose sensor was fabricated
using Con A-coated GNPs assembled on a polytyramine-
modified gold electrode.">® Experimental results demonstrated
that the biosensor responded linearly to glucose concentrations
in the range from 1 yM to 10 mM under optimized conditions.

Another nonenzymatic glucose sensor was based on localized
modulation of pH within a symmetric gold—gold junction
electrode.">” In this work, a paired gold—gold junction electrode
(average gap size ca. 500 nm) was formed by simultaneous
electrodeposition of gold onto two closely spaced platinum disk
electrodes. The potential of the working electrode was set to
—1.5 V vs saturated calomel electrode (SCE) to increase the pH
locally. CV and SWV data demonstrated the linearity of the
sensor response within the clinically relevant glucose range of 1—
10 mM.

3.2.2. Lactose. Lactose is a disaccharide hydrolyzed by the
lactase enzyme in the digestive system into the monosaccharides,
glucose and galactose. The lactose level in blood can be used in
the diagnosis of gastrointestinal malignancies.'*’

An enzymatic-based amperometric sensor for lactose was
prepared by immobilizing -galactosidase enzyme in a layer-by-
layer film of poly(ethylene imine) and poly(vinyl sulfonate)
followed by film deposition onto a Prussian blue-coated ITO

electrode.'®" The sensor responded linearly to increasing lactose

concentrations and had a LOD of 1.1 mM.

Another lactose-specific enzyme, cellobiose dehydrogenase,
was utilized to construct an amperometric sensor for lactose.'®
Here, the enzyme was immobilized onto a nanohybrid of poly(3-
amino-4-methoxybenzoic acid-co-aniline) and MWCNTs fol-
lowed by the deposition of the nanohybrid on the surface of a
gold electrode. The sensor responded linearly to lactose
concentrations up to 30 mM.

3.2.3. Uric Acid (UA). UA is the major nitrogenous molecule
in urine and has been associated with a variety of clinical
disorders. Elevated UA level in blood, also called hyperuricemia
or Lesch—Nyhan syndrome, may result in gout and other
pathological conditions, including obesity, diabetes, high blood
pressure, and kidney and heart diseases. The normal values of UA
in blood range between 200 and 400 #M.'®® One of the major
problems inherent in direct biological determination of UA
results from the interference caused by other biomolecules of
close oxidation potential such as ascorbic acid.'**

An enzymatic amperometric sensor for UA was fabricated
using ferrocene-induced electroactivated uricase enzyme depos-
ited within a Nafion film onto a GCE.'® Electro-activation of
uricase was achieved using CV through the electrostatic
interaction between the Fc molecules and tryptophan residues
within the hydrophobic pockets in the enzyme. The sensor
system generated a linear response over a range from 500 nM to
600 ;M UA, with a LOD of 230 nM.

A nonenzymatic assay for UA in urine was developed using
boron-doped diamond microelectrodes.'®® The approach relied
on the superior properties of BDD, such as low background
current, low nonspecific adsorption of other species, long-term
stability, and antifouling capabilities upon electrochemical
reactivation. Direct estimation of UA concentrations down to 1
mM was feasible in the presence of ascorbic acid.

In a related system, a sulfur-adlayer-coated gold electrode was
utilized for UA analysis. The sensor facilitated UA oxidation at a
significantly lower overpotential with a higher current density as
compared to an unmodified electrode.'®” The proposed
electrochemical sensor showed a linear amperometric response
to UA in the concentration range from 2.5 uM to S mM, with a
LOD of 0.4 yM.

A dendrimer-modified sensor was used for selective
determination of UA in the presence of ascorbic acid.'*® In this
work, a GCE was sequentially modified by cysteamine-capped
GNPs and poly(amidoamine) (PAMAM) dendrimers gener-
ation 4.5 bearing 128-COOH peripheral groups. The concen-
tration of UA was determined using CV, with a LOD of 34.5 nM.

3.2.4. Urea. Because urea is the final product of protein
metabolism, its level often provides critical information on the
nutritional status of the human body. The normal concentration
range of urea is 2.5—6.6 mM, depending on the patient’s age and
sex. The blood urea nitrogen (BUN) and urine urea nitrogen
(UUN) tests are often used to assess kidney disorders such as
acute kidney failure or end-stage renal diseases. However,
alteration of the urea level is not highly specific for kidney
diseases, but instead may reflect dehydration or increased protein
intake.'*

Using a pH-switchable electrochemical sensing platform, both
urea and glucose can be analyzed.'”’ The detection relies on in
situ pH-switchable enzyme-catalyzed reactions in which the
hydroxylation of urea catalyzed by urease or oxidation of glucose
catalyzed by glucose oxidase resulted in a pH change in the
electrolyte solution, leading to a different electrochemical

DOI: 10.1021/acs.chemrev.6b00220
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.6b00220
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.chemrev.6b00220&iName=master.img-004.jpg&w=223&h=142

Chemical Reviews

response toward [Fe(CN)4]*". Using CV, DPV, and EIS, urea
analysis was achieved in the linear range from 1 to 7 mM.

In another enzymatic approach, an amperometric sensor for
urea was constructed using a multilayered graphene-coated ITO
electrode."”" Notably, multilayered graphene was used because
of its large 2D surface area and high electrical conductivity.
Urease and glutamate dehydrogenase enzymes were coimmobi-
lized onto the sensor surface. The assay permitted the
interrogation of urea level in the linear range from 1.7 to 16.7
mM, with a LOD of 0.6 mM.

A urease-based potentiometric sensor for urea was also
reported.'”” The enzyme was either physisorbed onto an
electrodeposited polyaniline film or immobilized on a layer-by-
layer film of alternating carboxymethylpullulan and chitosan
assembled on the polyaniline film. The potentiometric response
was proportional to urea concentration in the range from 1 yuMto
100 mM. The sensor based on the enzyme-grafted layer-by-layer
film has exhibited higher stability, a finding attributed to the
protective nature of the polysaccharide coating.

A MIP-based voltammetric sensor for urea was developed
using a gold electrode coated with cadmium sulfide quantum
dots (QDs) doped chitosan as the functional matrix.'”* Using
DPV, two linear ranges for urea analysis were demonstrated
between S pM and 0.4 nM and between 0.5 and 70 nM, with a
LOD of 1 pM.

3.2.5. Cholesterol. Monitoring cholesterol is of great
importance, especially for people with a high risk of developing
heart diseases. Determination of blood cholesterol is required for
the diagnosis of atherosclerosis and for estimation of the risk of
thrombosis and cardiovascular disorders. The normal concen-
tration of total cholesterol in blood should be less than 5.17 mM,
but the value can vary from person to person depending on age,
weight, and gender. The threshold level for total cholesterol
concentration in human blood to be classified as high is defined
as 5.17-6.18 mM.""*

A MIP-based voltammetric sensor for cholesterol was
fabricated by mixing MIP-coated MWCNTs, graphite powder,
and silicon alkoxide, followed by packing the formed mixture into
the electrode cavity of a Teflon sleeve.'’”” Linear sweep
voltammetry (LSV) allowed for the quantification of cholesterol
in the linear range of 10—300 nM, with a LOD of 1 nM.

An enzymatic amperometric sensor for cholesterol was
constructed using a composite of glutaraldehyde-functionalized
magnetic ferrite nanoparticles (GA-MNPs) and poly-
(diallyldimethylammonium chloride)-coated MWCNTs
(PDDA/MWCNTS).'”® This was achieved by wrapping the
carboxylated MWCNT' with the positively charged PDDA prior
to the addition of GA-MNPs. Cholesterol oxidase and HRP
enzymes were coimmobilized onto the composite cast and
deposited on a GCE. The sensor allowed for the calibration of
cholesterol level in the linear range from 0.01 to 0.95 mM, with a
LOD of 0.85 yM.

A reagentless self-powered cholesterol sensing platform was
prepared using the same substrate to power both the anodic and
cathodic electrocatalytic reactions.'”” Cholesterol oxidase was
immobilized in a sol—gel matrix, coating both the cathode and
the anode. Cholesterol oxidation catalyzed by cholesterol oxidase
occurred at the anode, whereas hydrogen peroxide, a product of
the enzymatic conversion of cholesterol, was electrocatalytically
reduced by Prussian blue at the cathode (Figure 5). The resulting
self-powered amperometric sensor enabled the analysis of
cholesterol concentrations up to 4.1 mM.
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Figure 5. Scheme of a self-powered membrane-free cholesterol
biosensor. Reprinted with permission from ref 177. Copyright 2014
American Chemical Society.

In another enzymatic approach, an amperometric triglyceride
sensor was fabricated using a mixture of four enzymes, including
lipase, glycerol kinase, glycerol-3-phosphate oxidase, and HRP
coimmobilized onto the surface of a platinum electrode coated
with a poly(vinyl alcohol) membrane.'”® The current response
was proportional to triglyceride concentration in the range from
560 uM to 2.3 mM, with a LOD of 210 uM.

An interesting approach for cholesterol analysis combined a
simple electrochemical micropaper-based analytical device
(EuPADs) and a commercially available glucometer.””> Each
EuPAD contained printed wax barriers to define the sample and
reference zones, whereas the test strips were made from plastic or
a single layer of paper. In the enzyme-catalyzed step, cholesterol
oxidase catalyzed the oxidation of cholesterol to cholest-4-en-3-
one, with concomitant reduction of Fe(IIl) to Fe(II), and the
Fe(Il) (CN)¢* ions generated were subsequently detected
electrochemically. Amperometric analysis of cholesterol in
human plasma yielded a linear calibration plot in the
concentration range from 0.5—5.2 mM, with a LOD of 340 uM.

A nonenzymatic voltammetric sensing platform for cholesterol
has also been reported.179 In this work, a hydrophilic and
electroactive cholesterol sensing interface was formed by
modifying a chemically converted graphene with f-cyclodextrin
and methylene blue. In the presence of cholesterol, the
methylene blue molecules were displaced from the inclusion
complex and moved into the buffer solution and subsequently
detected electrochemically. Using DPV, a cholesterol calibration
curve was obtained in the range of 5—100 uM, with a LOD of 1
UM.

3.2.6. Lactate. The level of lactate in blood is used in the
clinical diagnosis of respiratory insufficiency, shock, and acute
cardiac disorders. In addition, lactic acidosis is known to
accompany tissue hypoxia, left ventricular failure, and drug
toxicity. The normal values of lactate in blood range between 0.5
and 2.2 mM.'®

An amperometric lactate biosensor was constructed using
lactate oxidase enzyme immobilized in a mucin/albumin
hydrogel matrix preformed onto the surface of a platinum
electrode."®" Typical interference caused by anionic species was
minimized by coating the electrode with a Nafion membrane. A
linear dependence of the catalytic current on lactate concen-
tration was demonstrated in the range from 2 and 1000 xM, with
a LOD of 0.8 uM.

Another enzymatic approach was based on lactate dehydro-
genase enzyme and NAD" coimmobilized onto the surface of a
GCE precoated with a nanocomposite of Fe;O, magnetic
nanoparticles and MWCNTs.'** DPV analysis of lactate yielded
a linear response over the concentration range of 50—500 uM,
with a LOD of § uM.
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An interesting approach was developed for real-time non-
invasive lactate sensing in sweat during exercise events using a
printed amperometric sensor “tattoo” that conforms to the
wearer’s skin.'®> The wearable lactate oxidase-based sensor
exhibited chemical selectivity toward lactate with linearity up to
20 mM and demonstrated resiliency against the mechanical
deformation expected from epidermal wear. The device was
tested on human subjects, and it was observed that the lactate
profiles successfully reflected the production of lactates in sweat
at varying exercise intensities.

The use of whole cells as a sensing element for lactate analysis
was demonstrated using mixed bacterial cultures of Lactobacillus
bulgaricus and Streptococcus thermophilus and palygorskite, a
stabilizing matrix for bacteria, coimmobilized onto the surface of
an O, electrode.'®* The amperometric response of the sensor
was found linear in the concentration range from 0 to 300 ;M.

A FET-based sensor for lactate analysis was developed on the
basis of two elements: (i) a pH-sensitive chemical field-effect
transistor and (ii) a metallic microelectrode deposited around a
sensitive gate.'®> The coexistence of these two elements
combined potentiometric and amperometric effects at the
microscale. This sensor permitted the quantification of lactate
in the linear range from 1 to 6 mM.

3.2.7. Hydrogen Peroxide (HP). Reactive oxygen species
(ROS) are important intracellular signaling molecules, mainly
regulating DNA damage and cell apoptosis. However, accumu-
lation of ROS in cells leads to oxidative stress that may be linked
with a variety of pathological conditions such as neuro-
degenerative disorders, Alzheimer’s disease, autoimmune dis-
eases, and cancer. HP is the most common type of ROS studied
in the cell as it induces numerous deleterious biological
modifications. Hence, selective detection of HP in cells and
assessment of its dynamic release process is essential to fully
understand the roles of the reactive species in cellular
physiology.'*°

An enzymatic voltammetric biosensor for HP was engineered
by embedding a HRP enzyme in a cross-linked 3D polymer
matrix bearing a mobile osmium redox (Os*/**) and permitting
the diffusion of the substrate.'®” Electrons, which reduced the
analyte, were transferred from the electrode surface to the
enzyme by step-by-step collisions of the redox mediators. CV
measurements of HP demonstrated a linear dynamic range
extending from 1 to 100 #M. In addition, CA measurements of
HP exhibited alinear response in the range from 1 to 10 nM, with
aLOD of 1 nM.

In a closely related approach, mesoporous carbon nano-
particles (pore dimension ~6.3 nm) were utilized to fabricate
electrically contacted enzyme electrodes for HP sensing.'®® The
pores of the carbon nanoparticles were filled with methylene blue
and capped with HRP, and then immobilized onto the surface of
a GCE. Using CV, this sensor permitted the determination of HP
levels up to 25 mM.

Another enzymatic amperometric sensor for HP was
engineered using a microperoxidase-11 enzyme immobilized
onto MWCNTs-functionalized bacterial cellulose.'®” Modifica-
tion of bacterial cellulose with MWCNTs was carried out to
provide a flexible conductive film with high biocompatibility. The
proposed sensor allowed for the interrogation of HP levels over
the linear range of 0.1-257.6 M, with a LOD of 0.1 uM.

An enzymatic amperometric sensor was fabricated using a
catalase enzyme immobilized onto a film of L-lysine and
MWCNTs-modified GCE.'” This sensor exhibited a linear

current response to HP in the concentration range from 1 yM to
3.6 mM, with a LOD of 8 nM.

Metalloproteins are frequently utilized as a sensing element for
HP due to the inherent enzymatic activity of the metal center in
the enzyme molecule. For instance, a protein microarray was
prepared on hydrophilic micropatterns of L-cysteine-modified
Au-TiO,, followed by immobilization of the metalloprotein,
Cytochrome c.'”' Using amperometry, a broad linear range of
HP from 1 nM to 10 mM was quantified, with a LOD of 2 nM.
Recently, an amperometric sensor for HP was developed by
direct wiring of the heme center of Cytochrome c to a gold ultra
microelectrode surface via the use of an imidazole-terminated
self-assembled monolayer.'”> This sensor allowed for the
determination of HP level, with a LOD of 3 M.

Using another metalloprotein, hemoglobin, an amperometric
HP sensor was engineered by the electrospinning of hemoglobin
microbelts onto a GCE surface.'” Subsequently, hemoglobin
catalyzed the reduction of HP within the dynamic range
extending from 10 to 230 uM, with a LOD of 0.6 yM.

Another metalloprotein-based HP sensing platform relied on
myoglobin immobilized onto an ITO substrate coated with a film
of nanostructured porous cerium dioxide.'”* This sensor was
capable of detecting HP with linearity up to 3 mM and a LOD of
0.6 uM.

Also, an amperometric sensor for HP was constructed using a
heme peptide immobilized onto a conductive 3D hybrid film of
CNTs grown on a graphene surface.'”> The microvoids in the
film contributed to the diffusion of HP to the modified heme
peptide, resulting in an enhanced catalytic cathodic current. The
cathodic current increased linearly with HP concentration over
the range of 1-30 uM.

Another amperometric sensing platform for HP was prepared
using a zinc porphyrin-fullerene (C60) derivative, entrapped in
tetraoctylammonium bromide film and deposited onto the
surface of a GCE.'”® The electrocatalytic reduction of HP
showed a broad dynamic range extending from 35 M to 3.4 mM
and a LOD of 810 nM.

The electrocatalytic activity of nanomaterials has also been
exploited to develop a sensing platform for HP. Here, core/shell
Au/MnO nanoparticles were prepared by hydride reduction of
manganese acetylacetonate in the presence of GNPs, and further
utilized to construct an amperometric sensor for HP."”” This
sensor permitted the electrocatalytic reduction of HP in the
linear range from 20 nM to 15.1 mM, with a LOD of 8 nM.

In a closely related approach, an electrochemical sensing
platform for HP was engineered using nitrogen-doped carbon
nanotubes (NCNTs).'"”® In contrast to MWCNTs, NCNTs
possess a marked electrocatalytic activity toward O, reduction
using an efficient four-electron transfer process, whereas a two-
electron transfer process is involved in MWCNTSs-mediated
electrocatalysis. This amperometric sensor allowed for the
interrogation of HP level in the linear range from 1.8 to 139
UM, with a LOD of 370 nM.

Another nanomaterial-based assay for HP relied on a 3D
graphene network (3DGN) that was preformed using chemical
vapor deposition.'”” The 3DGN was used as a template to
synthesize various composites, including Pt nanoparticles/
3DGN, MWCNTs/3DGN, Pt/MWCNTSs/3DGN, and
MnO,/3DGN. Experimental results revealed that among the
four synthesized composites, the Pt/MWCNTs/3DGN-based
amperometric sensor permitted highly sensitive analysis of HP in
the linear range from 25 nM to 6.3 M, with a LOD of 8.6 nM.
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3.2.8. Creatine. Creatine is an amino acid derivative
synthesized from L-arginine, glycine, and S-adenosylmethionine
in the kidneys, liver, and pancreas. Most of the stored creatine is
converted to phosphocreatine in muscle tissues in a reversible
reaction with adenosine triphosphate (ATP), which is catalyzed
by creatine kinase enzyme. Phosphocreatine represents a major
energy storage form in the body. The creatine level in blood and
urine is clinically used as an indicator of muscle damage.””

An enzymatic amperometric sensor for creatine was fabricated
using a mixture of creatinase and sarcosine oxidase coimmobi-
lized onto the surface of a carbon paste electrode modified with
Fe;0, nanoparticles.””' This sensor exhibited two linear dynamic
ranges extending from 0.2 to 3.8 M and from 9 to 1200 uM,
with a LOD of 0.2 yuM.

3.2.9. Creatinine. Creatinine is a byproduct of muscle
metabolism and represents an important indicator of renal
functions. Creatinine is produced via a biological pathway
involving creatine, phosphocreatine, and ATP. The normal
values of creatinine in blood range between 53 and 115 uM.

An enzymatic amperometric sensor for creatinine was
prepared using a mixture of three enzymes, including creatinine
aminohydrolase, creatine aminohydrolase, and sarcosine oxidase,
coimmobilized onto a composite film of ZnO nanoparticles/
chitosan/carboxylated MWCNT's/polyaniline, deposited on the
surface of a platinum electrode.”” The sensor possessed a
working range extending from 10 to 650 M, with a LOD of 0.5
HM.

A MIP-based voltammetric sensor for creatinine has also been
reported.203 In this work, the template molecule, creatinine, was
self-assembled onto the surface of Fe;O, polyaniline nano-
particles in the presence of the functional monomer, aniline.
After magnetically guided preassembly via a magnetic GCE, the
ordered structure of the MIP was established by electro-
polymerization onto the electrode surface. The DPV response
showed a linear correlation with creatinine concentration in the
range from 20 nm to 1 M, with a LOD of 350 pM.

A competitive MIP-based amperometric sensor for creatinine
was also constructed by coating an array of gold electrodes with
creatinine embedded in pyrrole via electropolymerization.***
The creatinine sample was subsequently mixed with a HRP-
labeled anticreatinine antibody, and the mixture was transferred
onto the electrode surface to allow for a competitive reaction
with the creatinine embedded in the electrode surface.
Amperometric measurements were carried out in the presence
of 3,3',5,5'-tertamethylbenzidine (TMB) and H,O,. By applying
a circular square wave, the creatinine level was measured up to 1
mM.

An enzymeless electrochemical method for creatinine relied
on the measurement of consumed picrate anions upon reaction
with creatinine molecules, using an edge plane pyrolitic graphite
electrode.””> Amperometric analysis of the consumed picrate
anions permitted the determination of creatinine level over two
linear dynamic ranges of 0—6 and 6—11 mM, with a LOD of 720
HM.
3.2.10. Ketone Bodies. Ketone bodies including acetone, 3-
hydroxybutyrate, and acetoacetate are biomarkers for diabetes
that has progressed to severe ketoacidosis.

An enzymatic voltammetric sensor for 3-hydroxybutyrate was
prepared using the 3-hydroxybutyrate dehydrogenase enzyme
immobilized onto the surface of SWCNTs-coated screen-printed
electrode.”*® CV was used for 3-hydroxybutyrate analysis on the
basis of the signal produced by 3-nicotinamide adenine
dinucleotide (NADH), one of the products of the enzymatic

reaction. Electrochemical measurements demonstrated that the
response was linear with increasing 3-hydroxybutyrate concen-
trations in the range from 0.1 to 2 mM, with a LOD of 9 uM.

A nonenzymatic voltammetric sensor for acetone was
fabricated using a ZnO nanoparticles-coated GCE.”” It was
observed that the current increased linearly with increasing
acetone concentration in the range from 130 uM to 1330 mM,
with a LOD of 68 yM.

3.2.11. Xanthine. Xanthine is an intermediate of the purine
nucleotide and deoxynucleotide metabolism. As the metabolic
precursor of uric acid, xanthine is the first indicator of an
abnormal purine profile and thus can serve as a marker for many
diseases, including hyperuricemia, gout, xanthinuria, and cerebral
ischemia.””® The normal values of xanthine in urine range
between 40 and 160 uM.>*”

An enzymatic amperometric sensor for xanthine was reported
elsewhere.”'? In this work, a GCE was modified with SWCNTs
and a 3D network of electropolymerized GNPs capped with 2-
mercaptoethanesulfonic acid, p-aminothiphenol, and 1-adaman-
tanethiol. The hybrid was utilized for supramolecular immobi-
lization of xanthine oxidase and fS-cyclodextrin through host—
guest interactions. This sensor allowed for the measurement of
xanthine in the linear range from 50 nM to 9.5 M, with a LOD
of 40 nM.

A nonenzymatic xanthine sensor was engineered using a
reduced graphene oxide-modified GCE that was coated with an
electropolymerized film of poly(o-aminophenol-co-pyrogallol)
(PAP).”'" PAP was synthesized via the electrochemical
copolymerization of o-aminophenol and pyrogallol in acidic
solution. Notably, reduced graphene oxide played a significant
role in increasing the amount of electropolymerized PAP as
compared to that formed on the bare GCE due to the large
surface area of reduced graphene oxide. Amperometric analysis
of xanthine showed a linear dynamic range from 1 to 120 uM,
with a LOD of 0.5 uM.

3.2.12. Hypoxanthine. Hypoxanthine is the precursor of
xanthine, and its normal values in blood range between 10 and 30
#M.*"> Hypoxanthine plays a role in posthypoxic reoxygenation
cell injury through oxygen radical production and serves as an
indicator of hypoxia.

A low-potential enzymatic amperometric sensor for hypo-
xanthine and xanthine was developed using xanthine dehydro-
genase enzyme immobilized onto an edge plane pyrolytic
graphite.”'* The enzyme catalyzed the oxidation of hypoxanthine
to xanthine and also xanthine to uric acid via an oxidative
hydroxylation mechanism. The electrocatalytic oxidation
response showed a linear dependence on the total concentration
of xanthine and hypoxanthine ranging from 10 M to 1.8 mM,
with a LOD of 0.25 nM.

3.3. Vitamins

Vitamins are organic compounds and vital nutrients required by
living organisms in limited amounts to perform diverse biological
functions. In the last five years, several electrochemical sensors
have been developed for the analysis of a variety of vitamins such
as biotin (vitamin B7 or H), ascorbic acid (AA, vitamin C), folic
acid (vitamin B9), riboflavin (vitamin B2), pyridoxine (vitamin
B6), and 25-hydroxyvitamin D.

A voltammetric immunosensor for biotin was developed using
an antibiotin antibody immobilized onto the surface of a boronic
acid-modified screen-printed gold electrode via the interaction
between boronic acid and the carbohydrate moiety of the
antibody.”'® This approach was adopted to improve the
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orientation of the antibody on the surface and subsequently
maximize its interaction with biotin. Using SWYV, the level of
biotin was interrogated over the range from 100 pM to 1 mM.
Notably, the normal values of biotin in blood range between 0.9
and 3.1 uM.>*°

An enzymatic amperometric sensor for AA was fabricated
using an ascorbate oxidase enzyme immobilized between an
inner and outer film of poly(3,4-ethylenedioxythiophene) and
MWCNTs-coated Nafion, respectively.”'” The relationship
between AA concentration and the response current was linear
in the range from 400 nM to 1 mM, with a LOD of 87 nM.
Notably, the normal values of AA in blood range between 34 and
114 uM.>"®

A MIP-based voltammetric sensor for AA was prepared by
incorporating AA as a template molecule during the electro-
chemical copolymerization of 0-phenylenediamine and o-amino-
phenol followed by electrochemical reduction in ammonium
aqueous solution.”"” Using DPV, quantification of AA was
attainable in the linear range from 0.1 to 10 mM, with a LOD of
36.4 uM.

MIP-based sensors have also been used for folic acid
analysis.”*” In this system, a MIP/carbon composite was
prepared via in situ free radical polymerization of 2,4,6-
trisacrylamido-1,3,5-trizine and subsequent cross-linking with
ethylene glycol dimethacrylate, in the presence of carbon powder
and the template, folic acid. Differential pulse cathodic stripping
voltammetry (DPCSV) permitted the quantification of folic acid
in the linear range from 1.4 to 8.6 nM, with a LOD of 0.5 nM.
Normal values of folic acid in blood range between 4.5 and 45.3
M2

In a self-powered nonenzymatic sensing platform for AA, the
oxidation of AA was carried out on a nanocarbon-based anode
leadin§ to reduction of Prussian blue at the cathode into Prussian
white.””” The rate of color change from blue to colorless is
dependent on AA concentration. Using CA, the current—
concentration dependency was linear over the range of 10—350
UM, with a LOD of 4 yM.

A nonenzymatic sensor for riboflavin was engineered using a
carbon ionic liquid electrode. DPV measurements of riboflavin
demonstrated two linear dynamic ranges of 0.8—110 and 110—
1000 nM, with a LOD of 0.1 nM.>*? Notably, the normal values
of riboflavin in blood range between 69.1 and 98.3 nM***

A functionalized poly(3,4-ethylenedioxythiophene)
(PEDOT) film was prepared by incorporating two electroactive
species, ferrocenecarboxylic acid and ferricyanide, as doping
anions during the electropolymerization of PEDOT onto the
surface of a GCE.”* This sensing platform was employed for
pyridoxine analysis within the linear working range of 1—1500
uM, with a LOD of 0.5 uM. Importantly, the normal values of
pyridoxine in blood range between 30 and 144 nM,**® so this
sensor will require optimization to measure physiological levels
of pyridoxine.

A nonenzymatic voltammetric sensor for 25-hydroxyvitamin
D, 25(OH)D was fabricated using 4-ferrocenylmethyl-1,2,4-
triazoline-3,5-dione (FMTAD)-modified screen-printed gold
electrode.”” FMTAD is able to bind 250HD through a
Diels—Alder reaction between the conjugated diene of the
vitamin and triazoline-3,5-dionic group of FMTAD, thus
allowing a voltammetric transduction due to the electroactive
properties of ferrocene. Using DPV, linear quantification of
25(OH)D was feasible in the range from 49.9 to 495 nM, with a
LOD of 24.8 nM. Notably, the level of 25(OH)D reflects

accurately the level of vitamin D in the body. The normal values
of 25(OH)D in blood range between 80 and 248 nM.”**

3.4. Amino Acids

Amino acids are the building blocks of proteins and are essential
for cell function. They play a variety of roles in nutrition and
whole-body homeostasis, including nucleic acid synthesis,
metabolic regulation, cell signaling, osmoregulation, acid—base
balance, and reproduction. Several amino acids are involved in
the synthesis of neurotransmitters, such as tryptophan and
tyrosine, and in the synthesis of serotonin and epinephrine. Also,
arginine has a cardioprotective function because it acts as a
precursor for the synthesis of nitric oxide, a vasodilator with a
hypotensive effect.”””

The normal amino acid level in plasma is in the micromolar
range and can be as low as 2—11 M for aspartic acid and as high
as 352—689 uM for glutamine. Analysis of amino acids is
required for the diagnosis and management of inherited
metabolic disorders affecting more or one amino acids, such as
tyrosinaemia, cystine-lysinuria, homocystinuria, hyperglycinae-
mia, phenylketonuria, and citrullinaemia. An increase in the total
level of plasma amino acids can be a sign of kidney failure, Reye
syndrome, ketoacidosis, and fructose intolerance. A decrease in
the total level of plasma amino acids might be caused by
malnutrition, rheumatoid arthritis, nephrotic syndrome, Hun-
tington’s disease, and fever.”*" In the last five years, a variety of
electrochemical sensors have been developed for the analysis of
amino acids such as arginine, cysteine, glutamic acid, histidine,
homocysteine, leucine, lysine, methionine, phenylalanine,
tryptophan, and tyrosine.

An enzymatic amperometric sensor for L-lysine was designed
on the basis of the impregnation of L-lysine oxidase in a diamond
paste.””" This sensor exhibited a linear response toward L-lysine
in the range from 1 to 100 nM, with a LOD of 4 pM. Also, several
enzymatic sensors were reported for the detection of leucine***
and p-methionine.”*

A voltammetric aptasensor for phenylalanine was constructed
using a phenylalanine-specific aptamer immobilized onto a gold
electrode.”** Using DPV, phenylalanine was analyzed in the
linear range from 1 to 10 nM, with a LOD of 1 nM.

A voltammetric sensor for L-histidine was fabricated using a
specific L-histidine-dependent DNAzyme modified with a
ferrocene tag at the distal end.”** In the presence of L-histidine,
the DNA probe with a single ribo-adenine was self-cleaved,
bringing the ferrocene tag close to the electrode surface, which
subsequently enhanced the electron transfer to the electrode
surface. Using SWV, linear interrogation of the L-histidine level
was allowed in the range from 0.1 pM to 50 nM, with a LOD of
0.1 pM.

A MIP-based voltammetric sensor for L-histidine was
developed using a combination of a MIP and MWCNTs. The
sensing interface was prepared on an ITO electrode via stepwise
modification with MWCNT's and a thin film of MIP via sol—gel
technology.”*® DPV measurements revealed a linear relationship
between the current and L-histidine concentration in the range
from 2 M to 1 mM, with a LOD of 5.8 nM. In addition, several
MIP-based sensors were reported for the detection of
arginine,””” tyrosine,”** phenylalanine,”*” and tryptophan.”*’

Cyclotricatechylene, a redox-active tris-catechol analogue, was
recently utilized to fabricate a voltammetric sensor for cysteine
using a cyclotricatechylene-modified carbon electrode.”*' CV
measurements revealed the ability of the sensor to determine
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cysteine concentration up to 40 M, with a LOD of 0.6 and 0.9
#M in buffer solution and tissue extracts, respectively.

Many sensors for amino acids can distinguish between the »
and L enantiomers of amino acids. Enantiomeric discrimination
can be achieved usin§ (i) stereoselective enzymes such as D-
methionine oxidase,”*> Dp-leucine oxidase,”*> and L-lysine
oxidase;**" (i) MIPs for selective detection of L-histidine™*****
and 1-tryptophan;”** and (iii) stereoselective electrode coating
materials such as f-cyclodextrin at an optimized temperature for
selective detection of L-tryptophan** and dsDNA probes in the
presence of Cu(II) for detection of L-tryptophan.”**

A variety of electrocatalytic electrode coating materials have
been utilized to construct amino acid biosensors, including cobalt
phthalocyanine,** poly epichrome black T,**° cobalt-exchanged
zeolite Y,** iron oxide/ hexacyanoferrate core—shell,”*® and
poly(o-aminophenol),”* for cysteine analysis; a composite of
nickel oxide nanoparticles, DNA, and osmium(III) complex for
homocysteine analysis;*** overoxidized polyimidazole,”" salicy-
laldehyde modified chitosan,”*> acetaminophen,” poly gluta-
mic acid,254_and 3,4-dihydroxybenzaldehyde-2,4-dinitrophenyl-
hydrazone,”” for tryptophan analysis; and an electropolymer-
ized film of 1,8,15,22-tetraaminophthalocyanato-Cu (II) for
methionine analysis,”*® and ZnO/Zn,[Fe(CN),]>~ for tyrosine
analysis.””’

In addition, the use of nanostructured surfaces provides a
means to achieve sensitive analysis of amino acids, including gold
nanorods/MWCNTs,”*® gold nanoclusters,”*’ raphene nano-
ribbons,”® graphene oxide/gold nanoclusters,”" hybrid gold
atomic cluster/cobalt oxide scaffold,”** caterpillar-like manga-
nese dioxide/carbon nanocomposites,263 and gallium nitride
nanowires,”** for cysteine analysis; MWCNTSs bridged meso-
cellular graphene foam,”®® silver nanoparticles/graphene
oxide,266 silver/carbon core—shell nanostructures,267 and carbon
nanofibers,”*® for tryptophan analysis; and graphene oxide
nanoribbons,”® and graphene-like C;N, nanosheets,””® for
tyrosine analysis.

3.5. Dietary Minerals

Dietary minerals are chemical elements required by living
organisms other than the four essential elements, including
carbon, hydrogen, nitrogen, and oxygen present in common

organic molecules. Dietary minerals have key roles in several
biological functions such as energy production, bone mineraliza-
tion, nerve and muscle functions, and immunity. Dietary
minerals are classified as major minerals (macrominerals) and
trace minerals (microminerals). Both macro- and microminerals
are equally important for the body; however, microminerals are
needed in smaller amounts as compared to macrominerals.
Examples of macrominerals include sodium, potassium, calcium,
magnesium, phosphorus, sulfur, and chloride. On the other hand,
microminerals include iron, zinc, iodine, cupper, manganese,
selenium, chromium, molybdenum, and fluoride. In addition,
some minerals are required in trace amounts, including cobalt,
silicon, nickel, and vanadium.

The use of aptamers for the detection of dietary minerals was
demonstrated in a nanochannel-based amperometric aptasensor
for potassium.””" A potassium specific G-quadruplex aptamer
was covalently assembled onto the inner walls of porous anodic
alumina nanochannels via a Schiff reaction between the aptamer
and alumina nanochannels. Conformational switching of the
aptamers within the nanochannels occurred in the presence of
potassium molecules, which resulted in increased steric
hindrance and subsequently reduction in the anodic current.
Quantitative detection of potassium was realized in the linear
range from S to 200 M, with a LOD of 0.4 uM.

Another aptamer-based voltammetric sensor for potassium
was developed by combining the binding ability of a potassium-
specific aptamer and the RecJ; exonuclease-mediated signal
amplification.””> A DNA probe, with a stem-loop structure
containing the potassium-specific aptameric sequence, was
synthesized with a thiol group at the proximal end and methylene
blue at the distal end. In the presence of potassium ions, the G-
rich single-stranded aptamer was transformed to a G-quadruplex
via intramolecular hydrogen bonding. Subsequently, the stem
part of the probe was broken, releasing the single stranded 5" end.
Because RecJ;is a single-stranded DNA specific exonuclease, the
DNA was digested and the potassium ions were released into
solution and became recognized by another DNA probe on the
electrode surface, thus initiating a new Rec]J; cleavage cycle, as
shown in Figure 6. Because of the departure of the methylene
blue molecules, a significant reduction in the peak current was
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observed. SWV measurements permitted the quantification of
potassium ions in the linear range from 50 nM to 1 mM, with a
LOD of 50 nM.

A protein-based impedimetric sensor for calcium ions was
constructed using porcine SI00A12 protein immobilized onto a
polyvinyl butyral-coated gold electrode.””> The biosensor
exhibited a linear response to calcium ions concentrations
ranging from 12.5 to 200 mM.

A MIP-based sensor for cadmium and copper ions was
fabricated by modifying a PGE with a dual-ion imprinted
polymer in a sol—gel matrix.”’* Using DPASV, this sensor
allowed for the analysis of cadmium and copper ions in the linear
ranges from 3.8 to 38.3 nM and 2.3 to 21.5 nM, respectively. The
LOD values were 0.4 and 0.5 nM for cadmium and copper ions,
respectively.

Ion-sensing electrochemical paper-based analytical devices
(EPADs) were also utilized for the analysis of several ions such as
chloride, potassium, sodium, and calcium.””> An EPAD for
sensing chloride ions comprised wax-defined sample and
reference zones; each incorporated an Ag/AgCl reference
electrode. EPADs developed for other electrolytes comprised a
polyvinyl chloride ion-selective membrane to separate the
sample zone from a paper indicator electrode. The ion-selective
EPADs exhibited a linear response over 3 orders of magnitude
over the range from 1 mM to 1 M, for chloride and sodium ions,
and 0.1-100 mM for potassium and calcium ions.

A potentiometric sensor for magnesium was designed on the
basis of the magnesium selective ionophore, 4,5-bis-
(benzoylthio)-1,3-dithiole-2-thione, formed within a polymeric
membrane of polyvinyl chloride.””® This ionophore-containing
polymer was formed on a silver-coated tip of a borosilicate glass
capillary modified with ZnO nanorods. The potentiometric
sensor exhibited a concentration-dependent potential difference
versus Ag/AgCl reference electrode within the concentration
range from 500 nM to 100 mM.

A volatmmetric sensor for calcium ions was engineered using a
gold microparticle-modified GCE.””” This sensor catalyzed the
electrochemical reduction of alizarin red after complexation with
calcium in alkaline solution. DPV measurements permitted the
linear quantification of calcium ions over the linear range from
0.6 uM to 0.1 mM, with a LOD of 0.5 uM.

Anodic stripping voltammetry (ASV) was used for zinc
analysis.””® The analysis involved a preconcentration step to
accumulate the metal ions onto the surface of a copper electrode
by reducing them into ions, followed by a stripping step at a
positive potential to reoxidize the metal back to its ionic form.
This sensor performed reliably in acetate buffer and allowed for
zinc analysis with a LOD of 6 uM.

3.6. Other Small Molecules

Other biologically relevant small molecules have been detected
using electrochemical methods include nicotinamide adenine
dinucleotide, adenosine monophosphate, adenosine triphos-
phate, glutathione, heparin, and 3,4-dihydroxy-o-phenylalanine
(levodopa).

3.6.1. Nicotinamide Adenine Dinucleotide (NAD). NAD
is an important coenzyme found in all living cells. It exists in two
forms, including an oxidized (NAD*) and a reduced form
(NADH). It plays a key role in a variety of metabolic redox
reactions as an electron carrier, as well as in cell signaling.279 Also,
it participates in posttranslational modification of proteins.
NADH dysfunction is associated with many pathological
conditions such as reduced respiratory capacity and increased

oxidative stress.”*" In addition, the rate of NADH turnover in
cancer cells is higher than that in normal cells, and thus it can be
used as a biochemical marker in the analysis of new cancer
therapeutics. Because of its role in the synthesis of tyrosine
hydroxylase and endogenous dopamine, NADH levels can
provide information that enables the selection of appropriate
drugs for Parkinson’s disease, Alzheimer’s disease, and major
depression diseases.””"

While NADH is a redox-active molecule, the oxidation of
NADH at bare metal electrodes exhibits significant irreversibility
and requires overpotentials up to 1 V. The use of such a high
overpotential with unmodified electrodes leads to rapid fouling
of the electrode surface and causes problems arising from
nonspecific oxidation of other species, such as ascorbates and
urates.””

A nonenzymatic amperometric sensor for NADH was
fabricated using a platinum microwire modified with hierarchi-
cally driven iridium oxide nanowires.”*” Iridium oxide is an
exceptionally biocompatible metal oxide with high catalytic
activity, low resistivity, and superior chemical and thermal
stability.”* A platinum microwire coated with iridium oxide
exhibited remarkably enhanced current signals in response to
NADH oxidation as compared to the bare platinum electrode
due to its smaller oxidation overpotential. This enhanced the
selectivity of the sensor and reduced its surface fouling. The
sensor permitted the determination of NADH level up to 1 mM,
with a LOD of § uM.

An assay based on NADH oxidation was developed usin% a
screen-printed carbon electrode modified with polythionine.”**
The system allowed for the quantification of NADH in the linear
range from 20 M to 1 mM, with a LOD of 1.7 yM.

Another sensing platform for NADH was developed using a
FET modified with I-methoxy-5-methylphenazinium methyl
sulfate functionalized-SWCNTSs.**® In the presence of NADH,
electrons were transferred to the phenazine derivative through
the SWCNTs, allowing for a sensitive analysis in the linear range
between 10 pM and 500 nM, with a LOD of 1 pM.

3.6.2. Adenosine Monophosphate (AMP). AMP is a
purine nucleoside produced during ATP synthesis by the enzyme
adenylate kinase. The variation of AMP levels in body fluids may
be indicative of some diseases such as liver diseases and cancer.
AMP can also exist as a cyclic structure known as cyclic AMP
(cAMP). cAMP is an intracellular second messenger that
regulates intracellular functions and physiological processes
through the protein kinase A (PKA) signal transduction system.
Several studies have demonstrated that changes of cAMP
concentration are closely related to pathological conditions.
Plasma cAMP concentrations fluctuate in patients with type-2
diabetes and chronic hepatitis. In addition, cAMP levels in urine
were found to increase in humoral hypercalcemia malignancy,
hyperparathyroidism, and vitamin D deficiency.”*

An aptamer-based impedimetric sensor for cAMP has also
been reported.”®” The aptasensor had a wide effective dynamic
range extending from 50 to 250 pM, with a LOD of 50 pM in
buffer, and from 50 nM to 1 uM, with a LOD of 50 nM in serum.

An amperometric sensor for AMP was designed, taking
advantage of the electrocatalytic properties of hemin/G-
quadruplex HRP-mimicking DNAzyme.”** In this work, a
hairpin nucleic acid structure consisting of an AMP-specific
aptamer sequence and a G-quadruplex sequence was immobi-
lized onto the surface of a gold electrode. In the presence of
AMP, the hairpin structure was opened and the hemin/G-
quadruplex HRP-mimicking DNAzyme was generated on the
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Figure 7. Schematic representation of an electrochemical ATP detection approach (top). DPVs for ATP-binding aptamer-modified nanostructured
microelectrode (i), after neutralizer binding to the aptamer (ii) and after treatment with ATP (iii) (bottom left). Concentration-dependent signal
changes for ATP detection. The dashed line indicates the average signal change in the absence of ATP or the presence of a noncognate analyte (bottom
middle). Time-dependent signal change after the addition of 100 M (purple line) and 0 uM (black line) ATP (bottom right). Reprinted with

permission from ref 297. Copyright 2012 Nature Publishing Group.

surface. This sensor allowed for AMP analysis with a LOD of 1
UM.

A direct AMP oxidation-based amperometric sensor was
constructed using a carbon molecular wire electrode modified
with a composite of a graphene ionic liquid (1l-octyl-3-
methylimidazolium hexafluorophosphate) and chitosan.”*” The
oxidation peak current of AMP was proportional to its
concentration in the range from 10 nM to 80 uM, with a LOD
of 3.4 nM.

3.6.3. Adenosine Triphosphate (ATP). ATP, the major
energy currency of the cell, plays a crucial role in the regulation of
cellular metabolism and biochemical pathways. It is also used as
an indicator of cell viability and injury. Therefore, the
determination of ATP is essential in biochemical studies and
clinical research. The normal values of ATP in serum range
between 0.1 and 3 mM.>”

An ATP-specific aptamer””' was reengineered and imple-
mented into an electrochemical aptasensor for detection of
ATP.””> Reengineering allowed the aptamer to undergo a
significant conformational change upon target binding and
thereby enhanced the efficiency with which terminal redox tags
exchange electrons with the electrode surface, leading to
improved sensitivity. SWV measurements revealed that the
dynamic range of the sensor spanned ~5 orders of magnitude,
including the physiological range (0.1—3 mM), and the sensor
did not appear to become saturated at the highest ATP
concentration tested (250 mM).

Another aptamer-based approach toward the detection of ATP
was developed using a dual-signaling amplification strategy.”””
The sensor featured both signal-ON and -OFF sensing pathways.
The sensor design comprised a ferrocene-labeled aptamer probe
hybridized with a methylene blue-tagged DNA probe thiolated at
the proximal end. The interaction between ATP and the aptamer
led to dissociation of the duplex DNA structure and released the
ferrocene-tagged aptamer from the sensing interface. In addition,
the methylene blue-labeled DNA formed a hairpin structure
through the hybridization of the complementary sequences at

both ends. These conformational changes resulted in decreased
peak currents for ferrocene (signal-OFF) and increased
methylene blue currents (signal-ON). The changes of the dual
signals were linear with ATP concentration in the range from 10
nM to 100 uM, with a LOD of 1.9 nM.

A displacement-based electrochemical aptasensor for ATP
detection was developed utilizing a recognition surface based on
an ATP-specific aptamer prebound to electroactive flavin
adenine dinucleotide (FAD) molecules and immobilized onto
the surface of a carbon-paste electrode modified with graphene
and GNPs.””* Binding of ATP to the aptamer caused a release of
an equivalent concentration of FAD molecules that were
quantitatively monitored in real-time at the sensing interface.
Using adsorptive stripping SWV, a wide linear working range of
ATP was obtained from 0.1 nM to 30 M, with a LOD of 20.1
pM.
Another aptamer-based sensing platform for ATP was adopted
to enhance the detection sensitivity via a current rectification
strategy. Here, a ferrocene-tagged ATP-specific aptamer was self-
assembled onto a gold electrode surface.””> Without signal
amplification, the resulting current response was relatively small
and limited by the amount of probe molecules on surface. A
solution-phase redox probe, hexachloroiridate, was used to
replenish continuously the ferrocene tag with charge carriers.
Unidirectional electron transfer from the electrode via the
ferrocene group to the solution-phase charge carrier amplified
the cathodic current response. In the reverse direction, the
electron transfer process was thermodynamically unfavorable
because the electrons could not be transferred from the
hexachloroiridate to ferrocene molecules. Alternating current
voltammetry (ACV) permitted the determination of ATP level
up to 5 uM, with a LOD of 114 nM.

An aptamer-based potentiometric sensor for ATP was
fabricated using an ATP-specific aptamer electrostatically
bound to a protamine binding domain.””® Binding of the
aptamer to ATP caused a conformational change in the aptamer,
and the released protamine was monitored by a conventional
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Figure 8. Schematic illustration of a hairpin-mediated ATP detection approach. The designed molecular beacon (MB)-like DNA, a §’-SH, and 3'-biotin
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from the electrode surface and induced the change of the DNA from a stem-loop to an extended structure. The ferricyanide ions were allowed to easily
access the surface, providing a detectable electrochemical signal. Reprinted with permission from ref 301. Copyright 2010 Elsevier.

polycation-sensitive membrane electrode. Potentiometric titra-
tion of ATP exhibited a linear dynamic range extending from 0.5
to 4 uM, with a LOD of 0.3 uM.

An ultrasensitive universal approach applicable to a variety of
clinically relevant biomolecules, including ATP, was recently
described.”” In this system, a probe molecule was tethered to the
electrode surface and bound to a neutralizer, which is a conjugate
of PNA that contains cationic amino acids at the proximal and
distal termini to neutralize the negative charge of a DNA probe.
The probe-neutralizer was designed to contain mismatches such
that the analyte of interest could bind more strongly to the probe
and displace the neutralizer. When an ATP-specific aptamer was
used as the probe molecule, ATP successfully displaced the
neutralizer from the aptamer-neutralizer hybrid and caused a
significant increase in the current. DPV measurements
performed in the presence of an electrocatalytic redox pair,
[Ru(NH,),]**/[Fe(CN)s]*", revealed the ability of the sensor to
detect low concentrations of ATP down to 1 uM, as shown in
Figure 7.

Another aptamer-mediated ATP assay relied on signal
amplification by exonuclease III (Exo III)-assisted target
recycling.””® Here, a hairpin-aptamer probe was designed,
which consisted of an aptamer sequence for ATP that is caged
in the duplex structure of the stem and a ferrocene tag. In the
absence of ATP, the hairpin-aptamer probe could resist the
cleavage activity of Exo III, because the 3'-end existed in a single-
strand configuration and exhibited a negligible electrochemical
response on the sensing electrode, due to its diffusion
suppression toward a negatively charged ITO electrode. In the
presence of ATP, the hairpin-aptamer probe reverted to the
active G-quadruplex structure where the 3’ end nucleic acid,
carrying the ferrocene tag, formed a duplex with the stem region.
As a result, Exo III hydrolytically digested the 3’ end strand,
resulting in the release of ferrocene-labeled mononucleotide and
subsequently the dissociation of ATP. The ferrocene-labeled
mononucleotide, cleaved off by Exo III, possessed much higher
diftusivity toward the negatively charged ITO electrode due to its
less negative charge and small size, leading to a distinct increase
in the electrochemical signal. Using DPV, the level of ATP was
interrogated over the linear range from 1 to 20 nM, with a LOD
of 1 nM.

A related approach featured a redox-active Au(III)-assisted
core—shell iron oxide, and poly(o-phenylenediamine) nano-
structure was designed as a sensing platform for ATP.””” An
ATP-specific aptamer was immobilized onto the surface of the
nanostructures via the hydrophobic and z-stacking interactions
with the nucleobases. The aptamers acted as an inert layer and
thus hindered electron transfer. In the presence of ATP, the

aptamer dissociated from the surface of the nanostuctures and
were cleaved by DNase I. The released ATP then recomplexed
other aptamers on the surface and triggered another round of
target recycling. SWV measurements permitted the quantifica-
tion of ATP in the range from 0.5 pM to S nM, with a LOD of 50
M.

Another aptamer-based impedimetric sensor for ATP was
fabricated using an array of pyramidal gold nanotips.”® This
sensor allowed for a highly sensitive analysis of ATP within the
linear range from 1 pM to 2 M, with a LOD of 1 pM.

A ligase-based sensing strategy for ATP was developed using a
molecular beacon-like DNA.*"" In this approach, a biotin-tagged
molecular beacon-like DNA was self-assembled onto a gold
electrode to form a stem-loop structure, which blocked electron
transfer. In the presence of ATP, two nucleotide fragments
complementary to the loop of the capture probe became ligated
by the ATP-dependent T4 DNA ligase. Hybridization of the
ligated DNA with the capture probe induced a conformational
change in the surface-confined DNA structure, which sub-
sequently released the biotin from the surface and allowed for
free exchange of electrons with the electrode surface (signal-
ON), as shown in Figure 8. Using DPV, ATP analysis was
achieved in the linear range from 0.1 nM to 1 #M, with a LOD of
S0 pM.

3.6.4. Glutathione. Glutathione, an important thiol
tripeptide antioxidant (y-glutamylcysteinylglycine) in cells, exists
in two forms: one is a reduced form (GSH), and the other is an
oxidized form (GSSG). In healthy cells, more than 90% of
glutathione is found as GSH. However, certain pathological
conditions causing oxidative stress result in the conversion of
GSH to GSSG. High levels of GSSG are associated with asthma,
chronic renal failure, diabetes, Alzheimer’s disease, Parkinson’s
disease, and macular degeneration.’”>*** The analysis of the
GSSG concentration in the body is therefore critical because it
provides a sensitive index of the whole body oxidative stress, as
well as being useful in the diagnosis of certain clinical disorders.
The normal values of GSH and GSSG in blood are 3.8—5.5 and
0.2—0.5 uM, respectively.***

An amperometric sensor for GSSG was fabricated using the
glutathione reductase enzyme and NADPH coimmobilized onto
the surface of poly[2,2":5",2'-terthiophene-3'-(p-benzoic acid) -
coated GNPs preformed on the surface of a GCE.>* A linear
calibration plot was obtained using CA in the dynamic range
between 0.1 yM and 2.5 mM, with a LOD of 12.5 nM.

The coenzyme Q10 (CoQ10, Ubiquinone) was used as a
sensing element to construct a voltammetric sensor for GSH
based on a GCE modified with a mixture of an ionic liquid (1-
butyl-3-methylimidazolium hexafluorophosphate) and
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MWCNTSs.>% Using DPV, the interrogation of GSH level was
permissible in the linear range from 4 to 200 nM, with a LOD of
0.3 nM.

A DNA-based voltammetric sensor for GSH was designed on
the basis of the ability of GSH to chelate Hg(II) and displace it
from the thymine-Hg(II)-thymine complex formed between
methylene blue ta(%ged DNA probes immobilized onto a gold
electrode surface.’®’ In the presence of GSH, a complex between
GSH and Hg(1I) is formed, liberating Hg(II) from its complex
with thymine. The increase in the DNA probe flexibility and
methylene blue signal is shown in Figure 9. Unlike other GSH

@
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Figure 9. Design and signaling mechanism of the Hg(II)-mediated GSH
sensor. In the presence of GSH, a complex between GSH and Hg(1I)
was formed, liberating Hg(II) from its complex with thymine.
Subsequently, there was an increase in the DNA probe flexibility and
methylene blue signal. Reprinted with permission from ref 307.
Copyright 2014 Royal Society of Chemistry.

sensors, the signaling mechanism of this sensor did not require
direct oxidation of GSH. ACV measurements permitted the
quantification of GSH in the linear range from 5 nM to 1.3 uM.

3.6.5. Heparin. Heparin is a highly sulfated anionic
polysaccharide that is widely used as an anticoagulant/
antithrombotic agent during clinical procedures. Heparin is

usually stored within the secretory granules of mast cells and
released into the vasculature only at sites of tissue injury. It has
been suggested that the main purpose of heparin is to guard
against invading bacteria and other foreign materials, rather than
to facilitate anticoagulation.””® The molecular weight of native
heparin ranges from 3 to 30 kDa. The normal values of heparin in
serum range between 1.2 and 1.8 mg L™'.>%

A MIP-based potentiometric sensor for heparin was
engineered using an ITO electrode.’'® In this work, an
acrylamide-based MIP was grafted on the electrode surface in
the presence of heparin, as a template molecule. It was observed
that the electrochemical signal behaved linearly with heparin
concentration over the range from 10 to 300 ng L™, with a LOD
of 10 ng L™".

Also, a polymeric membrane-based potentiometric sensor for
heparin has been described.”’' The membrane contained a
lipophilic inert salt of tridodecylmethylammonium cation and
dinonylnaphthalenesulfonate anion. The sensor provided an
electromotive force in response to heparin concentration in the
linear range of 5.6—111.1 ug mL™".

3.6.6. Levodopa (L.-DOPA). L.-DOPA is a chemical precursor
for catecholamines. It is biosynthesized from L-tyrosine in a
reaction catalyzed by dopadecarboxylase enzyme. Also, L-DOPA
can be administered to treat Parkinson’s disease because it can
cross the blood—brain barrier and become converted into the
active form, DA, which cannot cross the blood—brain barrier.>'*

A voltammetric sensor for L-DOPA was fabricated using a
carbon paste electrode modified with meso-tetrakis(3-methyl-
phenyl) cobalt porphyrin and titanium oxide nanoparticles.”"?
Using DPV, the oxidation current intensity of L-DOPA was
proportional to its concentration in the range from 0.1 to 100
UM, with a LOD of 2 nM.

3.7.Electrochemical Small Molecule Analysis in Present-Day
Clinical Medicine

Thirty years ago, the total world market of biosensors was less
than $S million (USD) per year. Today, the worldwide sales of

Table 1. Commercially Available Electrochemical Biosensor for Clinically Relevant Small Molecules and Their Characteristics

company model analyte measuring range
Abbott, U.S. FreeStyle Precision Blood ketone
Yellow Springs Instruments, U.S. 2300 STAT Plus lactate 0—30 mM
2900 D and 2950D biochemistry analyzer, 2900 M online monitor and lactate 0.6—30 mM
control system hydrogen 88882 uM
peroxide
glutamate 0.1-9.9 mM
choline 48—4320 uM
lactose 0.1-73 mM
Nova Biomedical, U.S. StatStrip and StatStrip Xpress lactate 0.3—20 mM
ketone 0—8 mM
creatinine 27—-1056 uM
American Screening Corp., U.S. Q.Steps cholesterol 2.6—10.3 mM
Nova Diabetes Care, U.S. Nova Max Plus ketone
Lifestream Technologies, U.S. LSP5000 cholesterol
Roche, Switzerland LA 640 lactate 0.5—-12 mM
Eppendorf, Germany ECA 20 (ESTAT 660) lactate 1-30 mM
EKF Diagnostics, Germany Biosen S-Line, Biosen C-Line, Lactate Scout+ lactate 0.5—-25 mM
Zentrum fiir Wissenschaftlichen Geratebau, GKM uric acid 0.1-1.2 mM
Germany
Pts Diagnostics, China CardioChek, CardioChek P, CardioChek PA cholesterol
ApexBio, Taiwan UASure, MultiSure uric acid 178—1190 uM
The Edge lactate 0.7-22 mM
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biosensor-based devices are worth about $13 billion (USD) with
around 4500 papers published on biosensors every year.’'*
Currently, 85%—90% of this market is associated with glucose
monitoring. Several commercial biosensors are currently
available for a variety of clinically relevant small molecules,
including choline, lactose, ketone, lactate, uric acid, cholesterol,
and creatinine.””® A summary of these commercially available
biosensors is provided in Table 1. The disparity between the
systems that have been developed versus those that are
commercially available signifies the significant challenges
inherent in developing robust and cost-effective devices for
clinical use.

4. ELECTROCHEMICAL ANALYSIS OF NUCLEIC ACIDS

4.1. Application of Nucleic Acid Analysis in Diagnostic
Medicine

The analysis of specific nucleic acids sequences is of central
importance in clinical medicine. Pathogens responsible for
infectious disease can be rapidly and specifically identified via
their nucleic acids (NAs), and molecular-level information can be
collected on cancer and other diseases through sequence-level
analysis. This is a challenging area, however, as NAs are typically
present in clinical samples at low levels (Figure 1) and a very high
level of specificity is required to distinguish specific sequences
from related molecules.

The presence of pathogen-specific NAs is routinely used for
rapid diagnosis of infectious diseases. By looking for molecular-
level evidence of a bacterial, fungal, or viral pathogen, the lengthy
timelines typically associated with culture-based methods can be
avoided. Gene-based analysis usually includes a nucleic acid
amplification step. While PCR is the most commonly used
method for amplification, a number of other amplification
methods have been recently used, such as nucleic acid sequence-
based amplification, loop-mediated isothermal amplification, and
displacement amplification.”'® However, a variety of electro-
chemical sensing techniques have been developed that are
achieving levels of sensitivity that make amplification unneces-
sary.

The formation and growth of cancerous tumors involves an
accumulation of genetic and epigenetic changes in DNA, such as
point mutations, chromosomal rearrangements, microsatellite
instability, and promoter hypermethylation. At the molecular
level, a cancer cell can be distinguished from a healthy cell by
abnormalities in structure or expression of certain genes. While
leukemia and lymphomas are associated with relatively few but
highly specific genetic abnormalities, solid tumors frequently
comprise multiple specific and nonspecific abnormalities.
Molecular alterations that have been used for cancer diagnosis
could occur at the DNA level and include gene replication,
rearrangements/translocations, point mutations/deletions, or
insertions.”’” The ber-abl oncogene was the first chromosomal
abnormality reported to be related to a specific human
malignancy, the chronic myelogenous leukemia (CML), which
results from a reciprocal t(9;22) translocation. This translocation
is characterized by the formation of a shortened chromosome,
named Philadelphia chromosome (Ph), in which the tyrosine
kinase of c-abl is constitutively activated. The BCR-ABL fusion
genes that are generated are translated into three oncoproteins,
p190, p210, p230, associated with three different malignancies in
humans, including acute lymphoblastic leukemia, CML, and
chronic neutrophilic leukemia, respectively. The relative
quantification of the BCR-ABL fusion transcripts is used for

cancer diagnosis and monitoring relapse and drug resist-
ance.>'®*'%" Alterations of the FLT3, NPMI, CEBPA, and
PRAMI genes are used for the detection of hematological
malignancies, such as acute myeloid leukemia. In addition,
alterations of JAK2 gene are associated with polycythemia vera,
primary myelofibrosis, and essential thrombocythemia. Recent
studies have shown the significance of ALK, EGFR, KRAS, and
BRAF alterations in lung cancer’”” and BRAF, KIT, and NRAS
alterations in melanomas.**" At the RNA level, alterations occur
in transcription and post-transcriptional modifications.***

Circulating cell-free NAs in plasma have been correlated with
the severity of injury in stroke’>* and trauma patients.”** Ten
times higher plasma DNA concentration was also observed in
myocardial infarction patients.”*> Thus, detection of cfNAs in
blood could provide a means to perform liquid biopsy, which
would be beneficial for many diagnostic applications and would
avoid the need for tissue biopsies.

The discovery of fetal cfNAs in maternal plasma and serum has
opened new venues for parental diagnosis of neurological
disorders,®*® preterm labor,>?” fetal-maternal hemorrhage,328
preeclampsia,”*”**° polyhydramnios,”*" invasive placentation,***
sex-linked disorders,**” fetal rhesus-D (RhD) status,”* and fetal
chromosomal aneuploidies.**>**® Also, fetal RhD genotyping is
routinely used for parental diagnosis.””” Furthermore, placental-
derived mRNA species, such as human placental lactogen (hPL),
corticotrophin-releasing hormone (CRH), and the f-subunit of
human chorionic gonadotropin ($hCG), can be detected in
maternal plasma, and their expression is correlated with the
corresponding protein product levels.***

In addition to cfNAs in plasma and serum, DNA in urine
represents another tool for molecular analysis. For example,
microsatellite alterations have been detected in the urine of
patients suffering from renal cancer,”” prostate cancer,”*"**'
and bladder cancer.”* It was shown that the kidney is permeable
to cfDNA by detecting male-specific sequences in the urine of
females receiving male blood transfusion or carrying a male
fetus.””’ The potential use of cfDNA in organ transplant
monitoring was described in a study in which donor-specific
DNA was detected in the plasma of kidney and liver transplant
recipients.”™ Increase in urinary fDNA level was observed
during acute rejection and was followed by a rapid return to
normal level after administration of antirejection drugs.”*> The
donor genetic material was also detected in circulation after bone
allotransplantation.®*°

Tumor-associated mRNA was first detected in the plasma or
serum of cancer patients with nasopharyngeal carcinoma®*” and
melanoma.®*® In addition, mRNAs of various telomerase
components have been detected in plasma or serum of patients
with breast cancer,** follicular lymphoma,*° and hepatocellular
carcinoma.”' Cytokeratin 19 (CK19) and mammaglobin
mRNAs have been detected in the plasma of breast cancer
patients,”>” whereas f-catenin mRNA was observed in the
plasma of patients with adenoma and colorectal carcinoma.’*’

The expression levels of miRNAs are tumor-specific and can
be used for early cancer diagnosis.”>* Depending on their
downstream signaling effect on genes and gene products,
miRNAs can be up- or down-regulated in cancers. Up-regulated
miRNAs are proposed to have an oncogenic effect, whereas
down-regulated miRNAs are suggested to have a tumor
suppressor effect.

There are clearly many nucleic acid-based targets of interest for
sensor development. A variety of electrochemical methods have
been investigated for this application that either covalently or
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noncovalently labels NAs analytes with redox-active reagents.
Furthermore, several systems that are essentially “reagentless”
are also available for this application. The key challenges in this
area relate to attaining high levels of sensitivity, specificity, and
the validation of performance levels in clinical samples.

4.2. Electrochemical Detection of Clinically Relevant Nucleic
Acids

Electrochemistry of NAs is a key area within the field of
biomolecular electrochemistry, defined by Saveant as “molecules
for electrochemistry and electrochemistry for molecules”.*>* The
ability of the stacked base pairs of DNA to provide a pathway for
efficient charge-transfer was recognized in 1962.>°° This
interesting finding has stimulated numerous studies, >’ 3¢
resulting in three theories underlying the mechanism of long-
distance charge-transfer in DNA: (1) one-step charge transport
by long-distance tunneling from donor to acceptor via the DNA
bases;”"” (2) multistep random movement from donor to
acceptor involving short-distance tunneling intervals connected
by nucleotides which serve as charge resting sites;** and (3)
classical hopping in which the charge resides on one base or
several adjacent bases then thermal fluctuations activate the
charge migration along the DNA duplex.® It has been
demonstrated that the dominant mechanism for charge-transfer
in DNA is multistep hopping.”’" This mechanism involves a
complex process in which the charge migrates by hopping
through the double helix until it is irreversibly captured in a
reaction that damages DNA bases.””"

Several approaches exist for the detection of nucleic acids,
including (i) sensors modified with a MIP specific to a nucleic
acid sequence;’”* (ii) label-free hybridization between either a
neutral PNA or negatively charged DNA or RNA capture probe
and the target nucleic acid; an external redox mediator is usually
included in the detection solution to monitor the change in the
interfacial resistance resulting from altering either the surface net
charge or the compactness of the surface-immobilized probe/
hybrid;*”**”* (iii) hybridization between a capture probe and a
prelabeled nucleic acid with a redox probe or an enzyme;””> (iv)
hybridization between the capture probe and the target nucleic
acid only in the presence of adaptor strands that are
complementary to both of them;*’**”” (v) hybridization
between the capture probe and the nucleic acid, followed by
the capture of a protein®”® or antibody®”” specific to the formed
hybrid; (vi) sandwich-based hybridization assay in which the
target nucleic acid is hybridized to an immobilized capture probe
and a signaling probe modified with a redox label,*’ an
enzyme,””"**” or a carrier of primers to initiate a hybridization
chain reaction (HCA)*® or rolling cycle amplification
(RCA);*** (vii) displacement-based hybridization assays in
which the target nucleic acid displaces a redox-labeled secondary
strand from its hybrid with the capture probe, causing a
modulation of the electrochemical signal;38° in another format,
the target nucleic acid binds to the secondary strand, causing the
redox-labeled capture probe to regain its original conforma-
tion;>* (viii) hybridization between a redox-labeled hairpin
capture probe and a target nucleic acid, which is accompanied by
either bringing the redox label close to the electrode surface
(signal-ON)** or forcing it away (signal-OFF);**” (ix) hybrid-
ization between the target nucleic acid and capture probe that
contains a restriction site for endonucleases; in the absence of the
target nucleic acid, the capture probe is digested;”™ and (x)
hybridization between the capture probe and target nucleic acid
is followed by target recycling by digesting the capture probe in

the formed duplex by duplex-specific nucleases®® or T7
exonuclease, to create an isothermal amplification cycle.””

In general, MIP-based sensing strategies are tedious and lack
the sensitivity required for clinical analysis. However, the use of
nanostructured transducers could enhance the sensitivity
significantly by improving the interaction between the
recognition element and the target analyte. The use of adaptor
strands in nucleic acid analysis was found to enhance the
selectivity of detection. However, the adaptor strands should be
designed on the basis of the target sequence, which could
complicate the assay. An alternative strategy is to use hairpin
capture probes over 25 nucleotides in length. Remarkably,
hairpin probes can enhance the selectivity of the sensor,
particularly in SNP recognition, because they allow as much as
10—14 °C difference in T}, between perfectly matched and SNP-
containing double helices as compared to 1—6 °C often observed
for linear probes.””’

Prelabeling of the target sequence is advantageous due to the
signal-ON sensing mode of the sensor. However, the tedious and
expensive procedure for target sequence labeling restricts its real-
time application. An efficient alternative to produce signal-ON
sensors is to utilize hairpin capture probes and fine-tune the
experimental conditions, such as the probe length®” and
density’”” and electrochemical parameters, such as the frequency
in SWV** and potential scan rate in CV.*** In addition, a simple
truncation of the DNA hairpin sequence can allow reversal of the
sensing mode from “ON-OFF” to the more attractive “OFF-
ON”.3%5

Displacement-based methods are considered promising for
clinical analysis due to their simplicity and versatility. However,
the sensitivities of these methods are often low and insufficient
for clinical analysis. On the contrary, sandwich-based hybrid-
ization assays often result in ultrasensitive analysis of nucleic
acids. In such assays, the capture probe specifically hybridizes
with one portion of the target sequence, and the signaling probe
hybridizes with the other portion of the target. These three
components form a capture probe—target oligonucleotide—
signaling probe sandwich format. Like sandwich assays for
proteins, sandwich assays for nucleic acids do not require
prelabeling of the target sequence. In addition, the capture and
signal probes have minimal interaction in the absence of the
target, which ensures a high signal change upon target binding
and relatively low background signals.

Methods based on enzymatic amplification may allow nucleic
acid analysis down to the subattomolar level.*> However, the
cost of the enzymes and the multiple steps involved in the
analysis often restrict their use in clinical analysis. Replacing
enzymes by nanoparticles or quantum dots often results in
significantly amplified signals. In addition, sacrificial mediators
can be used as electron sinks to favor the catalytic recycling of a
redox label. For example, amplification of the signal of a
ferrocene or methylene blue label can be achieved by including
ferricyanide in the analysis buffer. Similarly, redox cations such as
[Ru(NH,)¢]** (RuHex) electostatically associated with nucleo-
tide phosphate residues can be electrocatalytically recycled using
ferricyanide, resulting in higher detection sensitivity.

4.2.1. DNA Detection Strategies. 4.2.1.1. Genomic DNA.
The analysis of disease-specific gene mutations in DNA, such as
those in KRAS, pS3, BRCAI, BRAF, APC, and EGFR, is desired
because these genes have high mutation frequency in many
tumor types and are associated with cancer progression.3%'397
The presence of these mutated genetic sequences in the plasma/
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serum is §enerally associated with larger tumors and advanced
staging.39

A sequence-specific MIP-based amperometric sensor for the
pS3 gene point mutation was fabricated by electropolymerizing
o-phenylenediamine and single-stranded oligodeoxyribonucleo-
tide (ssODN) on the surface of ITO-coated glass substrate.’””
The 17-mer ssODN template is associated with the point
mutation of human prostate cancer susceptibility gene p53. The
sensor showed a linear current response to the target ss-ODN
concentration ranging from 10 aM to 300 fM.

An amperometric sensing platform was reported for the
detection of EGFR gene mutation in the saliva of NSCLC
patients.””” In this method, a capture probe for the mutant was
copolymerized with pyrrole on the surface of an array of gold
electrodes. A fluorescently labeled signaling probe for the mutant
was incubated with the saliva sample. Hybridization was
performed using a cyclic-square wave electric field at —200 mV
for 1 s and +500 mV for 1 s for 5 cycles of 10 s each. The
continuous variation of the electrical field facilitated the
hybridization exclusively of the perfectly matched sequence. A
HRP-conjugated antifluorescein antibody was added followed by
a mixture of TMB and H,O,. This sensor allowed for the
detection of the L858R point mutation and exon 19 deletion in
the EGFR gene.

An amperometric sensor for single nucleotide polymorphisms
(SNPs) was constructed using a DNA tetrahedron structure,
displaying a pendant capture probe at one vertex and three thiol
groups at the other three vertices.*”’ This 3D nanostructure was
strongly anchored on a gold electrode by the three thiol-modified
55-mer DNA strands at the base of the “pyramid”, leaving a free-
standing 80-mer capture probe at the top. The tetrahedron
assembly process was extremely fast (within 2 min) with a yield
of over 85%, as shown in Figure 10. Subsequent to target
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Figure 10. Schematic representation of the preparation of tetrahedron-
structured probes for electrochemical nucleic acids analysis. The probe
was hierarchically assembled from three thiolated 55-nt DNA fragments
and one 80-nt DNA fragment carrying the probe sequence, mixed in
stoichiometric equivalents in buffer. The nanostructure was anchored to
the gold surface through three thiols at the base of the “pyramid”, leaving
a free-standing probe at the top. Reprinted with permission from ref 400.
Copyright 2010 John Wiley & Sons, Inc.

hybridization, a biotin-tagged reporter probe was hybridized with
the capture probe followed by modification with streptavidin-
conjugated HRP enzyme. After incubation with a mixture of
TMB and H,0,, the SNP discrimination factors between a
perfectly matched and three SNP-containing sequences were
150, 1000, and 10 000, respectively.

In a closely related approach, a streptavidin-conjugated HRP
enzyme was utilized as a signaling tag.""' Upon the addition of
TMB and H,0,, amperometric measurements permitted SNP
detection with complete discrimination between the perfectly
matched and the G — A mutated pS3 gene sequence.
Remarkably, the sensitivity of nucleic acid-based sensors was

significantly enhanced by coating the sensor surface with a
ternary self-assembled monolayer. This was achieved by coupling
the cyclic and linear configuration of the backfiller."”* For
example, coimmobilization of the thiolated capture probe and
a,w-alkanedithiol dithiothreitol, followed by the assembly of
mercaptohexanol, was shown to reduce the LOD of a DNA target
to the zeptomolar level.

A nonenzymatic voltammetric clamp assay for SNPs was
developed using a PNA probe (complementary to the mutated
target) immobilized onto the surface of a gold nanostructured
microelectrode.*”® PNA probes, which carry no molecular charge
at neutral pH, enhance the binding affinity to target nucleic acid
and consequently improve the detection sensitivity."”* A
collection of oligonucleotides was utilized to sequester closely
related sequences in solution, thus allowing only the mutated
sequence to bind to the sensor surface. This sensor was
employed for the detection of KRAS gene mutation, which is
associated with lung, colorectal, and ovarian cancers,**® as shown
in Figure 11. In addition, the sensor was utilized to detect BRAF
gene mutation, which is associated with melanoma.*?¢
Remarkably, DPV measurements indicated that the signal
increase was dependent on the target concentration over 6
orders of magnitude with a LOD of 0.1 pM.

A signal-ON voltammetric sensor for pS3 gene mutation was
fabricated using a biotin-labeled capture probe with a hairpin
structure immobilized onto the surface of a gold electrode, with a
stem designed to contain a restriction site for endonuclease
enzyme EcoR1.%*" In the absence of target DNA, the probe was
cleaved by EcoRI and the biotin tag dissociated. In contrast, the
capture probe was opened by the target hybridization, deforming
the restriction site and moving the biotin tag away from the
electrode. Afterward, streptavidin-conjugated gold nanoparticles
capped with multiple ferrocene signaling probes were introduced
into the stem region to generate the signal. DPV measurements
were used to demonstrate that the currents generated for SNP-
containing DNA were significantly lower than those generated by
a perfectly matched sequence.

An electrochemical sensor for the KRAS gene mutations was
constructed using a LNA probe immobilized onto the surface of a
GNPs-coated gold electrode.””” The probe was cleaved by EcoRI
in the wild-type DNA but could not be cleaved in the presence of
mutations. The difference before and after enzymatic cleavage
was then monitored by chronocoulometry (CC) in the presence
of Ru(NHj,)**, with a LOD of 0.5 fM.

Another voltammetric sensor for KRAS gene mutations was
developed using a hairpin capture probe modified with a
thiolated methylene blue at the 3’ terminus and ferrocene in the
middle of the loop, immobilized onto the surface of a gold
electrode.””® In the presence of the target DNA, a duplex with a
blunt end was formed, which triggered the Exo III cleavage
process accompanied by the release of the target DNA. As a
result, the methylene blue tags were forced away from the gold
electrode surface, and the ferrcoene tags were brought close to
the electrode surface, as shown in Figure 12. These changes led to
the decrease of the oxidation peak current of methylene blue,
accompanied by the increase of that of ferrocene. The values of
Ig./ Ly for SNP-containing sequences were only 43% and 24% of
that for a perfectly matched sequence.

A voltammetric sensor for the Janus Kinase 2 (JAK2) gene
mutations, a marker for myeloproliferative disorders, was
constructed using a DNA capture probe immobilized onto the
surface of a PGE.*”? Using DPV, well-defined guanine oxidation
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presence of target DNA, a duplex with a blunt end was formed, which triggered the Exo III cleavage process accompanied by the release of target DNA.
As aresult, the methylene blue tags were forced away from the gold electrode surface, and the ferrocene tags were brought close to the electrode surface.
Reprinted with permission from ref 408. Copyright 2015 American Chemical Society.

peaks for complementary and noncomplementary targets were
obtained with a temperature of 68 °C.

A voltammetric sensor for BRCAI gene mutations was
fabricated using a PNA probe immobilized onto the surface of
a gold electrode.”” Because the PNA-modified electrode surface
is electrically neutral, no electrostatic interaction took place
between the electrode surface and the negatively charged redox
mediator, [Fe(CN)¢]>~/*". After hybridization with the target
DNA, the redox mediator was prevented from freely accessing
the electrode surface, due to the electrostatic repulsion between
the mediator and the formed hybrid. Nuclease S1 was then
applied to the PNA/DNA duplex on the electrode surface where
perfectly matched PNA/DNA duplex could not be hydrolyzed

by the nuclease. CV experiments demonstrated that nuclease S1
treatment of the mismatched PNA/DNA duplex led to recovery
of the current signal approaching a value close to that before
target hybridization.

A voltammetric sensor for SNPs was fabricated using a DNA
capture probe immobilized onto the surface of a polymer-
induced wrinkled electrode.””* A combination of craft cutting
and prestressed polystyrene substrate-induced wrinkling was
employed to fabricate a multiplexed array of wrinkled nano-
strucutred microelectrodes. Using DPV, distinguishing between
perfectly matched and SNP-containing sequence was permissible
in the presence of an electrocatalytic mediator, Ru(NH;)4**.
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A polarity-switching voltammetric sensor for SNPs utilized a
DNA capture probe modified with centrally located methylene
blue and immobilized onto the surface of a gold electrode.”®” In
the absence of target, the double-stranded stem of the probe
created proximal rigidity, while the centrally located methylene
blue did not interact with the single-stranded DNA loop. In the
perfectly matched hybrid, a decreased SWV current was observed
presumably due to the confinement of the methylene blue tag
within the DNA duplex, which lowered the probability of the
methylene blue approaching the electrode (signal-OFF). In the
mismatched hybrid, the interaction was disrupted, giving rise to
the opposite signal polarity (signal-ON), as shown in Figure 13.
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Figure 13. Polarity-switching sensor exploited the probe flexibility and
the interaction between the methylene blue label and dsDNA to tune the
electron transfer between the methylene blue molecules and the
electrode, so that the sensor reported a “signal-OFF” response from the
perfectly matched target, but an opposite “signal-ON” response from the
SNP-containing target. Reprinted with permission from ref 387.
Copyright 2011 John Wiley & Sons, Inc.

Other reports have demonstrated enhanced flexibility for bulge-
containing duplexes as compared to perfectly matched analogues
using ferrocene-modified PNA probes and voltammetric
measurements.” !

A voltammetric sensor for SNPs was constructed using a
methylene blue-labeled DNA probe immobilized onto the
surface of a gold electrode.”® The capture probe comprised a
9-base target recognition region at the 3’-end and an 8-base
target recognition region at the 5'-end. The two regions were
attached through a 10-T spacer. Target hybridization brought
together the two domains to form a “closed” structure, which
confined the methylene blue label close to the electrode surface
for efficient electron transfer, as shown in Figure 14. Using ACV,
a LOD of 200 fM was obtained. In addition, SNP-containing
sequences did not cause a significant change in the current.

A clamp-like voltammetric sensing strategy for SNPs was
developed using a methylene-labeled DNA probe immobilized
onto the surface of a gold electrode.”’” The clamp-like probe
could bind to a target sequence through two distinct
complementary regions to form a triplex DNA structure, thus
bringing the methylene blue label close to the electrode surface,
as shown in Figure 15. This approach provided over 2000-fold
discrimination efficiency between perfectly matched and SNP-
containing sequences.

Another voltammetric sensor for SNPs featured a hairpin
DNA probe as the recognition and signaling probe, the shorter
arm of which was labeled with methylene blue at its free end.*"
The recognition probe was immobilized onto the surface of a
gold electrode using a thiol group located internally, in the turn
region of the hairpin. Hybridization of a target DNA with the
longer arm of the hairpin displaced the shorter arm, allowing the
redox probe to approach the electrode surface and transfer

_—

— l\
Figure 14. Schematic representation of signal-ON nucleic acid sensor
recognition site at the 5’-end. The two sites were connected through a
proximity to the electrode surface for efficient electron transfer.

off _
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architecture and signaling mechanism. The capture probe comprised a
9-base target recognition site at the 3’-end and an 8-base target
10-T spacer. Target hybridization brought together the two domains to
form a “closed” structure, which confined the methylene blue label in
Reprinted with permission from ref 34. Copyright 2013 Royal Society
of Chemistry.
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Figure 15. Clamp-switch sensor comprised a DNA probe modified at its
3'-end with a methylene blue redox tag. The probe was designed with a
first recognition element, a 15-base polypyrimidine portion (green
portion) that can recognize a complementary target sequence via
Watson—Crick base pairing. The second recognition element, a
polypyrimidine sequence (red portion), was then folded back to form
a triplex structure through Hoogsteen base pairing. This brought the
redox label close to the electrode surface, increasing electron transfer
efficiency and resulting in an increase in the current. Reprinted with
permission from ref 412. Copyright 2014 American Chemical Society.

electrons, as shown in Figure 16. SWV measurements revealed
800% signal increase at the saturating target level with a LOD of
50 pM. Also, the sensor can readily discriminate between
perfectly matched sequences and those containing SNPs.

A voltammetric sensor integrated within a microfluidic device
was designed to perform electrochemical melting curve measure-
ments and subsequently discriminate between homozygous and
heterozygous SNPs in the apolipoprotein E (ApoE) gene."*
Noteworthy is that specific alleles of ApoE strongly affect
individual risk of late-onset Alzheimer’s disease. The device
employs methylene blue-labeled surface-bound DNA probes
complementary to the SNP-containing target sequence. The
probe was modified at the other end with trithiol to ensure the
probe stability at higher temperatures.*'* To distinguish between
perfectly matched and SNP-containing sequences, the chip was
heated until the formed duplex completely melted. Because of its
higher hybridization energy, the perfectly matched target melted
at a higher temperature, bringing the methylene blue group close
to the electrode surface and leading to an increase in the ACV
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Figure 16. A signal-ON sensor employing an asymmetric hairpin probe.
The sensor operated via a strand displacement mechanism. Hybrid-
ization of the target DNA with the longer arm of a probe molecule led to
the liberation of the shorter arm, increasing the efficiency with which the
methylene blue redox reporter at its end approaches the electrode
surface. This resulted in a readily measurable increase in Faradaic
current. Reprinted with permission from ref 413. Copyright 2011
American Chemical Society.

current. On the other hand, SNP-containing sequences showed
an increase in current at lower melting temperature. Also,
impedimetric monitoring of DNA denaturation by NaOH was
performed using a DNA probe immobilized onto a nanocrystal-
line-diamond electrode.”’® This approach allowed for fast
localization and identification of SNPs.

An impedimetric sensor for SNP was fabricated using a PNA
capture probe immobilized onto the surface of a gold
electrode.*’” The interaction of metal ions with the DNA/
PNA hybrid was studied in the presence of [Fe(CN)]*~/*7, and
the charge-transfer resistance was found to decrease in the order
of Ni** > Co*" > Zn*" > Mg*". This was ascribed to the strong
interaction of Ni** with the N7 of purines or N3 of pyrimidines
on the PNA/DNA film. Using Ni%, it was possible to detect a
single C—T mismatch. This approach was further utilized to
detect SNPs in the ApoE gene with target DNA levels down to 10
fM.*"® In a closely related approach, a DNA capture probe was

utilized instead of PNA in the presence of Zn**.*"” The effect of
the SNP position on the electrochemical signal was studied in 25-
mer DNA sequences. A large difference in the charge-transfer
resistance between perfectly matched and SNP-containing
sequences was observed in middle mismatches as compared to
terminal ones.

A gap electrical sensor for SNP leveraged the self-catalytic
growth of unmodified GNPs as conductive bridges."”’ In the
presence of target DNA, the formed dsDNA product could not
adsorb onto the surface of GNPs due to electrostatic repulsion,
which made the GNPs exhibit excellent glucose oxidase-like
catalytic activity. Such catalytic activity enlarged the diameters of
GNPs in the glucose and HAuCl, solution and resulted in a
dramatically increased conductance. In the absence of the target
DNA, the catalytic activity sites of GNPs were fully blocked by
ssDNA due to the noncovalent interaction between nucleotide
bases and GNPs, as shown in Figure 17. Conductance change
measurements revealed the ability of the sensor to discriminate
between perfectly matched and SNP-containing sequences.

4.2.1.2. Epigenetic Alterations. Heritable changes in gene
expression that do not depend on the DNA sequence are referred
to as “epigenetic’. Genomic DNA methylation is frequently
observed at the cytosine base in the CG-rich region, called CpG
islands, located in the promoter and the first exon of genes.*”!
Cytosine methylation occurs at the 5’ position of cytosine
replacing a hydrogen atom with a methyl group without
interfering with CG pairing.422 In normal cells, most CpG
islands spanning the promoter regions are nonmethylated, and
their downstream genes are transcriptionally active. On the other
hand, when CpG island promoters in cancer cells are methylated,
their downstream genes become subsequently silenced.**’
Hypermethylation of these CpG islands is associated with
diseases as a result of the transcriptional inactivation of classic
tumor suppressor genes. Hypermethylation has been linked to
leukemia, lung, thyroid, pancreas, and prostate tumors, among
many other diseases including male sterility.*”** Several
studies have revealed the presence of methylated DNA in the
plasma/serum of cancer patients. Hence, detection of methylated
DNA may represent a means to monitor cancer progression and
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Figure 17. Schematic diagram of the gap sensing strategy based on self-catalytic growth of unmodified GNPs as conductive bridges for DNA
hybridization analysis. Reprinted with permission from ref 420. Copyright 2014 American Chemical Society.
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perform risk assessment in cancer patients. Genes that are
frequently hypermethylated in tumors include p1S, p16, APC,
BRCAI, BRCA2, CDHI, RASSFIA, RARB, SEPT9, ESRI,
CDKN24A, LKB1, VHL, htMLH1, MGMT, GSTP1, and DAP-
kinase.**

Conventional sequencing cannot be used to study methylation
because both bases exhibit identical Watson—Crick base-pair
behavior. Thus, current DNA methylation assays involve
methods designed to distinguish between C and methylcytosine
(mC) in oligonucleotides. Bisulfite treatment,**”**® restriction
enzymes, "’ and molecules with chemical /biological affinity have
been used to readout methylation patterns.”*”**" In bisulfite-
based assays, the unmethylated C is deaminated and then
converted to U, whereas mC remains almost unchanged due to
its low reactivity.*’> Restriction enzymes catalyze the scission
reaction of a specific base sequence. When the C in the specific
sequence is methylated, the scission is inhibited. Several studies
have also revealed the use of antibodies,**" binding proteins,433
and metal complexes with high affinity for mC."**

A voltammetric sensor was constructed for direct oxidations of
mC and C in the 5-CG-3’ sequence using a sputtered
nanocarbon film electrode after digesting longer CpG
oligonucleotides with endonuclease P1.*** Importantly, direct
oxidation of the longer CpG oligonucleotides was insufficient for
obtaining the oxidation currents of these bases because the CG-
rich sequence inhibited the direct oxidation of each base due to
the native conformation and its very low diffusion coeflicient.
Using SWV after P1 treatment allowed for 4.4 times higher
sensitivity and a wider concentration range for mC detection
with a resolution capable of detecting a subtle methylation
differences in the 60-mer CpG oligonucleotides. Another study
studied the CV and SWV responses of 250 uM C, mC, and 6-mer
oligonucleotides using screen-printed graphite electrodes.**
Good reproducibility of the electrochemical behavior of C and
mC was observed with a potential separation of about 100 mV,
which allowed for a clear discrimination between C and mC.

Another voltammetric method for methylated DNA relied on
the conversion of C into U using sodium bisulfite.”” The sensor
was prepared using a complementary DNA probe to 27- or 33-
mer ssDNA from the GSTPI promoter region, immobilized onto
the surface of a platinum microelectrode precoated with a
polypyrrole bilayer film. After bisulfite treatment, the sites where
the U base is present in the non methylated DNA were no longer
a base pair match to the G bases on the complementary probe
DNA. Using CV, 0.1 yuM methylated DNA sequences were
successfully measured with an average percent difference of
25.4% as compared to nonmethylated respective sequences.
Using EIS in another study permitted the detection of
methylated GSTPI sequences down to 29 nM."**

In a closely related approach, a voltammetric sensor was
prepared using a PNA probe immobilized onto the surface of a
GNPs-modified GCE, precoated with a choline monolayer.**
The purpose of using choline was to provide a stable monolayer
with positively charged —N*(CHj); polar head groups, which
could increase the density of edge-plane-like active sites of the
GCE for the assembly of GNPs, as shown in Figure 18. DPV
measurements permitted the profiling of the methylation status
of p53 after bisulfite treatment, and the peak current was found
proportional to the logarithm of target concentration in the range
from 50 pM to 96 nM, with a LOD of 18 pM.

Another voltammetric sensing platform referred to as
“eMethylsorb” relied on the base-dependent affinity interaction
of DNA with a gold electrode.”*’ Briefly, DNA samples extracted
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Figure 18. Schematic illustration of the electrochemical recognition
method of pS3 gene methylation. Reprinted with permission from ref
439. Copyright 2012 Royal Society of Chemistry.

from cell lines were treated with bisulphite to convert
nonmethylated C into U. These samples were then converted
to ssDNA amplicons by an asymmetric PCR step, where mC was
copied into G, and U into A. The resulting ssDNA amplicons
were directly adsorbed onto a gold electrode, and their amount
was determined using DPV, as shown in Figure 19. It was noted
that the relative current response decreased linearly with
increasing methylation percentage in the mixture.
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Figure 19. Schematic representation of the eMethylsorb approach for
the detection of DNA methylation. Inset: The DPV current generated at
the electrode modified with methylated and unmethylated DNA
samples. The columbic repulsion between [Fe(CN)¢]*~ and negatively
charged DNA strands for unmethylated samples (i.e., adenine enriched)
was much stronger than that of the methylated one, and hence generated
lower current for unmethylated samples. Reprinted with permission
from ref 440. Copyright 2014 Royal Society of Chemistry.

A voltammetric sensor array integrated with a microfluidic
device was constructed for the detection of oxidation in intact
DNA.**' DNA can be oxidatively damaged by reactive oxygen
species, which may lead to carcinogenesis.”">*** The device
featured osmium bipyridyl poly(vinylpyridine) chloride films
assembled layer-by-layer with polyions onto gold sensors. Using
SWYV, the device was successfully utilized to detect one molecule
of oxidized guanosine, 8-0xodG, per 6600 nucleobases.

4.2.1.3. Microsatellites. Microsatellites, often referred to as
short tandem repeats (STRs), are repetitive DNA triplets ranging
in size from 2 to 6 bp that form variable-length stretches of DNA.
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They can be found at many loci within the human genome. The
biology of microsatellites has been studied extensively, and their
analysis has seen application in several fields including forensic
analysis, g‘aternity/kinship testing, and disease-related linkage
analysis.*** The first reports about microsatellites involved
patients with lung cancer*” and head and neck cancer.**® To
date, more than 12 human genetic diseases including Huntington
disease (triplets CAG-CTG), myotonic dystrophy (CTG-CAG),
fragile X syndrome (CGG-CCG), and Friedreich ataxia (GAA-
TTC) have been found to be associated with the expansion of
trinucleotide repetitive sequences such as CTG, CGG, or GAA
repeats.”””**® The d(CGG), trinucleotide expansion in the
coding sequence of the Fragile X mental retardation 1 gene leads
to the gradual damage of the brain.**’

An impedimetric sensor was developed for the detection of
XCG trinucleotide repeats (X: C, T) using a naphthyridine
carbamate dimer (NCD) of nucleic acids immobilized onto the
surface of a gold electrode.”™® The selective binding of
naphthyridine dimer to guanine-rich special DNA sequences
was ascribed to the hydrogen bonding between the naphthyr-
idine group and G base.*>" After the sensor was incubated with
trinucleotide repeats, the relationship between the charge-
transfer resistance and the logarithm of tandem repeats
concentration was linear from 1 nM to 1 uM.

A voltammetric sensor for CGG repeats was constructed using
a complementarzr DNA probe immobilized onto the surface of a
gold electrode.*” Subsequent to capturing the tandem repeat,
the sensor was incubated with a bifunctional electrochemical
probe, ferrocene-labeled NCD2. SWV measurements revealed
the ability of the sensor to detect trinucleotide repeats down to
S50 uM.

4.2.1.4. Viral DNA. A DNA virus is a virus in which the genetic
material is DNA and replicates using a DNA-dependent DNA
polymerase. The DNA can be either double- or single-stranded.
Viruses, such as Epstein—Barr virus (EBV), hepatitis B virus
(HBV), and human papillomavirus (HPV), are etiological factors
in several malignancies, including nasopharyngeal carcinoma,**
cervical cancer,”* head and neck squamous cell carcinoma,”
Hodgkin’s disease,**® and Iymphoid malignancies. "’

A voltammetric sensor for the HPV DNA sequence
HPVIG6E7p was fabricated using an anthraquinone-labeled
pyrrolidinyl PNA probe immobilized onto the surface of a
chitosan-modified screen-printed carbon electrode.**® Hybrid-
ization with the viral DNA was studied by measuring the
electrochemical signal of the anthraquinone label using SWV.
The calibration curve exhibited a linear range from 20 nM to 12
UM, with a LOD of 4 nM.

A sandwich-based amperometric sensor for HPV DNA
sequences HPVI6E7p and HPV4SE6 was constructed using a
capture DNA probe immobilized onto the surface of an array of
gold electrodes.”’' Subsequent to viral DNA capture, a second
hybridization was carried out between the terminal part of the
viral DNA and a HRP-modified reporter DNA. After incubation
with TMB, the levels of HPVI6E7p and HPV4SE6 were
determined in the linear ranges of 0.1—10 and 0.1—1 nM, with
LOD values of 490 and 110 pM, respectively.

A sandwich-based voltammetric sensor for HBV DNA was
fabricated using a capture DNA probe immobilized onto the
surface of an array of gold electrodes.**” Silver nanoparticles were
modified with an oligo(d)A and the reporting probe, followed by
hybridization with silver nanoparticles modified with oligo(d)T.
The formed tag was found to show an aggregated nanostructure
10 times larger than the individual nanoparticle, as shown in
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Figure 20. In the presence of HBV DNA, the sandwich was
formed and the target was subsequently analyzed using DPV in
the linear range from 10 aM to 100 fM, with a LOD of 5 aM.

H;

AN SR HE. Gl _oH
By b R sz
1 s 10 Frid b

Capt'ure probe

. —

+ +

A1S D-HBY  AgNPs

hybridization I

Figure 20. Schematic illustration of an electrochemical assay for viral
DNA targets based on silver nanoparticle conjugates. Preparation of the
aggregates is shown in the inset. Reprinted with permission from ref 459.
Copyright 2010 American Chemical Society.

A sandwich-based voltammetric assay utilized DNA-wrapped
CNTs as electrochemical labels for detection of HBV DNA.**
The presence of target DNA mediated the formation of a
sandwiched complex between the DNA-wrapped CNT and a
hairpin DNA capture probe immobilized on magnetic beads.
After treatment with N,N-dimethylformamide, the collected
sandwiched complex released the bare CNTs and facilitated the
removal of magnetic beads from the electrode surface. The bare
CNTs were then assembled on the electrode surface and
mediated efficient electron transfer between the electrode and
the electroactive species, ferrocenecarboxylic acid. Using DPV,
the target DNA was measured in the linear range from 1 pM to
100 nM, with a LOD of 0.9 pM.

An electrocatalytic fluid displacement method for HCV
detection was designed and tested using a PNA capture probe
immobilized onto the surface of a nanostructured micro-
electrode.*®’ After hybridization with the viral DNA, the
electrocatalytic solution, which comprised ruthenium hexamine,
ferricyanide, mercaptopropionic acid, cysteamine, and potassium
tetrachloroplatinate, was introduced into the sensing chamber.
On the application of a potential, Ru(NH;)¢*" attracted to the
negatively charged backbone of the formed hybrid, was oxidized
at the sensing electrode, and platinum was simultaneously
electrodeposited at a mesh electrode in the read-out chamber.
The current was further amplified by two additional reducing
agents in the electrocatalytic solution, including mercaptopro-
pionic acid and cysteamine. After the application of the potential,
H,0, was introduced into the read-out chamber. The deposited
platinum catalyzed the decomposition of H,O, into O,, and the
formed bubbles displaced a fluid to reveal a color change, as
shown in Figure 21. This sensor allowed for viral DNA detection
with a LOD of 100 fM.

A paper-based voltammetric sensor for HBV was fabricated
using a hollow-channel paper analytical device to accommodate
micrometer-scale particles, and a convenient slip layer for timing
the incubation steps.**” The capture DNA probe was modified at
one end with magnetic microbeads and with silver nanoparticles
at the other end. Hybridization between the capture probe and
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Figure 21. Coupling electrochemical detection of nucleic acids with visual readout. (a) Target hybridization. The target was hybridized to a
complementary PNA probe. (b) Signal transduction. A potential was applied to the nanostructured microelectrode which oxidized [Ru(NH;),]**. The
current was amplified using an electrochemical—chemical—chemical (ECC) reporter system. (c) Colorimetric read-out. After the addition of peroxide,
the platinum catalyzed the decomposition of peroxide, leading to the formation of a bubble. The growing bubble resulted in a color change through a
change in either the optical density or structural color. (d) Optical density change. A cross-section of the electrocatalytic fluid displacement method with
read-out based on dye displacement. (e) Structural color change. A cross-section of the electrocatalytic fluid displacement method with read-out based
on a structural color change. Reprinted with permission from ref 461. Copyright 2015 Nature Publishing Group.

target DNA was carried out off chip and then transferred to the
screen-printed electrode integrated with the paper device. Using
ASV, the level of viral DNA was quantified in the linear range up
to 500 pM, with a LOD of 85 pM.

4.2.1.5. Mitochondrial DNA. Human cells contain several
hundreds of copies of mitochondrial DNA (mtDNA) that
encodes respiratory chain subunits, tRNAs, and rRNAs. Over
150 mutations with documented pathogenicity have been
identified within the human mtDNA.*** Several mutations
have been observed in patients with lung cancer, bladder cancer,
head and neck cancer, and colorectal carcinoma.*** These
mutations have been detected in bodily fluids, including saliva,
urine, and bronchoalveolar Iavage.465 For instance, the
mitochondrially encoded NADH dehydrogenase 6 (MT-ND6)
is translated into NADH dehydrogenase 6. This protein is part of
a large multienzyme assembly known as complex I, which is one
of the enzyme complexes necessary for oxidative phosphor-
ylation within mitochondria. Several mutations in the MT-ND6
gene have been identified in patients with Leber hereditary optic
neuropathy**® and Leigh syndrome.**” Mutations in mitochon-
drial isoleucine tRNA are associated with cardiomyopathy and
opthalmoplegia.***** The U3271C mutation affecting the
human mitochondrial tRNA®(U"N is correlated with diabetes
and mitochondrial encephalopathies.*’*~*"

A voltammetric sensor for MT-ND6 was constructed using a
complementary DNA probe immobilized onto the surface of
GNPs-modified GCE."”” The hybrid formed was subsequently
digested with BamH], a restriction enzyme that cleaves after the
5’-G. The electrode was then immersed in methylene blue or
neutral red for electroactivation followed by signal detection
using DPV.

An impedimetric sensor was fabricated to monitor the PCR
amplification of mitochondrial Cytochrome c oxidase gene using
a forward primer immobilized onto the surface of a GCE
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precoated with a polymerized film of pyrrole and pyrrolylacrylic
acid.*”* This sensor permitted the detection of as few as 2 copies
uL™t,
4.2.2. RNA Detection Strategies. The analysis of
messenger RNAs and microRNAs is the focal point of the
electrochemical RNA analysis area. RNA sequences that are
important targets for cancer monitoring, infectious disease
diagnosis, and organ transplant assessment have all been
analyzed electrochemically using a variety of approaches.

4.2.2.1. Messenger RNA (MRNA). mRNA is the intermediate
between genes encoded by DNA and the final protein products.
Hence, the mRNA level usually reflects the concentration of the
corresponding protein. The copy number of a specific nRNA in
a particular cell type can vary significantly from one mRNA to
another, and depends on a series of factors related to the function
of the corresponding protein. Tumors typically exhibit aberrant
mRNA expression, and hence mRNA can be used as a marker for
cancer monitoring."”> In breast cancer patients, the level of
CCNDI1 mRNA has been identified in patients with poor survival
and who were nonresponsive to tamoxifen.”’® In addition, the
levels of TERT mRNA and EGFR mRNA in lung cancer patients
have been correlated with tumor size, metastasis, and disease
recurrence.”’” Furthermore, the presence of tyrosinase mRNA
has been demonstrated in the serum of one-third of patients with
malignant melanoma.***

A displacement-based voltammetric signal-ON sensor for
survivin mRNA was constructed using a ferrocene-labeled stem-
loop DNA probe immobilized onto the surface of a gold
electrode.”® Survivin is an apoptosis inhibition protein found in
most cancer cells, such as breast, ovarian, cervical, and
hepatocellular carcinomas.””® In this report, the immobilized
probe was then hybridized with a partial complementary survivin
antisense oligonucleotide to open the stem-loop structure and
reduce the electron transfer. SMMC-7221cells were incubated
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with the sensor, lysed with Triton, and the released mRNA
subsequently displaced the antisense strand and retrieved the
stem-loop structure. DPV experiments revealed that the peak
current exhibited a linear correlation with the logarithm of
mRNA concentration ranging from 50 pM to 50 nM.

A voltammetric sensing platform was developed for detection
of the BCR-ABL mRNA, which is associated with chronic
myeloid leukemia.*”? This platform was based on amino acid/
nucleic acid chimeras (ANAs) immobilized onto the surface of an
array of nanostructured gold microelectrodes. The ANAs were
designed to specifically bind to the junction region between the
two fused genes, ber and abl in the BCR-ABL gene fusion. Using a
catalytic redox probe, [Ru(NHj;)¢]**/[Fe(CN)¢]*", DPV
allowed for the detection of BCR-ABL mRNA in as few as 10
K562 cells after lysis.

Chip-based voltammetric sensors referred to as fractal circuit
sensors (FraCS) were applied to the multiplexed analysis of
preimplantation IL-6, IL-10, and ATP11B mRNAs that correlate
with the development of primary graft dysfunction in recipients
after transplant.”® The sensors made from electrodeposited gold
were templated in apertures created in an SU-8 layer patterned
over gold contacts on a glass chip. Electrodeposition was carried
out using conditions that facilitate rapid growth and generation
of fractal structures extending into solution. Afterward, the
sensors were modified with the complementary PNA sequences
for the target mRNAs. The donor lung tissue extracted by a
transplant surgeon was chemically lysed in 5 min using nonionic
detergents compatible with the sensor. The electrochemical
currents were generated by a label-free, redox-active, [Ru-
(NH;)s]**/[Fe(CN)g]*~ reporter system. The [Ru(NH,)]*
electron acceptor complex is positively charged and binds to the
sensors at levels that correspond to the amount of negatively
charged nucleic acid bound to the sensor. The [Fe(CN)4]*~
electron acceptor complex is negatively charged, and so it
remains in solution to accept the electrons from [Ru(NHS)s]3+
to induce multiple turnovers and current amplification, **"*** as
shown in Figure 22. This sensor system exhibited a 335% signal
gain using FraCS when challenged with solutions of 1 to 10 nM
mRNA versus 52% using conventional electrodes. In addition, a
significant up-regulation of IL-6, IL-6/IL-10, and ATPIIB
mRNAs was observed in the donor lungs with poor outcomes.

An integrated voltammetric sensor with a microfluidic device
was fabricated to allow the capture of circulating tumor cells
(CTCs), cell lysis, and profiling of PSA mRNA.** In this work, a
velocity valley chip was utilized to capture magnetic nanoparticle-
bound CTCs, which were then electrochemically lysed, and the
in situ released mRNA was analyzed using nanostructured
microelectrodes. Using DPV, CTCs as few as 2 cells per mL of
blood were captured with 97% efficiency within 1 h, and the level
of PSA mRNA was determined, as shown in Figure 23.
Furthermore, integrated electrochemical lysis and mRNA
detection was previously reported using a variety of optimized
templates for bottom-up growth of nanostructured electro-
e, 184486

Nanogap sensors were fabricated for multiplexed analysis of
histone H4 (His4), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and BRCAI mRNAs using complementary DNA
probes immobilized onto the surface of vertically aligned gold
microband electrode/SiO,/gold microband electrode sandwich
structures in orthogonal configurations.”” The target mRNA
was first hybridized with its specific capture probe on the bottom
side of the nanogap, followed by annealing of its poly(A) tail with
poly(T) annealing probes on the top side of the nanogap, thus
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Figure 22. Lung tissue mRNA assessment assay. A biopsy was taken
from a donated lung, and the cells were lysed. The mRNA released from
the cells was analyzed using a chip-based method that can deliver a gene
expression profile (top). FraCS sensor chip (middle-left) and SEM
images of sensors after electrochemical deposition (middle-right). Assay
readout: PNA probe (black) and resulting DPV signal (bottom-right,
shown in dark blue), target mRNA (light blue) hybridization, and
resulting DPV signal (bottom-right, shown in red). Reprinted with
permission from ref 480. Copyright 2015 American Association for the
Advancement of Science.

holding the hybridized mRNA strands vertically across the
nanogap, as shown in Figure 24. A subsequent deposition of
silver nanowires, using AgNO;/hydroquinone, alongside the
mRNA strands bridged the nanogap and consequently produced
a substantial change in conductance, allowing for the detection of
mRNA within the linear range from 0.5 fM to 1 pM, with a LOD
of 0.1 fM.

A sandwich hybridization assay for human acute lymphocytic
leukemia-related p185 BCR-ABL fusion transcript was designed
using a DNA capture probe immobilized onto the surface of
magnetic beads.”™ Subsequent to mRNA capture, the terminal
end of the captured strand was hybridized with a complementary
signal DNA probe immobilized onto the surface of CNTs
functionalized with an HRP enzyme. The activity of enzyme was
monitored by measuring the electroactive enzymatic product in
the presence of 2-aminophenol and H,O, substrate solution.
Using SWV, the level of the 491bp target oncogene was
measured down to 1.7 pM.

4.2.2.2. MicroRNA (miRNA). miRNAs are a class of small
noncoding RNA molecules that regulate the expression of target
genes at the post-transcriptional level by either translational
repression or degradation of mRNAs.**” Mature miRNAs consist
of ~22 nucleotides and are derived from hairpin precursor
molecules of 70—100 nucleotides. It has been estimated that the
human genome may encode for over 1000 miRNAs, which can
regulate up to 60% of the mammalian genes.*”” The miRNAs
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Figure 23. Design of an integrated microfluidic chip for the capture and electrochemical analysis of CTCs. (A) Schematic of the chip featuring capture
structures, electrochemical lysis electrodes, and nanostructured microelectrode sensors. (B) Photograph of the microfluidic capture device (left) and the
flow velocity profile within the capture chamber (right). (C) Target CTCs were labeled with superparamagnetic nanoparticles coated with anti-EpCAM.
The labeled cells were then captured in the vicinity of the trapping structures. (D) Electrochemical lysis of the trapped cells using the lysis electrodes. (E)
Schematic showing electrochemical sensing of mRNA released from captured CTCs in 1D. Released mRNA was hybridized to PNA probes immobilized
onto the surface of nanostructured microelectrodes. This led to an increase in current after hybridization as measured by DPV. Reprinted with

permission from ref 483. Copyright 2015 American Chemical Society.
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Figure 24. Schematic illustration of the hybridization and electro-
chemical sensing mechanism of a nanogap sensor. Reprinted with
permission from ref 487. Copyright 2010 American Chemical Society.

levels often vary diversely in cells ranging from 10 to 50 000
copies/cell.*”" Typical levels of circulating miRNAs in serum
were estimated to range from 200 aM to 20 pM.*”> Altered
expression patterns of miRNAs have been observed in many
diseases, including cancer,”? cardiovascular diseases,™* diabe-
tes,*”> rheumatic diseases,496 and neurological disorders.*’
Profiling of miRNAs in clinical samples can helf in the prognosis
and provision of personalized treatments.”® A variety of
electrochemical sensors have been developed for miRNA
detection, which were recently reviewed elsewhere.*”’

A hybridization-based voltammetric sensor for miRNA was
fabricated using a DNA capture probe immobilized onto the
surface of MWCNTs-PAMAM dendrimer-coated GCE.* The
presence of PAMAM was found to minimize the undesired

AF

adsorption of the redox mediator, methylene blue. Using DPV,
interrogation of the miRNA level was permissible up to 100 nM,
with a LOD of 0.5 fM. Another hybridization-based voltam-
metric assay was designed on the basis of a previously reported>”'
methylene blue-labeled three-stem loop structure DNA
sequence immobilized onto the surface of a gold micro-
electrode.’” Subsequent to miRNA capture, the methylene
blue label was cyclically oxidized electrochemically and reduced
chemically using tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) in the detection solution to amplify the current. Using
SWYV, a linear relationship was achieved between the current and
miRNA concentration in the range from 0.1 fM to 500 pM, with a
LOD of 0.1 fM.

Hybridization-based impedimetric sensors for miRNA were
constructed by coimmobilization of the capture probe and 4-
mercaptoaniline onto the surface of a gold electrode.’””
Following hybridization with a ruthenium oxide nanoparticles-
tagged target miRNA, a mixture of 3,3’-dimethoxybenzidine and
H,0, was added. The ruthenium oxide served as a polymer-
ization initiator for 3,3’-dimethoxybenzidine. The amount of the
deposited poly(3,3’-dimethoxybenzidine) (PDB) and its insulat-
ing power directly correlated to the concentration of the target
miRNA in the range from 6 fM to 2 pM, with a LOD of 3 fM. In
another approach, a neutral morpholino capture probe was
immobilized onto the surface of an ITO-coated glass slide.””’
Upon hybridization, the neutral surface of the biosensor became
anionic by the hybridized miRNA strands. Subsequently, a
mixture of HRP and H,0, catalyzed the formation of an
insulating film of PDB. A linear relationship was established
between the charge-transfer resistance and miRNA concen-
tration in the range from S fM to 2 pM, with a LOD of 2 fM.

An impedimetric sensor for miRNA based on target recycling
was fabricated using a DNA capture probe immobilized onto the
surface of a gold electrode.”® After hybridization with miRNA,
the capture probe was simultaneously digested by a duplex-
specific nuclease, releasing the miRNA strands back to hybridize
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Figure 25. Preparation process for biobarcode conjugate labels and the proposed strategy for miRNA detection. Reprinted with permission from ref 504.

Copyright 2015 American Chemical Society.

with the remaining capture probe, thus forming an isothermal
amplification cycle. A linear relationship was obtained between
the charge-transfer resistance and the concentration of the target
miRNA in the linear range from 2 fM to 2 pM, with a LOD of 1.0
fM. In another approach, T7 exonuclease was utilized instead of
duplex-specific nuclease.’”® Using DPV, linear quantification of
miRNA was permitted in the range from 0.5 to 100 fM, with a
LOD of 0.2 fM.

Another target recycling approach relied on target miRNA
displacement instead of capture probe digestion. In this
approach, a capture hairpin probe (H1) was immobilized onto
the surface of a GCE coated with porous graphene oxide/gold
composite.””* The target miRNA that had been hybridized with
the capture probe was subsequently displaced from the hybrid in
the presence of another stable hairpin DNA (H2). The released
miRNA became available for initiating another cycle. The hybrid
formed on the sensor surface was then hybridized with a DNA
probe modified with Cytochrome c-conjugated nanoporous
TiO,/Pt nanoparticles (S1) through the unhybridized terminal
part. Another DNA strand modified with alcohol oxidase-
conjugated Pt nanoparticles (S2) was then hybridized to S1.
Afterward, methylene blue was intercalated into the DNA
duplex. Subsequently, a catalysis cascade was initiated in which
alcohol oxidase catalyzed the oxidation of ethanol to
acetaldehyde, accompanied by the generation of H,O,.
Cytochrome ¢ and platinum nanoparticles then cooperatively
catalyzed the reduction of H,O,, as shown in Figure 25. Using
DPV, a LOD of 0.4 fM was achieved.

A voltammetric sandwich-based hybridization assay for
miRNA used a molecular beacon capture probe immobilized
onto the surface of a gold electrode.’” After hybridization with
the target miRNA, silver nanoclusters encapsulated with a
signaling probe were attracted to the electrode surface and
produced a current signal, in response to H,O, reduction. Using
DPV, the current intensity versus the logarithm of miRNA
concentration displayed a linear relationship in the range from
100 fM to 10 nM, with a LOD of 67 fM. In another approach, a
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signaling probe modified with Cd**-functionalized titanium
phosphate nanosphere and Ru(NH;)¢*" molecules was utilized
to produce an electrochemical signal.”’° Using SWV, the assay
displayed a dynamic linear range extending from 1 aM to 10 pM,
with a LOD of 0.8 aM. In another approach, a signaling probe
tagged with alkaline phosphatase-conjugated gold nanoclusters
was utilized.””” Both the capture and the signaling probes were
ligated using a DNA ligase to increase the bearing strength. The
alkaline phosphatase-conjugated gold nanoclusters catalyzed a
substrate dephosphorylation reaction and accelerated silver
deposition from AgNO; solution. Using LSV, the sensor
displayed a linear dynamic range extending from 14 aM to 20
fM, with a LOD of 4.6 aM.

A gap hybridization assay for miRNA was designed using a
DNA capture probe, helper DNA, and esterase 2-labeled
signaling probe.”’” In the absence of miRNA, the gap between
capture and detection DNA is not filled, and missing base
stacking energy destabilized the hybridization complex. In the
presence of miRNA, the reporter enzyme was brought to the
proximity of the electrode to catalyze the hydrolysis of p-
aminophenyl butyrate to p-aminophenol, which is electrochemi-
cally active. This assay allowed for miRNA analysis in the range
from 2 pM to 200 nM, with a LOD of 2 pM.

Displacement voltammetric sensing of miRNA was achieved
using a DNA capture probe immobilized onto the surface of a
gold electrode.”® The capture probe was hybridized with a
miRNA labeled with ferrocene-capped GNPs. In the presence of
the target miRNA, the labeled miRNA was forced to dissociate
from the electrode surface, resulting in a decrease in the
ferrocene oxidation current. Using CV, the miRNA level was
quantified down to 10 M.

An amperometric sensor for miRNA was constructed using a
DNA tetrahedron structure displaying a capture probe at one
vertex and three thiol groups at the other three vertices, which
was immobilized onto the surface of a gold electrode.””” After
hybridization with the target miRNA, a biotin-tagged reporter
probe was hybridized with the capture probe followed by
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Figure 26. Schematic representation of the three-mode electrochemical sensor for detection of miRNAs. (a) A thiol-modified probe for miR-21 was
immobilized onto the surface of a gold nanoparticles-modified screen-printed carbon electrode. (b) A hybridization-based sensor (H-SENS) in which
the binding of the target miR-21 caused an increase in the current intensity. (c) A p19 protein-based sensor (P-SENS) in which the binding of the p19
protein caused a large decrease in current density, thus improving the detection range. (d) A displacement-based sensor (D-SENS) in which the
hybridization product of miR-200 and its nonthiolated complementary probe forced the p19 protein to dissociate from electrode surface, causing a shift-
back in the signal. Reprinted with permission from ref 378. Copyright 2013 American Chemical Society.

modification with streptavidin-conjugated HRP enzyme. After
incubation with a mixture of TMB and H,0,, the target miRNA
was detected with a LOD of 10 aM. In a closely related approach,
a combination of the tetrahedral approach and hybridization
chain reaction was utilized for miRNA detection.'*® Subsequent
to target hybridization, two biotin-modified signaling probes
were used to amplify the hybridization signal by adding an
amplified chain on each target. Afterward, a streptavidin-
conjugated HRP enzyme was attached to the chain reaction
product followed by incubation with the TMB and H,O,
mixture. Also, a LOD of 10 aM was achieved.

In another approach, the target miRNA triggered the
hybridization chain reaction of two species of metastable DNA
hairpin probes, resulting in the formation of multiple G-
quadruplex-incorporated long duplex DNA chains. Conse-
quently, methylene blue selectively intercalated into the duplex
DNA chain and the multiple G-quadruplexes, causing a
significant electrochemical signal drop.”®* Using DPV, a linear
relationship was established between the current signal and
miRNA concentration in the range from 1 to 800 pM, with a
LOD of 1 pM.

A three-mode voltammetric sensor for miRNA was developed
on the basis of the unique binding properties of the p19 protein
(a component of the Carnation Italian Ringspot Virus), to small
dsRNAs.>”® In this work, an RNA capture probe was immobilized
onto the surface of a GNPs-modified screen-printed carbon
electrode. In the hybridization modality referred to as H-SENS,
hybridization between the target miRNA and its complementary
immobilized probe caused an increase in the current signal due to
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an increase in the number of Ru™ cations electrostatically

attracted to the phosphate backbone of RNA. Binding of the p19
protein to the hybrid caused alarge decrease in current density by
blocking the electron transfer to the electrode surface, thus
amplifying the signal (P-SENS). In the displacement modality
(D-SENS), the hybrid-pl9 complex attached to the sensor
surface was incubated with a mixture of another miRNA and a
nonthiolated complementary RNA probe. The a newly formed
hybrid subsequently forced the p19 to dissociate from the surface
and bind to the newly added hybrid, thus causing a shift in the
signal, as shown in Figure 26. Using SWV, a broad range of
miRNA concentrations could be analyzed with a LOD of 5 aM.
Another three-mode voltammetric sensor for miRNA was
designed on the basis of the previous concept.””” However, a
DNA capture probe was used instead of RNA. In addition, an
RNA/DNA specific antibody was utilized instead of p19. Using
SWYV, a wide range of miRNA concentrations were determined,
with a LOD of 8 M.

A DNA four-way junction-based voltammetric sensor for
miRNA was also reported®’® This assay comprised a hairpin
DNA capture probe and two DNA adaptor strands, which
cooperatively hybridize with both the capture probe and the
target miRNA. Each adaptor strand has a fragment comple-
mentary to the capture probe and a fragment complementary to
the target miRNA. In the presence of the target miRNA, the two
adaptor strands could hybridize to the capture probe and
miRNA, thus resulting in the formation of a quadripartite
complex with a four-way junction structure. The formed complex
subsequently captured a streptavidin molecule to cause a
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Figure 27. Schematic representation of an electrocatalytic quadroprobe sensor for detection of microRNAs. (a) Thiol-modified universal interfacial
probe (UIP) was immobilized onto the electrode surface. (b) Incubation of the sensor with a mixture of the target microRNA and the methylene blue-
labeled adaptor strands, C (from cooperative) and H (from hybridization) strands, resulted in the formation of a characteristic redox peak. (c)
Electrocatalysis in the presence of glucose oxidase resulted in the amplification of the methylene blue reductive peak. Reprinted with permission from ref

377. Copyright 2015 American Chemical Society.

significant decrease in the current (signal-OFF). Using SWV, the
miRNA level could be determined down to 2 aM. On the basis of
the previous approach, a signal-ON voltammetric sensor was
developed by incorporating 1 methylene blue molecule at each
end of the two adaptor strands. Electrochemical measurements
were performed in the presence of glucose oxidase, which
amplified the methylene blue reductive peak as a result of
electrocatalysis,””” as shown in Figure 27. SWV measurements
revealed the ability of the sensor to quantify several miRNAs with
concentrations down to 100 fM.

A potentiometric sensor was constructed for the detection of
encapsulated miRNAs in exosomes after a reverse transcription
polymerase chain reaction (RT-PCR).>"" In this work, the PCR
amplicons were captured via hybridization with a capture probe
immobilized onto the surface of an array of gold electrodes. This
assay allowed for the detection of miRNA levels down to 20 pM.

A FET-based sensor for miRNA was fabricated using a DNA
capture probe immobilized onto the surface of hafnium oxide-
based dielectric-based silicon nanowires precoated with poly-L-
lysine. By optimizing the surface fabrication and functionaliza-
tion, a LOD of 1 fM was achieved.’'" Another FET-based sensor
relied on the formation of a tripartite hybridization complex and
subsequent both-sided ligation of the target miRNA to a reporter
and capture probe on the surface of a complementary metal—
oxide semiconductor (CMOS) chip with interdigitated gold
electrodes.”’> The assay achieved a LOD below 1 pM. Also,
CNTs-based FET functionalized with p19 protein was utilized
for miRNA detection.”"” After hybridization between the target
miRNA and the capture probe, the formed hybrid was quantified
by measuring the change in the interfacial resistance caused by its
binding to the surface p19. ALOD of 1 aM was reported.

4.3. Sensitivity Challenges for Electrochemical Nucleic Acid
Detection Systems

Despite so many developments in the field of electrochemical
nucleic acid analysis, only few systems have successfully become
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commercialized. For instance, GenMark Diagnostics (USA)
offers the eSensor Technology, integrating microfluidics and
electrochemical detection. The voltammetric sensing platform is
based on the hybridization between the target sequence and a
ferrocene-labeled probe. CombiMatrix Diagnostics (USA) has
advanced an oligonucleotide microarray platform containing
>12 000 individually addressable microelectrodes in a semi-
conductor matrix. The approach is based on labeling the target
sequence with biotin, which, subsequent to hybridization with
the capture probe, binds to streptavidin-conjugated HRP. The
HRP enzyme subsequently catalyzes the oxidation of TMB,
followed by amperometric measurement of the product. Another
strategy for DNA base analysis was introduced by Nanopore
Technologies (UK) and relies on passing a single DNA strand
through a nanopore of a chemically engineered membrane
protein, a-hemolysin.

The sensitivity of nucleic acid detection methods is mainly
driven by the efliciency of target capture by the sensor surface
combined with the translation of a modest change in the
interfacial layer into a large change in the electrical current. To
date, several approaches were sought to enhance the sensitivity of
detection. Electrocatalytic reporters have been used over three
decades to amplify the signal and leverage the detection
sensitivity.”'* Optimization of the probe monolayer on the
electrode surface has also been pursued by controlling the probe
linker length and structure. However, it was noted that differing
linkers did not alter the electrochemical properties of the
attached reporter and that the choice of the linker had no effect
on the sensor sensitivity.”' The use of neutral PNAs as capture
probes instead of DNAs or RNAs has provided a considerable
enhancement in sensitivity.”'® Because PNA lacks the phosphate
backbone, it forms more thermally stable complexes with DNA
and RNA. In addition, the number of electrocatalytic reporters
bound to the unhybridized PNA strand is usually small.
Consequently, the background current in electrocatalytic sensors
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is usually minimized, which could increase the overall sensitivity
of the reporter system by more than 2000% as compared to
conventional DNA probe-based systems. Also, DNA tetrahedral
nanostructures provided another means to enhance the
detection sensitivity by improving the accessibility of target
nucleic acids, leading to attomolar detection levels.>”*'® In
addition, nanomaterials’’’ and enzyme amplification strat-
egies’®” were commonly utilized to enhance the detection
sensitivity.

Eliminating amplification in nucleic acid sensing strategies may
provide a better solution to speed up the analysis and also to
simplify the assay workflow to enable automation. For example,
several integrated circuit strategies were adopted on the basis of
electronic transduction schemes that monitor the change in the
properties of an underlying electronic material, such as FETs.>*’
These devices combine superior performance with ease of
manufacture using the same infrastructure leveraged by the
electronics industry. Direct electrochemical readout of nucleic
acids represents an alternative solution for rapid molecular
detection challenges. In designing electrode-based detectors, it is
crucial to miniaturize the electrodes to minimize signal-to-noise;
however ,electrodes that are too small will not permit sufficient
collisions between the slow-moving analytes and the capture
probe to attain high sensitivity.”>"

The fact that the hybridization efficiency between a target
nucleic acid and a capture probe immobilized onto the electrode
surface is much lower than that observed for solution-based
probes raises the question of whether the structure of the probe
monolayer, and its accessibility to the target molecules, is
convenient for target capture. Poor hybridization efficiency could
be attributed to the electrode surface used for capture, which
essentially lays flat on the molecular length scale. In addition,
high surface probe densities or probe—probe interactions could
hinder the efficient capture of target nucleic acids.”** The use of
nanorough electrodes provided a means to improve the probe
orientation by increasing the angle of deflection among the
nearby probe molecules. For example, the use of 3D nano-
electrode ensembles (NEEs) was found to improve the detection
limit of the 23S rRNA of Helicobacter pylori by a factor of 10°
when tested alongside the macroelectrodes made of bulk gold.***

Although NEEs had a significant impact on the detection
sensitivity, the material chemistry involved in their fabrication
made the mass production of robust devices a challenge. To
address this problem, a combination of top-down and bottom-up
fabrication was employed, allowing for the rapid fabrication of
sensing electrodes with nanoscale features on a single planar
integrated circuit.”** It was demonstrated that nanostructured
microelectrodes (NMEs) with finer nanostructures had higher
probe density than smooth electrodes, which subsequently
enhanced the hybridization efficiency by several orders of
magnitude.’”> The performance of NMEs was impressive, and
they allowed for the detection of clinically relevant levels of
nucleic acids. Nevertheless, analyzing slow-diffusing large
mRNAs necessitates long incubation times to ensure that a
sufficient number of these molecules will reach the sensor
surface.”*® To increase the interaction of target nucleic acids with
NME:s, longer plating times were used to deposit gold structures
with large footprints (100 ym) and subsequentlz permit rapid
accumulation of the slowly diffusing molecules.*”

Although NMEs could be successfully used in multiplexed
analysis, there was a need to contact each electrode individually.
To address this drawback, a solution-based electronic switch was
developed to allow for the interrogation of more than 100
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different analytes using a small number of electrical contacts.”**
Another important step in the development of nucleic acid
sensing platforms involved introduction into user-friendly
devices with integrated sample processing units that can handle
crude and complex sample matrices. A sample-processing unit
based on electrical lysis was successfully coupled to NMEs
integrated chip to allow for the release of nucleic acids after cell
lysis followed by their rapid capture on the surface of NMEs for
detection.”*”*" This strategy showed promise in the analysis of
gene expression in rare cancer cells isolated from the blood-
stream of cancer patients.sm‘532

5. ELECTROCHEMICAL ANALYSIS OF PROTEINS

The contents of human plasma represent secretions coming from
all body tissues and may feature markers of physiological and
pathological processes. Plasma contains tens of thousands of core
proteins, which span 10—11 orders of magnitude in abundance,
from albumin to cytokines (Figure 1). Proteins are the biological
molecules most ubiquitously affected in diseases.”*” However,
since 1998, the rate of introduction of new protein biomarkers
approved by the FDA has fallen to an average of one per year.
This reflects the long path from biomarker discovery to clinical
assay and the lack of coherent processes for assay develop-
ment.”** Clinically relevant protein markers include tumor,
cardiac, hepatic, inflammatory, and other biomarkers that do not
fall into the previous categories.

5.1. Tumor Markers

The National Cancer Institute defines a biomarker as “a
biological molecule found in blood, other body fluids, or tissues
that is a sign of a normal or abnormal process or of a condition or
disease.” Tumor markers are one of the most valuable tools of
early cancer detection, classification, staging, progression
monitoring, and assessment of resistance to chemotherapy.
There are more than 200 distinct diseases associated with cancer
affecting different parts of the body.””” In the absence of a tumor,
the tumor markers usually exist at low levels. Upon tumor
formation, the level changes, and hence clinical assays of cancer
markers must be rapid, selective, and sensitive enough to detect
small changes in the level of the markers in complex biological
fluids.>*

5.1.1. Prostate-Specific Antigen (PSA). PSA is one of the
first tumor markers that has been used for screening and
diagnosis of prostate cancer. PSA is a peptide that exists in either
a free form (fPSA) or a complex with a-1-antichymotrypsin
(PSA-ACT). The total PSA level in healthy males is usually less
than 4 ug L™ and increases in prostate cancer patients.537

A displacement-based voltammetric immunosensor for PSA
was developed using an anti-PSA antibody immobilized onto the
surface of a MWCNTs-modified GCE,*** where the antibody
was coupled with polytyrosine-tagged PSA. Notably, polytyr-
osine is an electroactive polymer, which can liberate a large
number of electrons upon electrochemical oxidation and
subsequently enhance the detection sensitivity. In the presence
of the target PSA, the labeled PSA was forced to dissociate from
the sensor surface, and the current was reduced in a
concentration-dependent manner. Using DPV, a LOD of 2.2
ng L™ was achieved.

A sandwich-based amperometric immunosensor for PSA was
fabricated using a DNA nanostructure as a scaffold to precisely
control the assembly of the antibody monolayer on the surface of
a gold electrode.”” It was demonstrated that the detection
sensitivity was dependent on the nanoscale spacing of the
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immobilized antibodies provided by the DNA scaffold.
Subsequent to PSA capture, the immunosensor was incubated
with HRP-conjugated anti-PSA-GNPs to further amplify the
signal. Amperometric analysis permitted a linear quantification of
PSA with a LOD of 1 ng L™". In addition, several sandwich-based
electrochemical immunoassays for PSA were reported in which
the capture antibody was coupled either directly to the electrode
surface®” or through iron oxide nanoparticles,™*' nanoporous
gold foils,>** or magnetic beads,”** with LOD values of 5, 4, 6,
and 100 ng L™/, respectively.

Also, gold-coated magnetic nanoparticles were modified with
an anti-PSA antibody and dispersed in a PSA sample solution to
capture the PSA present in the sample. After binding to a HRP-
conjugated anti-PSA antibody, a magnetic field was applied to
capture the target on a transducing electrode for electrochemical
interrogation.”* Amperometric analysis of H,0, reduction,
catalyzed by peroxidase, permitted detection of PSA levels down
to 100 pg L7\

Impedimetric aptasensors for PSA were fabricated using
thiolated single-stranded DNA (ssDNA) and 3-mercapto-1-
propanol coimmobilized onto the surface of a gold electrode, as a
scaffold for PSA-specific aptamer attachment.”* The ssDNA was
either directly hybridized with a DNA extension (primer) of the
aptamer on the electrode surface or in solution prior to
immobilization onto the electrode surface. A dsDNA intercalator
with a ferrocenyl redox label was synthesized to evaluate the
teasibility of the strategy. Impedimetric analysis permitted linear
interrogation of PSA level in the range from 50 ng L™ to 50 ug
L™, with a LOD of 0.5 ng L™".

Also, a label-free aptasensor was designed by using a quinone-
containing conducting polymer as a redox transducer and matrix
to immobilize a PSA-specific aptamer.”*® SWV allowed for a
linear quantification of PSA with a LOD in the pg L™" range.
Furthermore, modification of the reporter antibody with CdSe/
ZnS quantum dots via biotin/streptavidin coupling was sought to
amplify the detection sensitivity.”*” Quantification of PSA was
performed through acidic dissolution of the quantum dots and
stripping voltammetric detection of the Cd*" released. This assay
permitted the linear quantification of PSA level up to 20 ug L™/,
with a LOD of 120 ng L™".

A MIP-based sensing platform for PSA used MWCNTs
decorated with manganese nanoparticles and functionalized with
a thio-group to produce a nanoiniferter.”** The iniferter is a
chemical compound that simultaneously acts as initiator, transfer
agent, and terminator and hence the name ini-fer-ter. The
nanoiniferter was subsequently utilized as a platform to
synthesize a 3D MIP for PSA via a controlled-radical polymer-
ization technique. Both SWV and DPSV were employed for PSA
analysis with LOD values of 250 fg L ™" and 3 pg L™, respectively.
Also, a MIP-based capacitive biosensor for PSA was fabricated by
copolymerizing methacrylic acid and ethylene glycol dimetha-
crylate on the surface of a gold electrode.”*” A linear relationship
was established between the capacitance change and the
logarithm of PSA concentration in the range from 100 pg L™*
to 10 ug L™, with a LOD of 80 pg L™".

Recently, specific peptides selected using the phase display
technique were presented as an alternative to antibodies in
bioassays. These peptides are more stable, economic, resistant to
harsh conditions, and amenable to engineering at the molecular
level.>*° A “signal-ON” impedimetric sensor was based on the
PSA ability to cleave a specific peptide labeled with GNPs as a
signal enhancer.””" The peptide was immobilized onto a
dithiobis(succinimidyl propionate)-modified electrode. Subse-
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quently, GNPs were attached to the peptide and further treated
with a positively charged surfactant, cetyltrimethylammonium
bromide, to adsorb a negatively charged redox probe. In the
presence of PSA, the serine protease specifically cleaved and
hydrolyzed the peptide, releasing the GNPs from the electrode
surface and subsequently increasing the interfacial resistance.
The charge-transfer resistance was linear with PSA concen-
trations ranging from 0.2 ng L™" to 45 ug L™', with a LOD of 60
pg L.

Another impedimetric peptide-based impedimetric sensor was
reported for PSA analysis.’>> The presence of PSA was
accompanied by a decrease in the interfacial resistance due to
the peptide cleavage. This protein sensor had the ability to
monitor PSA in the range from 1 ng L'to1 mg L™, withaLOD
of Ing L7\

Gold nanowires have also been employed to facilitate
ultrasensitive detection of PSA.>>»>** A FET-based sensing
platform for PSA was developed using an anti-PSA antibody
immobilized onto the surface of CMOS-compatible silicon
nanowire FET.” Experimental results revealed the ability of the
sensor to detect low concentrations of PSA down to 1 pg L™".

Reducing the sample volume using microfluidics was also
sought as a means to enhance the sensitivity of PSA detection. A
voltammetric sensor for PSA was fabricated using a microfluidic
sensor chip with a gold nanoelectrode array modified with
metalized PNA-anti-PSA antibody conjugate.”>® Using CV, the
level of PSA was quantified with a LOD of 10 ng L™ In a
different study, PSA was mixed offline with paramagnetic beads
coated with anti-PSA antibodies and HRP enzymes, followed by
capture of the formed complex on the surface of an anti-PSA-
modified gold array electrode within a microfluidic device.*” A
linear relationship was exhibited between the amperometric
current and PSA concentration with a LOD of § ng L. Another
microfluidic chip-based sensing platform distinguished between
prostate cancer and benign prostatic conditions via the
determination of the fPSA to total PSA ratio.””” The biochip
comprised two arrays of gold microelectrodes functionalized
with anti-fPSA and antitotal PSA antibodies. This impedimetric
sensor had a LOD of 1 ug L™".

5.1.2. Carcinoembryonic Antigen (CEA). CEA is a cell
surface glycoprotein that has been used for the clinical diagnosis
of breast, lung, pancreatic, gastric, colon, and ovarian tumors.
The level of CEA is 2.5 ug L™' among nonsmokers and S ug L™
among smokers. A rising CEA level indicates the progression or
recurrence of cancer.”®

A displacement-based voltammetric immunosensor for CEA
featured an anti-CEA antibody-modified graphene sensing
platform.>” The immobilized antibody was coupled with
multiarmed star-like platinum nanowires modified with CEA
and HRP. The enzyme was utilized to catalyze the reduction of
H,O,. In the presence of the target CEA, the nanowires/enzyme
complex was displaced from the sensing interface, causing a
reduction in the generated current. The relationship between the
DPV peak current and CEA concentration was linear in the range
from 10 ng L™" to 60 ug L™', with a LOD of 5 ng L™". Another
displacement-based sensing platform relied on the ability of the
CEA to displace TMB-conjugated CEA from the surface of
immobilized anti-CEA antibody.‘%0 Using DPV, the level of CEA
was quantified, with a LOD of 10 ng L™".

A noncompetitive sandwich-based immunosensor for CEA
was designed using anti-CEA antibody immobilized onto the
surface of magnetic graphene nanosheets.”*" A reverse-micelle
method was used to encapsulate HRP-thionine within nanogold
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Figure 28. Nanogold-functionalized DNAzyme concatamers with redox-active intercalators for sensitive analysis of CEA. Reprinted with permission

from ref 563. Copyright 2013 American Chemical Society.

hollow microspheres, which were subsequently utilized as a label
for the secondary anti-CEA antibody. A flow-through immuno-
assay coupled the detection cell to an external magnet. In the
presence of CEA, a sandwich was formed followed by the
catalytic reduction of H,0,. DPV permitted a linear inter-
rogation of the CEA level in the range from 10 ng L™ to 80 ug
L™, witha LOD of 1 ng L™".

Another sandwich-based platform relied on an anti-CEA
antibody and thionine coimmobilized onto the surface of GNPs-
encapsulated dendrimer.”*> The secondary antibody conjugated
with two enzymes, HRP and glucose oxidase, was immobilized
onto the surface of MWCNTs. Notably, the bienzyme system
was utilized to enhance the electrocatalysis. CV and SWV were
used to monitor the electrocatalytic reduction of H,O,. The
linear dynamic range and LOD were determined to be 10 ng L™
to 50 ug L™! and 4.4 ng L', respectively.

In addition, DNAzyme concatamers were utilized as a
signaling tag to develop a sandwich immunoassay for CEA.>*
In this work, an anti-CEA antibody was immobilized onto the
surface of a gold electrode. The DNAzyme concatamer was
synthesized by coupling an anti-CEA antibody to GNPs using
biotin/streptavidin coupling. In addition, two auxiliary DNA
strands were attached to the GNPs to initiate the in situ
propagation of the concatamer. Upon addition of hemin, a
DNAzme was formed followed by the intercalation of the double
helix with methylene blue, as shown in Figure 28. The formed
DNAzyme catalyzed the reduction of H,0, in solution to amplify
the redox signal of methylene blue. DPV allowed for a linear
quantification of CEA in the range from 1 pg L™" to 20 ug L™,
with a LOD of 0.5 pg L™".

A fully automated microfluidics-based amperometric sensing
platform was fabricated using an anti-CEA antibody immobilized
onto the surface of a gold electrode array via cross-linking to a
bipodal dithiol chemisorbed on the electrode surface.”** After
target recognition, an amperometric signal was generated via the
interaction between a HRP-conjugated secondary antibody and a
mixture of H,0, and hydroquinone. A LOD of 200 ng L™ was
achieved.

A fast Fourier transform admittance biosensor for CEA was
developed using an anti-CEA antibody immobilized onto the
surface of a gold electrode coated with a bilayer film of ZnO and
GNPs.** The positively charged HRP enzyme was used to block
the active sites of the sensing interface to prevent nonspecific
binding. In the absence of CEA, the enzyme catalyzed the
reduction of H,0O, and subsequently the oxidation of
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ferrocyanide to generate a current. In the presence of CEA, the
turnover rate of the enzyme was reduced presumably due to
blocking the active center of the enzyme, leading to a decrease in
the current signal. Using fast Fourier transform SWYV, the
reduction current was proportional to CEA level within two
concentration ranges of 0.1—70 and 70—200 ug L™", with a LOD
of 10 ng L%,

Recently, a volatmmetric sensing platform for CEA was
designed using a Mg*"-dependent MNAzyme.”*® The MNA-
zyme assembly was achieved via the simultaneous recognition of
CEA with three DNA-labeled anti-CEA antibodies (via biotin/
streptavidin coupling), in the presence of Mg**. The formed
MNAzyme subsequently cleaved a methylene blue-labeled
hairpin probe immobilized onto the surface of a gold electrode,
causing a decrease in the redox current, as shown in Figure 29.

r )ﬂg = )R
My @ Target \ o ’\'

DR U

Figure 29. Schematic illustration of the triple-binder assembly of Mg**-
dependent MNAzyme along with autocatalytic cleavage of methylene
blue-labeled hairpin on the sensor surface. Reprinted with permission
from ref 566. Copyright 2015 American Chemical Society.

Using DPV, it was demonstrated that the current suppression
was linearly dependent on the logarithm of CEA concentration in
the range from 2 ng L™" to 500 ug L™!, witha LOD of 1.5 ng L™".

5.1.3. a-Fetoprotein (AFP). AFP is an oncofetal glyco-
protein that has been used for the clinical diagnosis of
hepatocellular carcinoma, teroblastoma, and liver carcinoma.
The level of AFP is 10 ng L', and it increases during cancer
progression.‘%7

A voltammetric immunosensor for AFP was fabricated using
an anti-AFP antibody immobilized onto the surface of gold
nanowires-functionalized MWCNTs via the interaction of the
thiol groups of the cysteine residues in the antibody and the gold
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Figure 30. A simultaneous electrochemical immunoassay for CEA and AFP. (A) Preparation of the signaling tags: (a) in situ reducing HAuCl, on
graphene (G) to form G—GNPs; (b) immobilization labels (apoferritin metal, rApo-M); (c) labeling with anti-AFP and anti-CEA and blocking
unbound sites with BSA to form signaling tags. (B) Synthesis of the MIPs and electrochemical detection: (a) using AFP and CEA as template proteins,
self-polymerization of dopamine to form a polydopamine coating on Fe;O,; (b) washing with SDS to obtain MMIP and remove template proteins; (c)

recognition of target analytes (AFP and CEA); (d) blocking with BSA;

(e) antigen—antibody specific reaction with above signal tags; (f) magnetic

separation and electrochemical analysis using SWV. Reprinted with permission from ref 572. Copyright 2014 Elsevier.

surface.”*® CV enabled the analysis of AFP with a LOD of 0.1 g
L

A sandwich-based immunosensor for AFP and CEA was
designed using anti-AFP and anti-CEA antibodies coimmobi-
lized onto the surface of GNPs-modified GCE using an L-cysteine
chitosan derivative.*® The signaling tags were synthesized using
platinum nanoparticles modified with thionine and ferrocene-
tagged anti-AFP and anti-CEA antibodies, respectively. In
addition, the platinum nanoparticles were modified with HRP.
In the presence of AFP and CEA, electrocatalytic reduction of
H, 0O, was carried out. DPV allowed for the linear quantification
of AFP and CEA over the ranges S00 ng L™" to 50 g L™" and 300
ng L™ to 45 ug L', with LOD values of 80 and S0 ng L7,
respectively.

Other sandwich-based immunosensors relied on the electro-
catalytic properties of nanoparticles instead of enzymes. For
instance, palladium nanoparticles anchored to the surface of
carbon decorated iron oxide microspheres were utilized to
immobilize the reporter anti-AFP.>”® Reduction of H,0, yielded
amperometric currents proportional to AFP concentrations in
the range from 0.5 ng L ™" to 10 ug L™, witha LOD of 160 pg L™".

In another study, patterned gold—iridium oxide nanospheres
were used for labeling the secondary anti-AFP antibody and
water oxidation.””" A primary antibody was immobilized onto
the gold—iridium oxide assemblies preformed on a Prussian blue-
functionalized GCE. In the presence of AFP, a sandwich
immunoreaction occurred in the presence of p-aminophenol,
which became oxidized into p-quinone imine by Prussian blue.
The generated p-quinone imine was reduced back to p-
aminophenol subsequent to water oxidation. This catalytic
recycling reaction amplified the DPV currents and allowed for
AFP measurements in the linear range from S ng L™" to 200 ug
L™, with a LOD of 0.5 ng L™".

Also, a dual template-based MIP was utilized as a capture
probe to develop a sandwich assay for AFP and CEA.>’* The MIP

was synthesized by self-polymerization of dopamine on iron
oxide nanoparticles, using CEA and AFP as template proteins.
The reporter was produced by coimmobilization of anti-AFP or
anti-CEA antibody and apoferritin—metal (cadmium for AFP,
lead for CEA) onto the surfice GNPs-modified graphene.
Subsequent to the sandwich immunoreaction in the presence of
AFP or CEA, stripping analysis of the metal component of the
immunocomplex provided a means for quantification of the
target, as shown in Figure 30. Using SWV, dynamic measure-
ments of AFP and CEA were permissible in the range from 1 ng
L™ to 5 ug L™!, with LOD values of 300 and 350 pg L7/,
respectively.

5.1.4. Cancer Antigen (CA). A variety of cancer-related
antigens are currently being explored for the clinical diagnosis of
cancer, including CAS0, CAI125, CA15-3, CA19-9, CA27.29,
CA72-4, CA242, and CAS549. CASO is a cancer-associated
carbohydrate marker, and its elevated level (>17 kU L") is
observed in pancreatic and gastrointestinal malignancies.””
CAI12S is a membrane mucin-like glycoprotein, and its elevated
level (>35 kU L") is used for monitoring of epithelial ovarian
tumors.””* CA15-3, a breast-associated mucin, is often elevated
(>25 kU L™") in the majority of breast carcinoma with distant
metastases.”’> CA19-9 is a vital carbohydrate tumor marker.
Elevated levels of CA19-9 (>37 kUL ™) can be observed in many
malignancies, including pancreatic, biliary, gastrointestinal,
colorectal, and hepatic cancer.””® CA27.29 is a soluble form of
the glycoprotein MUCL. It is overexpressed (>38 kU L") in
tumors involving glandular epithelial cells, such as breast
tumors.””” CA72-4 is a glycoprotein, which increases (>7 kU
L") in breast, gastric, and ovarian adenocarcinoma®’® CA242is a
tumor marker for sialylated Lewis carbohydrates, and its elevated
level (20 kU L7!) is associated with adenocarcinomas.”””
CAS49, a high molecular weight glycoprotein, is overexpressed
(>10 kU L) in breast tumors.”®
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A voltammetric immunosensor for CA12S was fabricated
using an anti-CA12S antibody immobilized onto the surface of
cystamine-modified gold microelectrodes array chip, as shown in
Figure 3158 Using DPV, the level of CA12S was quantified
down to 0.1 kU L1,
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Figure 31. Schematic of electrochemical sensor preparation and CA125
analysis. A self-assembled monolayer of cystamine was formed on the
surface of a gold electrode and subsequently modified with
glutaraldehyde to introduce aldehyde groups. The sensor surface was
incubated with an anti-CA12S antibody to prepare the immunosensor.
The antigen—antibody binding hindered the electron transfer reaction
of [Fe(CN)4]*~/#". DPV measurements showing the decrease in the
current observed after incubation with CA12S5. Reprinted with
permission from ref 581. Copyright 2011 American Chemical Society.

A MIP-based voltammetric sensor for CA12S was prepared by
electropolymerizing a polyphenol film on the surface of a gold
nanoelectrode, in the presence of CA125 as a template.’” This
was followed by extraction of CA12S using a mixture of acetic
acid and sodium dodecyl sulfate. DPV measurements revealed
the linearity of the sensor response in the concentration range
from 0.5 to 400 kU L™, with a LOD of 0.5 kU L™".

An electrochemical ELISA for CA125 analysis used an anti-
125 antibody adsorbed onto the wells of a microtiter plate.”*
Subsequent to CAI12S capture by the immobilized antibody, an
alkaline phosphatase-labeled anti-CA125 antibody was added.
The enzyme converted p-aminophenylphosphate into p-amino-
phenol, which is electrochemically active. Using amperometry,
CA12S was determined within the linear range of 5—1000 kU
L™}, with a LOD of 1.3 kU L4,

A sandwich-based electrochemical sensor for CA15-3 was
designed using an anti-CA15-3 antibody immobilized onto the
surface of a graphene oxide-modified ITO electrode.”®® A
mixture of two secondary antibodies conjugated with tyrosinase
and f-galactosidase was utilized to amplify the signal via redox
cycling. In the presence of CA15-3, phenyl S-p-galactopyrano-
side was converted into phenol by S-galactosidase; phenol was
converted into catechol and then o-benzoquinone by tyrosinase;
and o-benzoquinone was reduced onto the electrode surface.
Chronocouolometric analysis allowed for the detection of CA15-
3 concentrations down to 0.1 kKU L™,

To overcome the limitations of enzymatic-based assays, a
signaling tag was prepared using an anti-CA72-4 antibody
conjugated with polyaniline-coated GNPs, which could catalyze
the reduction of H,0,.°"" The primary antibody was
immobilized onto the surface of a nanoporous gold electrode.
Using amperometry, quantification of CA72-4 was permissible in
the range from 2 to 200 kU LY, with a LOD of 0.1 kU L%,

A multiplexed stripping voltammetric immunoassay protocol
was designed for simultaneous detection of CA125, CA15-3, and
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CA19-9 by coimmobilization of the respective antibodies onto
the surface of magnetic beads.”®® The signaling tags were
synthesized using the respective antibodies labeled with
PAMAM dendrimer-metal sulfide (ZnS for CA12S, CdS for
CA15-3, PbS for CA19-9) quantum dots. In the presence of the
target, a sandwich immunocomplex was formed followed by ASV
analysis of the metal components released by acid treatment of
the quantum dots. Experimental results indicated that the
multiplexed assay enabled the detection of the cancer markers in
the range from 0.01 to 50 kU L™, with a LOD of 0.005 kU L™".

5.1.5.Squamous Cell Carcinoma Antigen (SCCA). SCCA
is a glycoprotein that has been used for the clinical diagnosis of
cervical cancer. Elevated levels of SCCA (>1.5 ug L™") are also
associated with other types of cancer with epithelial or
endodermal origins, including lung cancer, head and neck
cancer, melanomas, and hepatocellular carcinoma.”®®

A sandwich-based voltammetric immunoassay for SCCA was
performed in a magnetically controlled microfluidic device.”*’
The assay was designed using an anti-SCCA antibody-function-
alized magnetic mesoporous nanogold/thionine/NiCo,0,
hybrid as a capture probe and a HRP-conjugated anti-SCCA
antibody conjugated with nanogold/graphene nanosheets as a
signaling tag. After sandwich formation in the presence of SCCA,
the formed immunocomplex was captured within the micro-
fluidic device with the aid of an external magnet. DPV allowed for
the linear quantification of SCCA in the range from 2.5 ng L™ to
15 ug L', witha LOD 1 ng L™".

5.1.6. Neuron-Specific Enolase (NSE). NSE is a dimeric y-
isoenzyme of the glycolytic enzyme enolase, localized predom-
inantly in the cytoplasm of the neurons. NSE is up-regulated
subsequent to axon damage to maintain homeostasis. NSE level
increases (>12.3 g L™") in small cell lung cancer (SCLC) and
neuroblastoma,”**

A sandwich-based electrochemical sensing platform for NSE
was developed using an anti-NSE antibody immobilized onto the
surface of nitrogen-doped MWCNTSs.”*” Gold nanoclusters were
incorporated into porous calcium carbonate spheres via
electrostatic interactions, and the formed hybrid material was
further utilized to assemble a HRP-conjugated anti-NSE
antibody. In the presence of NSE, the enzyme catalyzed the
oxidation of o-phenylenediamine by H,0,. DPV measurements
revealed that the current intensity was proportional to the
concentration of NSE in the range from 0.5 ng L™' to 2 ug L™,
with a LOD of 0.1 ng L™".

5.1.7. Human Epididymis-Specific Protein 4 (HE4). HE4
is an ovarian biomarker initially identified in the epithelium of the
distal epididymis and predicted to be a protease inhibitor
involved in sperm maturation. Elevated levels of HE4 (>0.6 pg
L") are associated with lung cancer and ovarian cancer.”””

A sandwich-based electrochemical sensor was adopted for
HE4 sensing using rolling cycle amplification.””" An anti-HE4
antibody was immobilized onto the surface of a tin-doped ITO
electrode precoated with a chitosan/titanium carbide film. After
capture of HE4, a biotinylated anti-HE4 antibody was added
followed by streptavidin. Subsequently, the sensor was incubated
with biotinylated DNA primers to initiate the rolling cycle
amplification, in the presence of a circular DNA template and
phi29 DNA polymerase. Doxorubicin hydrochloride intercalated
between the rolling cycle amplification products, which was
subsequently monitored by DPV. This sensor enabled
quantification of HE4 in the linear range from 75 ng L™ to 7.5
ug L™, with a LOD of 1.5 ng L.
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5.1.8. Ferritin. Ferritin is the oldest known protein involved
in iron metabolism. Generally, the range of ferritin in human
serum is 7—158 pg L™" for men and 4—56 ug L™" for women.>”*
Ferritin is differentially overexpressed in several malignancies,
including breast cancer, pancreatic cancer, hepatocellular
carcinoma, and Hodgkin’s lymphoma.>”® In addition, serum
ferritin is elevated during acute and chronic inflammation.*”*

A MIP-based impedimetric sensing platform for ferritin was
fabricated by electropolymerizing nonconductive polyphenol on
the tips of a nanotube array preformed on a titanium-coated glass,
in the presence of the template ferritin, as shown in Figure 32.%%
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Figure 32. Protein nanosensor fabrication and template protein
detection. The supporting polymer (SU8-2002) was spin-coated on a
glass substrate containing nanotube arrays. Template proteins trapped
in the polyphenol (PPn) coating were extracted to reveal the surface
imprints. Inset meter shows sensor impedimetric responses during the
different stages of fabrication and detection. Reprinted with permission
from ref 595. Copyright 2010 Nature Publishing Group.

The deposition was self-limiting and yielded a highly conformal
nanocoating that is beneficial for low-noise recordings. The
impedance change in response to ferritin occurred in the linear
concentration range from 10 pg L™" to 100 ng L ™", with a LOD of
10 pg L7

A sandwich-based voltammetric sensor for ferritin was
developed by coimmobilizing an antiferritin antibody, thionine,
and bovine serum albumin (BSA) onto the surface of a screen-
printed carbon electrode.*”° The signaling tag was synthesized by
reverse micelle method using glucose oxidase-doped magnetic
silica nanostructures. Subsequently, the nanostructures were
used to label the secondary antibody. A sandwich immunocom-
plex was formed in the presence of ferritin followed by the
conversion of glucose into gluconolactone by the enzyme label.
DPV permitted linear quantification of ferritin in the range from
0.1 to 400 pug L™, with a LOD of 10 ng L™".

5.1.9. Calcitonin (Ct). Ct is a linear polypeptide secreted
mainly by the parafollicular cells of the thyroid gland. Elevated
levels of calcitonin (>8.5 ug L™") are associated with medullary
thyroid carcinoma.>”’

A MIP-based sensor for Ct was prepared by grafting 2-
acrylylamino-3-(4-hydroxyphenyl)-propionic acid onto the sur-
face of zinc oxide nanostructures followed by Ct-templated
polymerization on the surface of a vinyl-functionalized PGE.>”*
The calibration curve for the DPSV peak current observed versus

AO

the Ct level showed linearity over a concentration range from 9.9
ng L't 79 mg LY, with a LOD of 3.1 ng L%

5.1.10. Human Chorionic Gonadotropin (hCG). hCG s a
hormone produced by the syncytiotrophoblast in the placenta. It
increases during pregnancy and abnormal placental invasion. In
addition, its level is also elevated (>2.2 IU L™") in germ cell
tumors, choriocarcinoma, and testicular cancer.>””

A sandwich-based voltammetric immunoassay for hCG was
designed using an anti-hCG antibody immobilized onto the
surface of an array of SWCNTSs microelectrodes.””® The
signaling tag consisted of GNPs coated with the secondary
antibody. In the presence of hCG, a sandwich immunocomplex
was formed followed by the oxidation of GNPs at a constant
potential of 1.2 V. Using DPV, this sensor permitted the linear
interrogation of hCG level in the range from 0.1 to 20 IU L™/,
with a LOD of 0.024 IU L™".

5.1.11. Urokinase Plasminogen Activator (uPA). uPA is a
serine protease secreted in its inactive pro-uPA form that binds to
the cell surface and becomes activated to uPA, which regulates
the action of other proteases. It also catalyzes the cleavage of
plasminogen to plasmin, leading to extracellular proteolysis.
Elevated uPA levels are correlated with breast, prostate, ovarian,
and squamous cell carcinoma. The normal values of uPA range
between 198 and 511 ug L™

A voltammetric aptasensor for uPA was constructed using a
uPA-specific aptamer attached to the surface of a gold
electrode.’”” DPV permitted linear quantification of uPA in the
range from 48.5ng L' t0 48.5 ug L ™!, witha LOD of 48.5 ng L™".

5.1.12. Glutathione-S-transferase (GST). GST is a
metabolic isozyme that catalyzes the conjugation of reduced
glutathione (GSH) to xenobiotic substrates for the purpose of
detoxification. GST can be grouped into seven gene-independent
classes (alpha, mu, pi, sigma, theta, omega, and zeta) on the basis
of the amino acid sequence. The isoform GST-Pi is overex-
pressed in cancer cells. Elevated serum GST-pi levels (>3.2 U
L™") were observed in patients with various gastrointestinal
malignancies, including gastric, esophaégeal, colonic, pancreatic,
hepatocellular, and biliary tract cancer.””

Using the interaction between GST and ferrocene-labeled
glutathione in solution, a voltammetric approach was developed
for GST analysis.”* DPV voltammograms displayed a
progressive decrease in the ferrocene peak current intensity as
the GST concentration increased, reporting on the binding
interaction between the electroactive ferrocene-labeled gluta-
thione and GST. This sensor successfully detected GST
concentrations down to 286 mg L™".

5.1.13. Alkaline Phosphatase (ALP). ALP is a hydrolase
enzyme responsible of removing phosphate groups from many
molecules, including nucleotides, proteins, and alkaloids. As its
name suggests, ALP is more effective in alkaline environment.
The level of ALP rises (>140 U L™") in leukemia, lymphomas of
B cell origin, and osteoblastic bone tumors.””® In addition, ALP
level increases when renal, intestinal, or placental damage occurs.
Also, skeletal diseases such as Paget’s disease, osteomalacia, and
fractures may cause an increase in serum ALP level.**°
Furthermore, the ALP level increases in liver disorders, such as
bi1e60c71uct obstruction, hepatitis, liver cirrhosis, and choleocysti-
tis.

A voltammetric method for detecting ALP activity in droplets
was reported.”” In this system, the difference in water and oil
solubility between the enzyme’s substrate, ferrocene ethyl
phosphate ester, and the product, ferroceneethanol, was utilized
for analysis. Water droplets containing ALP and ferrocene ethyl
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phosphate ester were placed on a platinum microelectrode and
surrounded by a mineral oil. The ester was hydrolyzed into
ferroceneethanol, which was partitioned into the mineral oil
layer, and the remaining ester was detected by CV to determine
the ALP activity. In addition, a microfluidic device integrated
with comb-type interdigitated ring array electrodes was
fabricated to permit the detection of an array of droplets.”’
The device was successfully applied for the detection of ALP
activity of HeLa cells in single droplets.

An amperometric sensing platform for ALP was designed
using a synthetic ferrocene-labeled substrate for ALP.°" It was
proposed that in the presence of ALP, the synthetic substrate
terrocenylphenyl phosphate would be dephosphorylated into
terrocenylamine, which would be oxidized at a lower potential
than that of the substrate. As a result, ALP activity was monitored
ratiometrically due to the ability of the assay to distinguish
between the substrate and product. Electrochemical analysis was
carried out using a screen-printed carbon electrode, and a LOD
of 0.4 U L™ was determined.

Another substrate, 1-naphthyl phosphate, was utilized for ALP
analysis using a screen-printed carbon electrode.”’" In addition,
nanoceria particles were involved in the assay as redox active
catalytic amplifiers of the ALP signal by facilitating the
conversion of the enzymatically generated naphthol into
napthoquinone. Using DPV, the ALP activity was determined
with a LOD of 20 U L™

An electrochemical sensing platform for ALP used two
complementary DNA probes (DNA1 and DNA2) coupled
with 4 exonuclease, a 5'-3" exonuclease that degrades one DNA
strand with a phosphate moiety at the 5’ end in the dsDNA.®"* In
this work, ALP dephosphorylated the 5’-phosphoryl-terminated
DNAL1, which was subsequently hybridized with the DNA2, and
attached to a gold electrode surface via a thiol group. The dsDNA
formed was cleaved with A exonuclease, and DNA1 was released
after digestion of the 5’-phosphoryl-terminated DNA2, as shown
in Figure 33. Continuous removal of DNA2 from the electrode
surface subsequently reduced the electrochemical signal of the
DNA-bound redox probe, (Ru[NH;]¢)*". Using CC, the ALP
level was quantified within the linear range from 1 to 20 kU L™/,
with a LOD of 0.1 kU L™

5.1.14. Lactate Dehydrogenase (LDH). LDH is an enzyme
that catalyzes the conversion of pyruvate to lactate as well as the
reverse reaction; NADH/NAD™ is used as a cofactor in these
reactions. LDH is involved in tumor initiation and metabolism.
Thus, LDH is utilized as a general marker in the prognosis of
cancer. Elevated levels of LDH (>236 U L™!) are associated with
lymphoma, melanoma, acute leukemia, and germ cell tumors. In
addition, LDH level can be elevated in noncancerous conditions
such as heart failure, hypothyroidism, meningitis, and liver and
lung diseases.”"”

An internally calibrated electrochemical continuous enzyme
assay was developed for the determination of the enzyme
activity.”'* This assay was performed in a constant-potential
amperometric mode in a stirred solution of the enzyme’s
substrate. After a baseline current was recorded, aliquots of the
product (or reactant) of the enzymatic reaction were added to
the solution to calibrate the assay. This was carried out using a
GCE modified with a CNT's/chitosan hybrid. Subsequently, the
assayed enzyme was added to trigger the enzymatic reaction and
record the current—time segment, which was used to calculate
the enzyme activity. Using a mixture of sodium pyruvate, NADH,
and LDH, this assay enabled the determination of LDH level,
with a LOD of 0.14 U L™".
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Figure 33. Schematic illustration of the electrochemical detection of
alkaline phosphatase using two DNA probes coupled with A
exonuclease. Reprinted with permission from ref 612. Copyright 2011
Elsevier.

5.1.15. Vascular Endothelial Growth Factor (VEGF).
VEGEF is a signaling protein that regulates both physiologic and
pathologic angiogenesis. As its name suggests, VEGF stimulates
vascular endothelial cell growth, survival, and proliferation.é15
The VEGF family in mammals comprises five members: VEGF-
A, VEGF-B, VEGF-C, VEGF-D, and placenta growth factor
(PGF). There are multiple isoforms of VEGF-A, including
VEGF,y;, VEGE 5y, VEGF,,s, VEGF 5, VEGF, 65, VEGF 59
and VEGF,. Elevation of circulating levels of VEGF (>256 ng
L™')°'® has shown to be of prognostic value in many solid tumors
such as head and neck squamous cell carcinoma and
hematological malignancies such as non-Hodgkin’s lymphomas,
myeloid, and lymphoid leukemias.’'”

An impedimetric sensor for VEGF was fabricated using a
vascular endothelial growth factor receptor-1 (VEGFR-1)
immobilized onto the surface of a gold electrode.”'® The
obtained results revealed a linear response to VEGF concen-
trations in the range from 10 to 70 ng L™".

A voltammetric aptasensor for VEGF was designed using a
methylene blue-labeled aptamer immobilized onto the surface of
a gold-plated screen-printed electrode via a thiol moiety and
terminating with methylene blue label.”® The unique folding
motif of the aptamer allowed the sensor to translate the target-
induced folding into a signal gain. Using ACV, VEGF was
quantified with a LOD of 190 ng L.

An electrochemical microfluidic array analyzed four clinically
relevant proteins, including VEGE.®"® In this approach, VEGF
was captured offline using paramagnetic beads modified with an
anti-VEGF antibody and HRP enzyme. Subsequently, the
captured VEGF was introduced into the microfluidic device,
which contained a GNPs-based immunoarray in a microchannel
interfaced with a syringe pump and sample injector. A mixture of
hydroquinone and H,0O, was injected to enhance the signal.
Amperometric measurements permitted the interrogation of the
VEGEF level, with a LOD of 0.8 ng L™".
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Figure 34. AMUC1 detection scheme. (A) In the absence of MUC1, the biotin was shielded and inaccessible to the streptavidin, and thus a very limited
background current was observed (curve a). (B) Upon target binding, the disruption of the stem-loop made the biotin exposed. The biotin, along with
the dual-labeled aptamers, was easily captured by the streptavidin-modified electrode (curve b). Reprinted with permission from ref 638. Copyright 2014

Elsevier.

5.1.16. Vascular Endothelial Growth Factor Receptor
(VEGFR). VEGFRs are receptors for VEGF. There are three main
subtypes of VEGFR, numbered 1, 2, and 3. Among these specific
tyrosine kinase receptors, VEGFR2 mediates most of the
angiogenic functions. The expression VEGFR2 protein is up-
regulated (>15 ng L) in chronic lymphocytic leukemia
(CLL) and ovarian and breast cancer.’*'

A sandwich-based voltammetric immunoassay for VEGFR2
was designed using an anti-VEGFR2 antibody immobilized onto
the surface of a GCE modified with a chitosan/reduced graphene
oxide/thionine composite.””” After capture of the target
VEGFR2, the immunosensor was incubated with a HRP-
conjugated anti-VEGFR2 antibody. The enzyme catalyzed the
oxidation of thionine by H,0,. Using DPV, the level of VEGFR2
was quantified in the linear range from 60.6 ng L™" to 13 ug L™/,
with a LOD of 42.4 ng L™,

5.1.17. Epidermal Growth Factor Receptor (EGFR).
EGFR or HERI is a cell trans-membrane glycoprotein located on
the cell surface. Upon binding with its ligands such as the
epidermal growth factor and transforming growth factor
(TGFa), the tyrosine kinase activates and induces cell
differentiation and proliferation.””> EGFR is overexpressed
(>75.3 pug L™') in many tumors of epithelial origin, such
NSCLC, breast, head and neck, gastric, colorectal, esog)hageal,
prostate, renal, bladder, pancreatic, and ovarian cancer. 24

A label-free impedimetric sensor for EGFR was fabricated
using an anti-EGFR antibody immobilized onto the surface of
GNPs-modified gold electrode.”” Protein G was used as a
scaffold to allow the proper orientation of immobilized
antibodies. The impedance changes were proportional to
EGFR concentrations in the range from 1 ng L'to1 mg L,
with a LOD of 0.3 ng L™".

An electrochemical aptamer/antibody sandwich-based sens-
ing platform for EGFR was developed using a biotinylated
EGFR-specific aptamer immobilized onto streptavidin-coated
magnetic beads.””® An anti-EGFR antibody was conjugated to
citrate-coated GNPs and used as a signaling probe. In the
presence of EGFR, an immunocomplex was formed, and the
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extent of complexation was determined using DPV. This sensor
permitted the linear quantification of EGFR in the range from 1
to 40 ug L™, with a LOD of 50 ng L™".

5.1.18. Human Epidermal Growth Factor Receptor 2
(HER2). HER?2 is a key prognostic marker that is overexpressed
in approximately 30% of invasive breast cancers.””’ It is a
particularly important marker because HER2-positive cancers
can be treated with targeted therapies. Normal individuals have
HER? levels in the range between 2 and 15 ug L™" in blood.®**

A voltammetric immunosensor for HER2 was fabricated using
anti-HER2 antibody attached to iron oxide nanoparticles, which
were deposited on a gold electrode surface.””” Using DPV, this
sensor was shown to be responsive to HER2 concentrations over
the linear ranges from 10 ng L™" to 10 ug L™" and 10 ug L™" to
100 pg L™', with a LOD of 995 pg L™".

Affibodies were recently utilized to develop sensing platforms
for clinical markers. Affibodies are small proteins engineered to
bind to a large number of target proteins or peptides with high
affinity, imitating monoclonal antibodies. For instance, an
impedimetric affisensor for HER2 was fabricated using a
HER2-specific affibody immobilized onto a GNPs-modified
screen-printed graphite electrode.’*” This protein sensor allowed
for the linear interrogation of HER2 level up to 40 ug L™, with a
LOD of 6 ug L™".

A sandwich-based voltammetric sensor for HER2 was
designed using an anti-HER2 antibody immobilized onto
GNPs, modified with 2,5-bis(2-thienyl)-1H-pyrrole-1-(p-ben-
zoic acid), and deposited on a GCE.”*' A HER2-specific aptamer
was conjugated with GNPs modified with hydrazine and used as
a signaling probe. Following the immunoreaction, the sensor was
immersed in a silver nitrate solution. Subsequently, the silver ions
were reduced by hydrazine into silver metal and deposited onto
the aptamer-GNPs conjugate. Using square wave stripping
voltammetry (SWSV), the level of HER2 was determined over
the range from 0.1 ng L™" to 10 ug L™, with a LOD of 37 pg L™".

5.1.19. Human Epidermal Growth Factor Receptor 3
(HER3). HER3 is a membrane-bound protein encoded by the
ERBB3 gene. HER3 is highly expressed in melanomas, childhood
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Figure 3S5. Schematic diagram of the principle underlying PDGF-BB detection. In the absence of PDGF-BB, the EcoRI endonuclease cleaved the
recognition site of palindrome, resulting in the removal of the redox-active ferrocene from the electrode surface (upper half). On the contrary, the target
binding event deformed the EcoRI recognition site and subsequently protected it from endonuclease. As a result, a peak current was observed as shown
in the lower half. Reprinted with permission from ref 641. Copyright 2015 Elsevier.

glioma, and breast, prostate, colorectal, and ovarian cancer.
Normal individuals have a HER3 concentration in the range
between 0.06 and 2.5 ug L™ in blood.***

An impedimetric immunosensor for HER3 was designed with
a self-assembled monolayer of 4-aminothiophenol preformed on
the surface of a gold electrode.”** An anti-HER3 antibody was
immobilized onto the electrode surface. The immunosensor
exhibited a linear dynamic range of 0.4—2.4 ng L™ and a LOD of
0.28 ng L.

5.1.20. Mucin 1 (MUC 1). MUC1 is a membrane-associated
glycoprotein of the mucin family and represents the major
constituent of the mucous layer found in most human epithelia. It
serves to lubricate and protects the surface against mechanical,
chemical, and biological damage. It is commonly overexpressed
in a broad range of different malignancies, including breast, lung,
gastric, colorectal, bladder, pancreatic, prostate, and ovarian
carcinomas.”** Normal individuals have a MUC1 concentration
in the range between 0.7 and 39.8 kU L™" in blood.®**

A voltammetric aptasensor was designed for simultaneous
determination of two markers, MUC1 and VEGF s, using a
ferrocene-labeled aptamer-complementary DNA hybrid immo-
bilized onto the surface of a gold electrode.*® The presence of
the target forced the complementary strand to dissociate from its
complex with the immobilized aptamer, thus bringing the
ferrocene group closer to the electrode surface. This was
accompanied by an increase in the peak current “signal-ON”.
Using SWV, the peak current increased linearly in the ranges
from 122.1 ug L' to 2.4 mg L™" and 38.2 to 764 ug L™, for
MUCI1 and VEGF s, respectively. In addition, a MUC1-specific
aptamer was immobilized onto the surface of polypyrrole-
modified nanowires within a microfluidic device.*” A significant
increase in the current was demonstrated in the presence of low
concentrations of MUC1 down to 324.8 ug L™".

Another aptamer-based sensing platform for MUCI was
developed using a MUC1-specific hairpin aptamer modified with
a thiol moiety at one end and biotin label at the other end.®** The
aptamer was immobilized onto the surface of GNPs, which were
further modified with a HRP enzyme. After the binding between
the aptamer and MUCI, the biotin was exposed and
subsequently captured by streptavidin-modified MWCNTSs
preformed on the surface of a GCE, as shown in Figure 34.
The enzyme catalyzed the oxidation of o-phenylenediamine by
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H,0, into 2,3-diaminophenazine, which became reduced at
—0.56 V on the surface of the electrode. DPV results revealed a
linear relationship between the peak current and MUCI1
concentration in the range from 1.1 to 43.1 mg L™', with a
LOD of 268.6 ug L™".

5.1.21. Platelet-Derived Growth Factor B Chain Dimer
(PDGF-BB). PDGE-BB, one of three isoforms of PDGF, is a
cytokine that plays a significant role in vascular proliferation and
cell transformation, which is closely related to tumor growth and
progression.639 The normal serum level of PDGE-BB (8.5 u
L") usually increases sharply in glioma and sarcoma patients.®*

An aptamer-based sensing platform for PDGF-BB was
constructed using a ferrocene-labeled DNA probe, which
contained the aptamer sequence for PDGF-BB and the
recognition sequence for EcoRl endonuclease, immobilized
onto the surface of a gold electrode.”*" In the absence of PDGF-
BB, the probe folded into a hairpin structure and formed a
recognition site for endonuclease. Subsequently, the specific and
cleavable double-stranded region was cleaved and the redox-
active ferrocene molecule was removed from the electrode
surface. When bound to the target protein, the probe changed its
configuration and the recognition strand was dissociated,
resulting in a peak current (signal-ON), as shown in Figure 3S.
ACV enabled the interrogation of the PDGF-BB level over the
linear range from 20 ng L™ to 200 g L™", with a LOD of 10 ng
L7

Another aptamer-based voltammetric sensor for PDGF-BB
was designed using rolling circle amplification for signal
transduction.®*> First, a PDGF-BB specific aptamer was
hybridized with a thiolated complementary DNA strand
immobilized onto a gold electrode surface. The electrode was
held at 300 mV to accelerate the hybridization process and
enhance its efficiency. In the presence of the target, an aptamer-
PDGF-BB complex was formed in lieu of the DNA-aptamer
complex, resulting in the departure of the aptamer from the
electrode surface. The free cDNA was subsequently hybridized
with the terminal regions of a padlock probe, generating a circular
configuration in the presence of DNA ligase. The first primer,
primer 1, was hybridized with the padlock probe, and extended
isothermally by Bst DNA polymerase to generate a multimeric
ssDNA, which served as a template for primer 2 binding. Primer
2 was further extended by the polymerase enzyme to displace the
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downstream growing DNA strands. Subsequently, methylene
blue molecules intercalated into the formed dsDNA. DPV data
demonstrated a linear correlation between the DPV current and
the logarithm of PDGF-BB concentration in the range from 123
pg L™ to 196.8 ng L', with a LOD of 39.4 pg L™".

In another approach, aptamer-based recognition and rolling
cycle amplification were also carried out externally, and the
amplification products were subsequently deposited onto the
electrode surface prior to hybridization and methylene blue
intercalation.*** Using ACV, this assay offered a linear response
to the target over a concentration range from 2.1 to 206.6 ug L,
with a LOD of 1.5 ug L™".

A sandwich-based immunosensor for PDGF-BB was fab-
ricated using an anti-PDGF-BB antibody immobilized onto the
surface of a gold electrode.”** PDGF-BB was subsequently
sandwiched between the primary antibody and a secondary
antibody immobilized onto the surface of graphene oxide. The
electrode was then immersed into a silver enhancer solution
containing silver ions and hydroquinone. Experimental results
revealed that the SWV response of the immunosensor was
proportional to the logarithm of PDGF-BB concentration in the
range from 10 ng L™" to 100 ug L™, with a LOD of 5 ng L™".

A sandwich-based voltammetric aptasensor for PDGF-BB was
constructed using a chitosan-coated GCE modified with GNPs
and molybdenum disulfide/carbon aerogel composites.”** A
thiol-terminated PDGF-BB specific aptamer 1 was immobilized
onto the electrode surface. The signaling tag was prepared by
coimmobilizing a thiol-terminated PDGF-BB specific aptamer 2
and ferrocenehexanethiol onto the surface of GNPs. DPV
measurements were carried out in the presence of PDGF-BB and
permitted its linear quantification in the range from 24.6 ng L™
to 246 pug L', with a LOD of 74 ng L™".

Another sandwich-based electrochemical aptasensor for
PDGF-BB was designed using a PDGF-BB specific aptamer
immobilized onto the surface of GNPs-modified screen-printed
carbon electrode.**° Silver nanoparticles were used as signaling
tags through modification with a PDGF-BB specific aptamer and
hybrid probes (hybrid-A and hybrid-B). Silver aggregates were
formed on the electrode through the in situ hybridization of the
aptamer/hybrid-A and aptamer/hybrid-B, which were detected
by DPSV after peroxidation, as shown in Figure 36. This
approach facilitated the linear analysis of PDGF-BB in the range
from S ng L'to1l mg L™, with a LOD of 1.6 ng L.

5.1.22. Nuclear Matrix Protein 22 (NMP22). NMP22 is a
tumor marker for bladder cancer. The level of NMP22 in healthy
individuals is less than 10 kU L™, and it increases among 80% of
bladder cancer patients.®*’

A voltammetric immunosensor for NMP22 was fabricated
using reduced graphene oxide-tetraethylene pentamine modified
with trimetallic Au/Pt/Pd nanoparticles.””® Subsequently, an
anti-NMP22 antibody was anchored to the surface of the
nanoparticles. It was demonstrated that the trimetallic nano-
particles could accelerate the electron transfer and enhance the
signal response by the synergistic effect of the three different
metals. The immunosensor exhibited a wide linear dynamic
range (0.04—20 kU L™") and a low LOD of 0.01 kU L™,

An amperometric immunosensor for NMP22 was constructed
using Au—Pt bimetallic nanostructures, which were prepared by
dealloying a commercial Au/Ag alloy into nanoporous gold.**”
After deposition of the nanoporous gold onto the surface of
GCE, Pt nanoparticles were deposited on top of the surface of
nanoporous gold by bottom-up electrodeposition. An anti-
MMP22 antibody was subsequently immobilized onto the
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Figure 36. Hlustration of an electrochemical assay for PDGF-BB with
signal amplification through silver nanoparticles aggregation induced by
in situ hybridization of the PDGF-BB specific aptamer and hybrid
probes. Reprinted with permission from ref 646. Copyright 2014
American Chemical Society.

surface of the Au—Pt nanostructures. In the presence of
MMP22, it was observed that the electrocatalytic reduction of
H, 0, was diminished as a result of its blocked access to the Au—
Pt nanostructures. Using amperometry, a linear range from 10 ng
L' to 10 ug L™" and a LOD of 3.3 ng L™" were obtained.

5.1.23. Tenascin-C (TN-C). TN-C is an extracellular matrix
glycoprotein that is transiently expressed during fetal develop-
ment and is absent or greatly reduced in most adult tissues.
However, TN-C is overexpressed (>13.6 ug L") in many solid
tumors, such as brain, lung, breast, pancreatic, colon, liver,
kidney, bladder, skin, bone, prostate, ovarian, and soft tissue
cancer.

A competitive impedimetric assay for TN-C was developed
using an anti-TN-C antibody immobilized onto the surface of an
array of gold electrodes.””’ TN-C was captured by the
immobilized antibody, and the nonoccupied binding sites were
identified using a secondary HRP-conjugated antibody specific to
the antigen-binding fragment (Fab). The enzyme catalyzed the
conversion of soluble 3-amino-9-ethyl carbazole into insoluble 3-
azo-9-ethyl carbazole, which was precipitated on the electrode
surface and significantly increased the interfacial resistance. This
antibody-based assay had a LOD of 7 mg L™".

5.1.24. p53 Tumor Suppressor Protein (p53). pS3 is a
potent transcription factor that plays an important role in
controlling cellular responses to stress factors such as ionizing
radiation and UV induction. Loss of pS3 function results in
tumor formation and gene mutation, which is caused by the
conformational changes in p33 protein structure.”*” It was
observed that the expression of pS3 protein phosphorylated at
serine 20 (p53(20)) and serine 392 (p53(392)) is involved in
ovarian neoplasms.”” In addition, p53(392) may regulate the
oncogenic function of mutant forms of pS3 protein in breast
cancer. 6’I_'£1e typical mean value of pS3 protein in the serum is 150
ng L71.%°

A sandwich-based voltammetric sensor for p53(392) was
constructed using an anti-p$3(392) antibody immobilized onto
the surface of a GNPs-modified screen-printed carbon
electrode.>® The signaling tag was produced using graphene
oxide functionalized with an anti-p53(392) antibody and HRP
enzyme. After a sandwich immunoreaction, the captured
signaling tag produced an amplified electrocatalytic response
through the reduction of enzymatically oxidized thionine in the
presence of H,0,. Using SWV, the level of p53(392) was linearly
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quantified in the range from 1.1 to 106 g L™", with a LOD of 0.5
ug L™". To further enhance the sensitivity and reduce the analysis
time, gold nanorods were used instead of GNPs and a positive
driving potential (+0.4 V for 3 min) was applied to accelerate the
transport of negatively charged analytes, including p53(392),
p53(15), p53(46), and p53.°°° In addition, a negatively charged
potential of —0.2 V was applied for 1.5 min to accelerate the
binding of the signaling tag to the captured analyte. SWV
measurements allowed for the linear analyses of p53(392),
pS3(15), pS3(46), and pS3 ranging from 0.5 ug L™" to 1.1 mg
L™ 27ugLl " to 1.1mgL ™", 5.3 ug L™ t0 2.7 mgL™",and 2.7 ug
L'to 1.1 mg L™}, with LOD values of 0.3, 1.1, 1.6, and 0.5 Hg
L7}, respectively.

A biofuel-cell-based self-powered biosensor for pS53 was
reported, in which bilirubin oxidase/DNA-modified graphene/
platinum nanoparticles hybrid nanosheet worked as a biocathode
to control the capture of p53, and thus tune the electron transfer
process of O, reduction for signal amplification.”” It was
observed that the strong interaction between p53 and its
consensus DNA sequence on the electrode surface could block
the electron transfer from bilirubin oxidase to the electrode, thus
reducing the electrocatalytic activity of O, reduction at the
biocathode. In combination with glucose oxidation at the CNT's/
Meldola’s blue/glucose dehydrogenase bioanode, a current or
power decrease of the biofuel cell was observed in the presence of
p53. The designed BFC-based sensor showed a wide linear range
extending from 53 ng L™" to $3 mg L™, witha LOD of S3 ng L™".

5.1.25. Fibrinogen (Fib). Fib is a glycoprotein produced by
the liver and plays a key role in the hemostatic system. Normal
levels of Fib in human plasma lie within the range between 1.5
and 4.5 g L% Plasma levels of Fib can be used as a biomarker
for gastric and ovarian cancer.”® The determination of Fib and
its degradation products has also a great value in the detection of
bladder cancer.®® Fib is also an important determinant of the
metastatic potential of circulating tumor cells.”" In addition,
elevated Fib levels are associated with cardiovascular diseases®®”
and inflammatory diseases such as periodontal disease.’*®

A sandwich immunosensing platform for Fib was constructed
using an anti-Fib antibody immobilized onto the surface of a
carbon nanohorns-modified screen-printed carbon electrode.***
After Fib capture, a HRP-conjugated anti-Fib antibody was
added, and the enzyme catalyzed the oxidation of thionine by
H,0,. Amperometric measurements revealed a linear relation-
ship between the amperometric current and Fib concentration in
the range from 0.1 to 100 mg L™, with a LOD of 58 ug L™".

Two competitive electrochemical assays exist for the sensing of
Fib.°*® In the direct competitive format, Fib-specific nanobodies
were immobilized onto magnetic beads attached to the surface of
a screen-printed carbon electrode positioned on top of a magnet.
The target Fib competed with biotin-labeled Fib for binding to
immobilized nanobodies. In the indirect competitive format, Fib
was immobilized onto the surface of the magnetic beads.
Subsequently, the target Fib competed with immobilized Fib for
binding to biotin-labeled nanobodies. In both assays, a
streptavidin-labeled HRP enzyme was added followed by
addition of a mixture of H,O, and hydroquinone. Remarkably,
better analytical performance was achieved using the indirect
competitive immunoassay with a LOD of 44 ug L™".

5.1.26. Cluster of Differentiation 146 Antigen (CD146).
CD146 is a cell adhesion molecule that belongs to the
immunoglobulin superfamily. It was originally identified as a
melanoma and breast cancer progression marker,”°**”” and later
recognized as an endothelial marker.®*® Previous studies
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demonstrated that endothelial CD146 is involved in neovascular
formation, especially tumor angiogenesis.””” The normal serum
level of CD146 in healthy individuals is 309 ug L™.°"°

A sandwich-based amperometric sensor for CD146 was
constructed using an anti-CD156 antibody immobilized onto
the surface of a reduced graphene oxide-tetraethylene pentam-
ine-modified GCE.®”" This surface modification provided a large
number of amino groups to enhance the loading capacity of
antibodies. The secondary antibody was modified with TiO,
colloidal sphere laden Au/Pd nanoparticles, to permit the
electrocatalytic reduction of H,O,. This approach allowed for the
linear quantification of CD146 in the range from 5 ng L™" to 20
ug L™, with a LOD of 1.6 ng L.

5.1.27. Cluster of Differentiation 105 Antigen (CD105).
CD105, a receptor for transforming growth factor (TGF) i1 and
f3 in vascular endothelial cells, is highly upregulated (>0.9 ug
L7") in patients affected with colorectal cancer and metastatic
breast cancer.”’>%”*

A sandwich-based voltammetric sensor was fabricated using an
anti-CD10S antibody immobilized onto the surface of a GNPs-
modified gold electrode.”’* The signaling tag was prepared by
immobilizing a thionine acetate-modified anti-CD105 antibody
onto platinum nanoparticles. CV permitted a linear interrogation
of the CD105 level in the range from 1.3 to 200 ug L™', with a
LOD of 0.9 ug L™".

5.1.28. Estrogen Receptor (ER). ER, a ligand-dependent
transcription factor, is a member of the nuclear hormone
receptor superfamily.””> The biological effects of ER are
mediated by its binding to estrogen. Emerging findings suggest
that elevated levels of ER (>0.6 yig/g cytosol protein) can be used
for the diagnosis of breast cancer.

An exonuclease III protection-based voltammetric assay for
ER was designed using a DNA duplex, incorporating an ER-
specific sequence, immobilized onto the surface of a gold
electrode.””” The second strand was labeled with methylene blue
at the proximal end. The presence of ER protected the duplex
DNA molecules from exonuclease III digestion, resulting in an
electrochemical signal. Experimental results revealed the ability
of SWV to quantify ER in the range from 33.1 ug L™" to 6.6 mg
L7, with a LOD of 25.2 ug L.

5.1.29. Interleukin 6 (IL-6). IL-6, a pleiotropic cytokine that
has a key role in the inflammatory response, has been implicated
in the pathogenesis of a number of inflammatory conditions,
such as arthritis, psoriasis, and inflammatory bowel diseases.’”®
High levels of IL-6 have also been correlated with prostate,
breast, and head and neck squamous cell carcinoma.””’ The
normal values of IL-6 in a healthy individual range between 10
and 75 ng L71%%

A sandwich-based voltammetric sensor for IL-6 was
constructed using a magnetic beads-labeled anti-IL-6 antibody
captured within the wells of a microtiter plate positioned on top
of a magnet.”®" Silver nanoparticle-titanium phosphate spheres
(AgNP-TiP) were synthesized and used to label the secondary
antibody. In the presence of IL-6, an immunocomplex was
formed, and the silver ions were subsequently released using
HNO;. DPV permitted the interrogation of IL-6 level in the
linear range from 0.5 ng L™ to 10 g L™!, with a LOD of 0.1 ng
L% In a related approach, a signaling tag comprising the
secondary antibody and poly-HRP-streptavidin conjugate was
utilized.®*> The immunoreaction was monitored amperometri-
cally after addition of a mixture of hydroquinone and H,0,. A
linear calibration plot was achieved between the measured
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steady-state current and the logarithm of IL-6 concentration in
the range from 1.8 to 500 ng LY, with a LOD of 0.4 ng L%

Another sandwich-based amperometric assay was developed
using an array of 8 gold compact discs inte§rated into a
microfluidic device to reduce the sample volume.** The capture
anti-IL-6 antibody was immobilized onto the surface of the gold
electrodes. After incubation with IL-6, a biotinylated detection
antibody was added followed by streptavidin-labeled HRP
enzyme. A mixture of hydroquinone and H,O, was then injected
into the microfluidic device to generate the amperometric
response. This sensing system exhibited a linear response toward
the logarithm of IL-6 concentration in the range from 10 pg L™*
to 1.3 ng LY, with a LOD of 10 rg L. Also, a boron nitride—
gold nanocluster composite was synthesized and used to label the
secondary antibody.”®* After immunocomplex formation, SWV
permitted the linear quantification of IL-6 in the range from 5 ng
L™ to 100 ug L™', with a LOD of 1.3 ng L™\

5.1.30. Interleukin 8 (IL-8). IL-8 or CXCLS is an important
mediator of host response to injury and inflammation. It
possesses diverse functions as neutrophil activator and chemo-
tactant for neutrophils, T cells, and basophiles.68° Emerging
findings suggest that elevated levels of IL-8 (>13 ng L™") can be
used for the diagnosis of NSCLC, breast, and ovarian cancers.®*

A sandwich-based amperometric sensing platform was
constructed for the simultaneous detection of IL-8 and PSA,
using a primary antibody immobilized onto the surface of a
disposable 16-channel screen-printed carbon electrode.”*” The
signaling tag was fabricated by loading the secondary antibody
and HRP enzyme onto the surface of MWCNTSs. Using
amperometry, this approach sensor facilitated measurements of
IL-8 and PSA within the linear ranges of 8—1000 and 5—4000 ng
L', with LOD values of 8 and S ng L™, respectively.

5.1.31. Matrix Metallopeptidase 9 (MMP-9). MMP-9 is a
gelatinase subgroup of the matrix metalloproteinases that
degrades type IV collagen, the main material in the basement
membrane, thus helping to separate the epithelial cells from the
underlying stroma.®”’ Increased expression of MMP-9 in tumors
lead to the degradation of the basement membranes, a critical
step in tumor invasion.’*® Elevation of the serum level of MMP-9
(>189 /4§ L™!) has been observed in NSCLC and breast cancer
patients. 8

A peptide-based voltammetric sensor for MMP-9 used a
methylene blue-labeled MMP-9 specific peptide, which was
designed to contain a terminal cysteine for assembly on a gold
electrode.””” The sensing electrode was packaged in poly-
ethylene glycol hydrogel and integrated with a microfluidic
device. The MMP-9 cleaved the redox-labeled peptides and
caused a decrease in the electrochemical signal. SWV allowed for
the quantification of the MMP-9 level, with a LOD of 5.5 pg L™".

A sandwich-based voltammetric sensing platform for MMP-9
was constructed using an anti-MMP-9 antibody immobilized
onto the surface of a graphene nanoribbon-modified heated
screen-printed carbon electrode.””" Polystyrene spheres/poly-
dopamine/cadmium nanohybrid was utilized to label the
secondary antibody. After immunocomplex formation, SWV
was employed to determine the level of MMP-9 in the linear
range from 10 to 1000 pg L™, with a LOD of S pg L.

5.1.32. Cyclin-Dependent Kinase Inhibitor (p16'™K4?),
p16™5* is a tumor suppressor protein that is implicated in the
prevention of cancer. It is currently used as a biomarker for
cervical cancer and oropharyngeal squamous cell carcinoma.*”*

A sandwich-based voltammetric sensor for p16™X* was
developed using an anti-pl6 antibody immobilized onto the
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surface of a CNTs-modified screen-printed carbon electrode.’”?

The signaling tag consisted of GNPs coated with the secondary
antibody. In the presence of glutathione-S-transferase-p16
recombinant protein, sandwich immnoreaction occurred fol-
lowed by the deposition of metallic silver on the surface of GNPs.
LSV enabled a linear quantification of p16 in the range from 15.6
ug L™ to 0.3 mg L™, with a LOD of 1.3 ug L™".

5.1.33. Murine Double Minute 2 (MDM2). MDM2 is a
protein, encoded by the MDM?2 gene, which acts as a negative
regulator for the p53 tumor suppressor. MDM2 is overexpressed
in a wide variety of tumors, such as breast and lung cancer, germ
cell tumors, sarcomas, lymphomas, glioblastomas, and oral
squamous carcinomas.

An impedimetric immunosensor for MDM?2 was constructed
using an anti-MDM2 antibody immobilized onto the surface of a
cysteamine-modified gold electrode, using 1,4-phenylene
diisothiocyanate as a linker.””® This approach enabled a linear
quantification of MDM?2 in the range from 1 ngL™" to 1 mg L™,
with a LOD of 0.3 ng L™".

5.1.34. Nuclear Factor Kappa B (NF-xB). NF-«B is a
protein complex that controls the transcription of DNA, cytokine
production, and cell survival. Defects in NF-«B production result
in increased susceptibility to apoptosis, leading to cell death
because it regulates the antiapoptotic genes. The level of NF-«xB
has been shown to increase in estrogen receptor negative (ER—)
breast and lung cancer patients.’”®

A voltammetric nucleic acid-based sensing platform for NF-xB
was constructed using dsDNA containing a protein-binding site
for NE-kB that was self-assembled onto a GCE.*” In the absence
of the target, the dsDNA probe was digested with exonuclease III.
In the presence of NF-«B, it could bind to the probe and hinder
its digestion with exonuclease III. An acridone derivative, 10-
methyl-3-nitro-acridone, was bound via intercalation to the
dsDNA, leading to an electrochemical signal. A small signal was
observed in the absence of the target due to the weak binding
affinity of the redox mediator to ssDNAs. Using SWV, the NF-xB
level was linearly determined in the range from 10 to SO ug L™/,
with a LOD of 2 ug L™".

5.1.35. Apurinic/Apyrimidinic Endonuclease 1 (APE1).
APE1 is a multifunctional protein in the DNA base excision/
repair pathway. Many studies have demonstrated high APE1
levels in various types of cancer, such as NSCLC, breast, thyroid,
pancreatic, colorectal, cervical, and ovarian cancer, suggesting a
prognostic relevance APE1 as a tumor marker.”

A sandwich-based voltammetric sensor for APE] featured an
anti-APE1 antibody immobilized onto a gold nanochains-
modified GCE, precoated with graphene.””> GNPs decorated
graphene nanosheets were prepared as nanocarriers using an
ionic liquid as a linker. Alkaline phosphatase and ferrocene-
tagged anti-APE] antibody were loaded onto the nanocarriers
and used as a signaling tag. A sandwich immunocomplex was
formed in the presence of APE1 and CV was subsequently
utilized for the linear determination of the target in the range
from 0.1 to 80 ng L™} with a LOD of 40 Pg L7L In a related
approach, the alkaline phosphatase enzyme was utilized to
convert ascorbic acid 2-phosphate into ascorbic acid, which was
further oxidized electrochemically to amplify the signal.””’ DPV
measurements revealed a linear correlation between the current
signal and APEL1 level in the range from 10 pg L™' to 100 ng L™/,
with a LOD of 3.9 pg L™".

5.1.36. Breast Cancer Type 1 and 2 Susceptibility
Proteins (BRCA1 and BRCA2). BRCAl and BRCA2 are
antioncogenes in women, who are genetically predisposed to
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breast cancer. It is normally expressed in the cells of breast and
other tissues, where they are involved in the repair of
chromosomal damage with a key role in the error-free repair of
DNA double helix breaks. Malfunction of BRCAI and BRCA2,
due to mutation of the corresponding gene, increases the risk of
breast cancer.”%"

A sandwich-based amperometric sensor for BRCAI was
explored using an anti-BRCALI antibody immobilized onto the
surface of a GCE modified with thionine and polyvinylpyrroli-
done-protected graphene.””” The secondary antibody was
anchored to the surface of SBA-15, one of mesoporous silicas
with uniform tubular channels. In addition, an HRP enzyme was
entrapped in the pores of the SBA-15. The signaling tag was
subsequently treated with the ionic liquid, BMIM-BE,, to
enhance the electrochemical activity of the enzyme and promote
electron transport. Subsequent to BRCALI capture, the sensor
was incubated with H,O,. The assay exhibited a linear dynamic
range extending from 10 ng L™" to 15 g L™, with a LOD of 4.9
ng L7\

5.1.37. Telomerase. As a ribonucleoprotein complex
containing both an essential RNA template and a protein reverse
transcriptase unit, telomerase can add the telomere repeating
units (TTAGGG), to the 3’ end of chromosomal DNA using its
endogenous RNA template.””” Telomeres cap and protect the
eukaryotic chromosomal ends from undesired degradation,
recombination, or end-to-end fusion. Indeed, in over 85% of
different cancer types, elevated levels of telomerase are
detected.””* This renders the enzyme an important therapeutic
target and a valuable marker for malignancy and tumor
progression.””> Although the telomeric repeat amplification
protocol (TRAP) has been used as a powerful method for
monitoring telomerase activity,’°’"” its use has been limited
because it is susceptible to PCR-derived artifacts.””® Several
electrochemical sensing formats were developed to replace the
traditional TRAP assay.

An electrochemical method based on CC coupled with
hexamineruthenium chloride was proposed as a simple and rapid
assay of telomerase activity.””” Briefly, a telomerase primer was
immobilized onto the surface of a gold electrode, and the primer
was extended by the telomerase extract obtained from of 5—1000
HeLa cells. Subsequently, the amount of [Ru(NH;)s]%*
electrostatically bound to the growing DNA increased, resulting
in a higher electrochemical signal. In a closely related approach,
ferrocenylnaphthalene diimide was utilized instead of hexami-
neruthenium chloride to electrochemically interrogate the
telomerase activity.”'® Using SWV, the telomerase activity was
detectable in 10 Ca9-22 cells.

An impedimetric sensing platform was designed on the basis of
the ability of the elongated DNA to block the transfer of
[Fe(CN)4]>/[Fe(CN)4]* electrons to the electrode surface,
resulting in an increase in the impedance.”"" It was found that the
impedance has a linear dependence on the logarithm of the
number of HeLa cells in the range of 10°—~10° cells.

A FET-based sensor was fabricated using a telomerase primer
immobilized onto the Al,O; gate surface of an ion-sensitive FET
(ISFET).”"” The telomerase-induced extension of the telomer-
ase primer altered the gate potential and allowed for the
detection of telomerase extracted from 65 + 10 293T
(transformed human embryonic kidney) cell uL™".

A voltammetric sensing platform for telomerase activity was
recently reported using a telomerase primer immobilized onto
the surface of a gold electrode.”'” The primer was extended by
telomerase in cell extracts to form telomeric repeats, which were
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subsequently hybridized with spherical nucleic acids on the
surface of GNPs. Thereafter, two hairpin probes were hybridized
with the unoccupied spherical nucleic acids to initiate a cascade
of hybridization events forming a double-helix, as shown in
Figure 37. After incubation with hexamineruthenium chloride,
the telomerase activity was detected by DPV from as low as 2
HelLa cells.

5/
.:_;-f' H1 Iy

H2

Figure 37. Schematic illustration of the spherical nucleic acids/ GNPs-
triggered signal amplification for electrochemical analysis of telomerase.
Reprinted with permission from ref 713. Copyright 2015 American
Chemical Society.

A homogeneous electrochemical strategy for telomerase
activity analysis was recently adopted based on a TS-primer,
methylene blue-labeled hairpin DNA probe, and T7 exonu-
clease.”"* In the absence of telomerase, the DNA probe remained
in the hairpin conformation and gave a weak electrochemical
signal due to the electrostatic repulsion between the negatively
charged ITO electrode and hairpin probe. In the presence of
telomerase, elongation of the TS-primer took place and the
extended telomeric repeats hybridized with the DNA probe
forming a duplex strand. The formed duplex was subsequently
digested by the T7 exonuclease, leading to the accumulation of
the methylene blue-labeled mononucleotides, which have higher
diftusivity toward the ITO electrode due to their smaller size and
less negative charge. It was observed that the DPV peak current
was linearly dependent on the logarithm of the number of HeLa
cells over the range of 2—200 cells, with a LOD of 1 cell.

5.1.38. Protein Kinase. Protein kinase catalyzes the
phosphorylation of serine, threonine, and tyrosine residues in
peptides and proteins by transferring phosphate groups from
ATP to amino acids, a reaction that plays critical roles in
intracellular signal transduction and regulation of cellular
functions, such as %er}e expression, metabolism, apoptosis, and
cell differentiation.”"> Aberrant protein phosphorylation and
kinase activity are associated with a variety of diseases, such as
diabetes, various forms of cancer, and neurodegenerative
disorders.”'°~"'® Among the >500 protein kinases discovered,
the enzymes of greatest interest are those involved directly in the
cell cycle, such as casein kinase II (CKZ),719 PKA,?%7*! cyclin-
dependent kinases (CDK2),”** and those related to the mitogen-
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Figure 38. Schematic representation of a method for detection of M.SssI MTase activity. Reprinted with permission from ref 743. Copyright 2012

American Chemical Society.

activated protein kinase (MAPK) signaling pathway, such as
sarcoma-related (Src) kinase”** and extracellular signal-regulated
kinase 1 (Erk1).”** The identification of protein kinase activity as
well as its inhibition is not only an important research topic in
basic biolo%y, but also crucial for early diagnosis and drug
discovery.”*>

A voltammetric sensing platform was constructed for three
protein kinases, including Src kinase, Erk1 kinase, and CDK2/
cyclin A.”*° The assay relied on the ability of the protein kinase to
transfer a ferrocene-labeled phosphoryl group from a synthesized
5'-y-ferrocenoyl-ATP to a specific peptide immobilized onto the
surface of a gold electrode. CV and SWYV allowed for the
detection of 1 mg L™ of each kinase. The role of the linker in
ferrocene-ATP conjugate was assessed by testing linkers with
different number of carbon atoms.””” An optimal analytical
response was obtained with ferrocene-ATP conjugates contain-
ing more than six CH, groups. In an attempt to improve the assay
sensitivity, analysis of Src kinase was performed using a gold array
chip, which resulted in LOD values of 0.1 mg L™ and 50 ng
respectively.”**

A homogeneous voltammetric assay for PKA was designed
using a synthetic receptor immobilized onto the surface of a gold
electrode.”” Subsequently, PKA phosphorylated a ferrocene-
labeled PKA-specific peptide, and the reaction solution was
introduced into the modified electrode surface. The enzymatic
product, bound to the surface through the binuclear Zn**
complex, generated an electrochemical signal. Using DPV, the
LOD of PKA was estimated to be 0.1 kU L™ with a relatively
linear increase from $ to 50 kU L™,
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A label-free voltammetric sensor for PKA was constructed
using a PKA-specific peptide immobilized onto the surface of a
gold electrode.””® The substrate peptide formed a compact
positively charged film on the electrode surface, and thus it
blocked the positively charged [Ru(NH,)s]** probe from
reaching the electrode. After the PKA-catalyzed phosphorylation
of the immobilized peptide, the electrochemical probe became
electrostatically attracted to the electrode surface, resulting in an
electrochemical signal. DPV enabled the quantification of PKA
activity in the linear range from 0.1 to 10 U L™, with a LOD of
01UL™

Another voltammetric sensing platform for CK2 was
fabricated using a CK2-specific peptide immobilized onto the
surface of a gold electrode.”*" In the absence of CK2, the peptide
was digested with carboxypeptidase Y, resulting in a low
interfacial resistance to the electron transfer from [Fe-
(CN)s]*"/[Fe(CN)4]*. In the presence of CK2, the peptide
was phosphorylated and subsequently resisted digestion by
carboxypeptidase Y, resulting in a small redox current. Using
DPV, the CK2 activity was determined with a LOD of 47 UL™".

An amperometric sensor for PKA was fabricated using a PKA-
specific pegtide immobilized onto the surface of a gold
electrode.”*” After peptide phosphorylation catalyzed by PKA,
ferric ions were immobilized on the phosphorylated peptide by
coordination interactions. The electrocatalytic reduction of
H,0, caused by the immobilized ferric ions led to the
amplification of the electrochemical signal of ferric ions and
provided a higher sensitivity for PKA detection. The method
enabled the analysis of PKA with a LOD of 3 kU L.
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Table 2. Common Tumor Markers Utilized in Cancer Diagnosis

tumor marker

prostate-specific antigen (PSA)™
carcinoembryonic antigen (CEA 538

a-fetoprotein (AFP)*®

cancer antigen 50 (CAs0)°7
cancer antigen 125 (CA125)%*
cancer antigen 15-3 (CA15-3)°7°
cancer antigen 19-9 (CA19-9)°7°
cancer antigen 27.29 (CA27.29)577
cancer antigen 72-4 (CA72-4)578
cancer antigen 242 (CA242)"
cancer antigen 549 (CA549)580

squamous cell carcinoma antigen (SCCA
)588

ysse
neuron-specific enolase (NSE

human epididymis-specific protein 4
(HE4)‘F9°

L. 592
ferritin®

calcitonin (Ct)*”’

human chorionic gonadotropin (hCG)**
urokinase plasminogen activator (uPA)®"
glutathione-S-transferase (GST)**®
alkaline phosphatase (ALP)%*®

lactate dehydrogenase (LDH)®"

vascular endothelial growth factor (VEGF)®'¢

vascular endothelial growth factor receptor
(VEGFR)*°

epidermal %rowth factor receptor (EGFR or
HER1)%

human epidermal growth factor receptor 2
(HERzSéZS

human epidermal growth factor receptor 3
(HER3)"

mucin 1 (MUC1)%**
platelet-derived growth factor BB (PDGF-
BB)640

nuclear matrix protein 22 (NMP22)%*

tenascin-C (TN—C)650

pS3 tumor suppressor protein654

. 658
fibrinogen®”

cluster of differentiation 146 antigen
(CD146)"°

cluster of differentiation 105 antigen
(CD105)°*

estrogen receptor
interleukin 6 (IL-6)*
interleukin 8 (IL-8)°%
matrix metallopeptidase 9 (MMP-9)**

cyclin-dependent kinase inhibitor
(p1 61N1€ta) 692

676

murine double minute 2 (MDM2)%*

nuclear factor kappa B (NF-kB)*”®

apurinic/apyrimidinic endonuclease 1
(APEl)f’BXr

breast cancer type 1 and 2 suscep7tibility
proteins (BRCA1 and BRCA2)""!

705
telomerase

e 716-718
protein kinase

DNA methyltransferase (DNA-MTase)”*
progesterone receptor (PR 676
prostatic acid phosphatase (PAcP)”**

thyroglobulin (Tg)”*

cancers associated with elevated levels

prostate

breast, lung, pancreas, stomach, colon, ovaries

liver, teroblastoma, hepatocellular carcinoma
pancreas, gastrointestinal

ovaries

breast cancer with distant metastases
pancreas, bile duct, stomach, colorectal, liver
breast

breast, stomach, ovaries

adenocarcinoma

breast

cervix, lung, head and neck, melanomas, hepatocellular carcinoma
small cell lung cancer (SCLC), neuroblastoma

lung, ovaries
breast, pancreas, hepatocellular carcinoma, Hodgkin’s lymphoma

medullary thyroid carcinoma (MTC)

germ cell tumors, choriocarcinoma, testicles

breast, prostate, ovaries, squamous cell carcinoma

esophagus, stomach, colon, pancreas, biliary tract, hepatocellular carcinoma
leukemia, lymphomas of B cell origin, osteoblastic bone tumors
lymphoma, melanoma, acute leukemia, germ cell tumors

head and neck squamous cell carcinoma, non-Hodgkin’s lymphomas, myeloid
leukemia, lymphoid leukemia

chronic lymphocytic leukemia (CLL), breast, ovaries

nonsmall cell lung cancer (NSCLC), breast, head and neck, stomach, colorectal,
esophagus, prostate, bladder, kidney, pancreas, ovaries

breast, stomach, uterus, ovaries, endometrial carcinoma
breast, prostate, colorectal, ovaries, melanoma, childhood glioma

breast, lung, pancreas, ovaries

glioma, sarcoma

bladder

brain, lung, breast, pancreas, colon, liver, kidney, bladder, skin, bone, prostate,
ovaries, soft tissue

breast, ovaries
bladder, ovaries, stomach

breast, melanoma
breast, colorectal

breast

breast, prostate, head and neck squamous cell carcinoma
NSCLC, breast, ovaries

NSCLC, breast

cervix, oropharyngeal squamous cell carcinoma
: h 1 11

breast, lung, testicular germ cell tumors, sarcomas, lymphomas, glioblastoma, oral
squamous cell carcinoma

breast, lung

breast, NSCLC, thyroid, pancreas, colorectal, cervix, ovaries
breast cancer type 1 and type 2

many types of cancer

many types of cancer

thyroid, colon, lung, prostate, breast

breast

metastatic prostate cancer, myeloma, lung, osteogenic sarcoma

thyroid

AX

normal values

4pug L7

2.5 ug L' in nonsmokers, 5 Hg

L~ Vin smokers
10 ug L'
17 kU L™}
35kU L7!
25 kU L7!
37 kU L™
38 kU L7!
7kU L!
20 kU L7!
10 kU L™}
15 ug L
123 ug L'
0.6 ug L™

7—158 pug L' for men and 4—
56 pg L™ for women

85 ug L'
221U L™
198—511 pg L™!
32U0L™?
20—140 TU L™!
104-236 U L™!
256 ng L™

15 ng L

753 ug L™
2-15 ug L'
0.06—2.5 ug L™

0.7-39.8 kU L™
8.5 ug L

10 kU L™}
13.6 ug L™

150 ng L™
1.5-45gL™"
309 ug L'

09 pug L™

0.6 pg/g cytosol
10-75 ng L™
13ng L™

189 ug L™

NA

NA

NA
NA

NA

NA

NA

NA

0.6 ug/g cytosol
1-3 ug L™!
3—40 ug L'
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Table 2. continued

tumor marker

cancers associated with elevated levels

normal values

chromogranin A (CgA)”*° neuroendocrine, neuroblastoma, SCLC, carcinoid tumors 364 ng L™
-2 microglobulin (B2M)”*" chronic lymphocytic leukemia (CLL), multiple myeloma, Waldenstrom’s 3mgL™!
macroglobulinemia

cancer-associated serum antigen (CASA)**  ovaries 4kU L

mucin-like carcinoma-associated antigen breast 11 kU L™
(MCA)™?

tum(;g;%ssociated glycoprotein-72 (TAG- prostate, colorectal 14-8 kU g™

cluster of differentiation 20 antigen non-Hodgkin’s lymphoma NA
(CD20)7*®

bladder tumor antigen (BTA)¢ bladder, kidney NA

Bence—Jones protein (BJP)”’ CLL, multiple myeloma, Waldenstrom’s macroglobulinemia NA

cytokeratin fragments 21-17°° lung, oral NA

NY-BR-17% breast NA

survivin/*° NSCLC, breast, ovaries, pancreas, colorectal, melanoma NA

An electrochemical strategy for PKA analysis was adopted on
the basis Zr*"-mediated signal transduction and rolling cycle
amplification.””” First, the substrate peptide immobilized onto
the surface of a gold electrode was phosphorylated by PKA.
Then, Zr*" linked the phosphorylated peptide and DNA primer
probe through interaction with the phosphate groups. After the
introduction of the padlock probe and phi29 DNA polymerase,
rolling cycle amplification was initiated on the electrode surface.
The long DNA strand adsorbed a large number of the
electrochemical species, [Ru(NH;)¢]**, leading to an electro-
chemical signal. CC enabled the analysis of PKA activity in the
linear range from 5 to 500 kU L™!, with a LOD of 0.5 kU L™". In
an alternative approach, the DNA primer attached to the
phosphorylated peptide was hybridized with DNA-coated GNPs
to form a polymeric network.””* The kinase activity was
determined by the amperometric response of [Ru(NH;)4]*",
adsorbed on the polymeric block by electrostatic interaction. The
proposed sensor presented a low LOD of 30 U L™ for PKA
activity and a linear range extending from 30 UL™" to 40 kUL ™.

5.1.39. DNA Methyltransferase (DNA-MTase). DNA-
MTase is an enzyme that catalyzes methyl group transfer from
the donor S-adenosyl-L-methionine (SAM) to the target adenine
or cytosine, producing S-adenosyl-L.-homocysteine and methy-
lated DNA.”>> Methylation in higher eukaryotic cells has
frequently been observed at carbon S position of cytosine (C)
in the 5'-CG-3' sequence (CpG).”**”*” Overexpression of DNA-
MTase has been found in many cancers, such as thyroid,”*®
colon,”*’ Iung,740 prostate,741 and breast cancer.”**

A voltammetric sensing platform for DNA-MTase activity was
reported that used a DNA double helix assembled onto the
surface of GNPs-modified GCE.”*> The DNA was first
methylated by M.SssI MTase and then digested by restriction
endonuclease Hpall, which could not recognize the methylated
CpG site. Subsequently, anti-S-methylcytosine was attached to
the CpG methylation site, and the antibody was attached to a
HRP-labeled anti-IgG, as shown in Figure 38. After incubation
with a mixture of hydroquinone and H,0,, DPV was utilized for
the determination of DNA-MTase activity in the linear range
from 0.5 to S0 kU L™", with a LOD of 0.1 kU L™". In a closely
related approach, the labeled antibody step was replaced by
incubation with a threading intercalator (N,N’-bis(3-propylimi-
dazole)-1,4,5,8-naphthalene diimide (PIND) functionalized with
Os(bpy),Cl" redox moieties (PIND-Os)).”** PIND-Os specif-
ically intercalated between the base pairs of dSDNA and catalyzed
electrooxidation of ascorbic acid. CV measurement revealed a

AY

linear correlation between the catalytic oxidation current of
ascorbic and M.SssI MTase activity ranging from 0 to 120 kU
L™". An alternative assay relied on using a dsSDNA probe modified
at the 3’ terminus with thionine via graphene oxide.”* After
methylation with M.SssI MTase and cleavage with Hpall, DPV
was employed to determine the M.SssI activity in the linear range
from 0.1 to 450 kU L™, with a LOD of 0.05 kU L™".

A voltammetric sensor for DNA MTase activity was fabricated
using a methylene blue-labeled dsDNA immobilized onto the
surface of an ITO electrode.”*® In the presence of DNA adenine
methylation (Dam) methyltransferase (MTase), the DNA probe
was methylated and subsequently recognized and cleaved by
Dpn I endonuclease, which triggered an exonuclease III-
catalyzed autonomous cycling cleavage processes. Subsequently,
methylene blue-labeled mononucleotides were released. Exper-
imental results showed a linear correlation between the DPV
peak current and the logarithm of Dam MTase concentration
ranging from 4 UL™" to 4 kU L™, with a LOD of 4 U L™". In
another approach, the dsDNA probe was labeled with CdSe/ZnS
quantum dots.”*” After treatment with HNO;, SWASV was
employed to determine the Dam MTase activity within the range
from 1 to 128 kU L™, with a LOD of 0.8 KU L.

There are other important tumor markers, such as
progesterone receptor (PR),"’® prostatic acid phosphatase
(PAcP),”*® thyroglobulin (Tg),749 chromogranin A (CgA),750
B-2 microglobulin (B2M),”*" cancer-associated serum antigen
(CASA),”* mucin-like carcinoma-associated antigen (MCA),”**
Tumor-associated glycoprotein-72 (TAG-72),”>" cluster of
differentiation 20 antigen (CD20),” bladder tumor antigen
(BTA),”® Bence-Jones protein (BJP),”” cytokeratin fragments
21-1,7°® NY-BR-1,*? and survivin.”® To date, these markers
have not been targets of electrochemical biosensors. A summary
of the cancer markers is provided in Table 2.

5.2. Cardiac Markers

5.2.1. Troponin | (cTnl). ¢Tnl has been recognized as the
“gold standard” cardiac marker for diagnosis of myocardial
infarction.”®" It is a cardiac muscle regulatory protein located on
the actin filament of normal monocyte. cTnl is released into the
bloodstream upon injury to cardiac muscles (e.g., myocardial
infarction). The normal level of ¢Tnl in serum is 0.4 ug L7

A peptide-based impedimetric sensor for ¢Tnl was con-
structed using a small peptide, previously identified from a
polyvalent phage displayed library, immobilized onto the surface
of a gold electrode.”® An increase in the charge-transfer
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resistance was observed with increasing ¢Tnl concentrations up
to 10 mg L™, with a LOD of 0.3 mg L™".

A sandwich-based voltammetric sensor for cTnl was reported,
in which the secondary antibody was modified with CdTe
quantum dots and the primary antibody was immobilized onto
the surface of a GNPs/poly(dimethoxysilane) composite within
a microfluidic device.”® Subsequent to the immunoreaction, the
quantum dots were dissolved in HNOj; and the metal ions were
released and detected using SWASV. The reported assay allowed
for the determination of cTnl level within the linear range from
10ng L™" to SO ug L.

Another sandwich-based voltammetric sensing platform was
reported in which an alkahne phosphatase-conjugated secondary
antibody was utilized.”** Among several phosphatase substrates
and products tested, L-ascorbic acid 2-phosphate and ascorbic
acid have met the requirements for obtaining a high signal-to-
background ratio. Using CV, the LOD of the immunosensor was
100 and 10 pg L™" without and with redox cycling of ascorbic acid
with TCEP, respectively. In a sandwich-based lateral-flow
immunoassay format, a combination of pS-galactosidase-con-
jugated secondary antibody, 4-amino-1-naphthyl $-p-galactopyr-
anoside (substrate), and 4-amino-1-naphthol (product), was
utilized for fast and selective electrochemical-chemical-chemical
(ECC) redox cycling of the enzyme product in the presence of
[Ru(NH,)4]** and TCEP, as shown in Figure 39.”°> A LOD of
0.1 ng L™" for cTnl was obtained after serum dropping without
the use of any additional solutions.

5.2.2. Troponin T (cTnT). ¢TnT is a part of the troponin
complex. It binds to tropomyosin and helps in its positioning on
actin, with the rest of the troponin complex modulating the
contraction of striated muscles. During acute myocardial
infarction, ¢TnT is immediately released into the blood-
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Figure 39. Schematic representation of an electrochemical immuno-
assay, based on (i) fast electrochemical—chemical redox cycling of AN
and (ii and iii) slow electrochemical—chemical and electrochemical
redox cycling of AA (interfering species), respectively (top). An
electrochemical lateral-flow immunostrip (bottom). The annotations:
Gal, AN-GP, Ru(III), Ru(II), AN, NQI, AA, TCEP, and TCEP=0
represent f-galactosidase, 4-amino-1-naphthyl f-p-galactopyranoside,
Ru(NH;)¢*, Ru(NH;)¢*, 4-amino-1-naphthol, naphthoquinone imine,
L-ascorbic acid, tris(2-carboxyethyl)phosphine, and the oxidized form of
TCEP, respectively. WE, RE, and CE refer to working electrode,
reference electrode, and counter electrode, respectively. Reprinted with
permission from ref 765. Copyright 2014 Royal Society of Chemistry.
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A voltammetric immunosensor for cTnT was built on the basis
of a GCE modified with liquid crystal (E)-1-decyl-4-[(4-
decyloxyphenyl)diazenyl]pyridinium bromide and GNPs sup-
ported by a water-soluble 3-n-propyl-4-picolinium silsesquioxane
chloride.”*® The functionalized surface was used to attach an anti-
cTnT antibody through electrostatic interactions. Using SWV,
analysis of ¢cTnT was permissible in the linear range from 0.1 to
0.9 ug L™!, with a LOD of 76 ng L™". In another approach, the
GCE electrode was modified with chitosan-stabilized GNPs, and
a liquid crystal (E)-1-decyl-4-[(4-decyloxyphenyl)diazenyl]-
pyridinium iodide was employed as a redox probe.”*” Using
SWYV, the current signal was proportional to cTnT concentration
in the range of 0.2—1 ug L™", with a LOD of 0.1 ug L™".

A sandwich-based voltammetric sensing platform was
constructed using a biotinylated anti-cTnT antibody immobi-
lized onto the surface of screen-printed electrode modified with
streptavidin polystyrene microspheres.”’® The target analyte was
sandwiched between the immobilized antibody and a HRP-
conjugated secondary antibody. The prosthetic group in the
enzyme molecule became oxidized (Fe** — Fe®") in the presence
of H,0,, and its redox center was successively regenerated by the
electron donor, tetracyanoquinodimethane, generating a catho-
dic peak through silver reduction. CV measurements exhibited a
linear response to cT'nT concentrations in the range between 0.1
and 10 ug L.

Another sandwich-based electrochemical assay was developed
using a cyclo-olefin polymer microfluidic device with integrated
channel gold microband electrodes and a capture zone in which
functionalized magnetic particles are captured.””" Subsequent to
loading cTnT into the device, a sandwich immunocomplex was
formed between ¢TnT, HRP-conjugated anti-cTnT antibody,
and magnetic beads-labeled primary antibody. CA measurements
of the enzymatic reduction of H,0,, mediated by TMB,
permitted the quantification of cTnT level in the linear range
from SO ng L' to 1 10 ug L™!, with a LOD of 17 ng L.

5.2.3. Myoglobin (Mb). Mb is a heme-containing protein
found in all muscle cells, including smooth, skeletal, and cardiac
cells. Because of its small size (17.8 kDa), Mb is quickly released
into the bloodstream (as early as 1—3 h) upon muscle injury, and
thus it acts as a valuable marker for acute myocardial
infarction.””* The normal Mb level in human blood ranges
between 6 and 85 ug L™". e

A voltammetric aptasensor for Mb was constructed using a
Mb-specific aptamer immobilized onto the surface of a reduced
graphene oxide/CNTs-functionalized screen-printed elec-
trode.””* Mb contains the heme group as an active site where
heme-iron is in its oxidation state (Fe®*), which can be reduced
directly at the electrode surface to its ferrous state (Fe?*). Using
CV, a linear interrogation of the Mb level was obtained in the
range between 1 yg L™ and 4 mg L™, with a LOD of 34 ng L™".

Another aptasensing platform for Mb was based on a gold
electrode modified with a hybrid of a thiolated capture DNA
probe and Mb-specific aptamer.”’* In the absence of Mb, a
supersandwich was formed on the electrode surface after
introduction of two reporter DNAs, DNA 1 and DNA 2. In
the presence of Mb, the aptamer was displaced from the
electrode surface, resulting in a reduction of the amount of
RuHex on the electrode and subsequently lowered electro-
chemical signal. Using CC, the Mb level was measured down to
167 ng L7
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A peptide-based voltammetric sensor for Mb was fabricated
using a Mb-specific peptide (CPSTLGASC), identified by pha%e
display and immobilized onto the surface of a gold electrode.””
CV measurements permitted the quantification of Mb level in the
linear range from 17.8 ug L™ to 1.8 mg L™, with a LOD of 9.8 ug
L

A MIP-based sensing platform for Mb was constructed by
copolymerizing acrylamide, N,N'-methylenebis(acrylamide), 2-
acrylamido-2-methyl-1-propanesulfonic acid sodium salt, and 2-
aminoethyl methacrylate hydrochloride on the surface of a
screen-printed gold electrode in the presence of Mb, as a
template.””® This MIP-based sensor displayed linear responses to
Mb in EIS and SWV measurements with LOD values of 1.5 and
0.3 mg L™/, respectively.

An impedimetric immunosensor for Mb was fabricated using
an anti-Mb antibody immobilized onto the surface of an ITO
electrode modified with a hybrid film of ZnS nanocrystals
decorated reduced graphene oxide.””” A linear EIS response to
Mb was obtained in the range from 10 g L™" to 1 mg L™".

A single polyaniline nanowire-based conductometric immu-
nosensor was produced using an anti-Mb antibody immobilized
onto the surface of single nanowires formed between a pair of
patterned electrodes.””® The conductance change was directly
proportional to Mb concentration in the linear range from 5 ug
L™ to 2.5 mg L™, with a LOD of 1.4 ug L™".

A sandwich-based voltammetric sensor for Mb was based on
an immunoreaction between a magnetic beads-labeled primary
antibody, Mb, and silver nanoparticles-labeled secondary
antibody.””” The magnetic beads enabled Mb captured from a
test sample to be deposited on the surface of a screen-printed
carbon electrode. Silver nanoparticles were dissolved by
oxidation on the electrode surface into silver ions followed by
reduction into silver metal to accumulate on the electrode surface
and finally oxidation to give a quantifiable stripping charge within
the dynamic range spanning 0.2—20 ug L™".

5.2.4. Amino-Terminal Pro-B-type Natriuretic Peptide
(NT-proBNP). NT-proBNP is an inactive peptide that plays
important roles in the natriuretic, diuretic, and vasodilator
systems, as well as in the inhibition of the renin-angiotensin-
aldosterone and sympathetic nervous system.”* Its level in the
blood reflects ventricular volume expansion and ventricular
overload, and thus it is used for dia%nosis of congestive heart
failure and prognosis of heart failure.”®' Moreover, an elevated
level of NT-proBNP (>200—300 ng L™") is also a useful marker
of the rejection after heart transplantation.”**

A voltammetric immunosensor for NT-proBNP was fab-
ricated using the Fab fragment of a NT-proBNP-specific
monoclonal antibody modified with magnetic nanoparticles
and captured by a magnet placed under the surface of a gold
electrode.”* Using CV, the sensor detected NT-proBNP in the
linear range from 40 ng L™" t0 2.5 ug L™, witha LOD 30 ng L™".
The proposed system was integrated into a microfluidic device,
which enabled a continuous measurement of NT-proBNP level
within two linear dynamic ranges from S ng L™ to 1.7 ug L™" and
1.7 to 4 pug L™, with a LOD of 3 ng L™.*

A sandwich-based voltammetric sensor for NT-proBNP was
developed using an anti-NT-proBNP antibody immobilized onto
the surface of a gold electrode functionalized with gold
nanostructures/CNTs composite.”** After capture of NT-
proBNP, a HRP-conjugated secondary antibody labeled with
gold nanochains was added followed by a mixture of H,0, and
hydroquinone to develop a signal, as shown in Figure 40. CV
measurements revealed a linear correlation between the signal

BA

and NT-proBNP concentration in the range from 20 ng L™" to
100 pug L™', with a LOD of 6 ng L™".
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Figure 40. Fabrication of 2a CNT-based immunosensor. (a) Dropping of
bovine serum albumin-CNTs membrane; (b) electrochemical deposi-
tion of HAuCl,; (c and d) immobilization of primary antibody and
surface blocking with bovine serum albumin; (e) immunoreaction of
NT-proBNP; (f) incubation in a solution containing gold nanochains-
HRP-secondary antibody bioconjugates resulted in an amplified signal.
Reprinted with permission from ref 784. Copyright 2011 Elsevier.

A competitive amperometric magneto-immunosensor for NT-
proBNP was designed by immobilizing the antigen onto
magnetic beads.”*> The target NT-proBNP in the sample and
that immobilized on the magnetic beads competed for binding to
a fixed amount of a HRP-labeled secondary antibody. The
immunoconjugate-bearing magnetic beads were captured by a
magnet positioned beneath the surface of a screen-printed gold
electrode. The amperometric response was generated upon
addition of a mixture of TMB and H,0,, and a linear range of
detection was observed (0.12—42.9 ug L") with a LOD of 20 ng
L

5.2.5. Creatine Kinase-Myocardial Band (CK-MB). CK-
MB is one of three isoenzymes of creatine kinase. The primary
source of CK-MB is myocardium, although it is also found in
skeletal muscles.”*® The cardiac isoenzyme CK-MB is highly
specific to cardiac injury, and its level in serum (0—3 ug L")
increases within 4—6 h after onset of acute myocardial
infarction.”®’

A voltammetric sensing platform for CK-MB was constructed
using the electrochemically active phosphorylated form of
creatine immobilized onto the surface of a screen-printed gold
electrode.”* A reduction in the SWV signal was observed upon
incubation with CK-MB in the linear range from 190 ug L™" to
28.8 mg L', with a LOD of 110 ug L™".

5.2.6. Apolipoprotein B-100 (ApoB-100). ApoB-100 is
the major protein in low density lipoprotein (LDL), and it acts as
a ligand for LDL receptors in various cell types throughout the
body.”®” The apolipoprotein-related mortality risk (AMORIS)
study has indicated that high levels of AEOB—IOO are significantly
correlated with coronary artery disease.””” The normal values of
ApoB-100 in blood range between 0.4 and 1.3 g L™".7"

An impedimetric sensor for ApoB-100 was fabricated using an
anti-ApoB-100 antibody immobilized onto the surface of a highly
ordered macroporous gold film.””* Subsequently, a mixture of an
ionic liquid (BMIm*BF4~) and silica sol was dropped onto the
electrode to entrap the adsorbed antibodies firmly. A linear
relationship was established between the charge-transfer
resistance and the logarithm of ApoB-100 concentration in the
range from S pg L™ to 50 ng L™, with a LOD of § pg L™".

Another impedimetric immunosensor for ApoB-100 used
nanobodies, generated by an immunized phage display library,
and immobilized onto the surface of a GCE modified with
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polyethylenimine-functionalized graphene nanosheets.””® This
sensor permitted linear determination of ApoB-100 in the range
from 50 ng L™" to S ug L™", with a LOD of 30 ng L™".

5.2.7. P-Selectin. This protein plays a physiological role in
modulating the adhesive interactions between the blood cells and
the endothelium during inflammatory processes at the sites of
injury. The concentration of soluble P-selectin in plasma can be
measured and used as a clinical predictor for cardiovascular
disorders, resulting in the presumption that it is secreted, shed, or
cleaved from the cell membrane in the course of the disease.””*
Increased levels of soluble P-selectin in the plasma (>140 pg
L7')7"° have been associated with a range of cardiovascular
diseases, including hypertension, coronary artery disease, and
atrial fibrillation.””®

A sandwich-based voltammetric sensing platform for P-
selectin was constructed using an anti-P-selectin antibody
immobilized onto the surface of a screen-printed carbon
electrode modified with a nanocomposite of CNTs/ GNPs.”””
A potassium ferrocyanide-encapsulated, anti-P-selectin-tagged
liposome was utilized as a signaling tag. Using SWYV, the resulting
dose—response curve possessed a linear analytical range from 0.1
ng L' to 10 mg L™

5.2.8. Heart Fatty Acid-Binding Protein (H-FABP). H-
FABP is a cytosolic protein mainly expressed by myocytes.””® It is
elevated in plasma (>5.3 ug L") after cardiac damage and may
be the earliest available plasma marker of acute myocardial
injury.””” Tt may have better diagnostic accuracy than other
cardiac markers in the early stages after onset of symptoms.*”’

A sandwich-based voltammetric sensor for H-FABP was
fabricated using an anti-H-FABP antibody immobilized onto the
surface of a GCE.*" The signaling tag was prepared using zinc
ions-functionalized titanium phosphate nanospheres modified
with the secondary antibody. The metal ions in the bioconjugate
were detected directly using SWV without acid dissolution or
preconcentration, and H-FABP analysis was demonstrated with a
linear range from SO pg L™" to SO g L™!,and a LOD of 3 pg L™".

A capacitive immunosensor for H-FABP was constructed
using an anti-H-FABP antibody immobilized onto the surface of
a gold interdigitated microelectrode integrated within a micro-
fluidic device.””> This sensor allowed for the detection of H-
FABP in the linear range from 98 ng L' to 100 pg L™".

5.2.9. Aspartate Transaminase (AST). AST catalyzes the
reversible transfer of an a-amino group between aspartate and
glutamate, and thus it plays a significant role in amino acid
metabolism.*> AST was first used as a biochemical marker for
the diagnosis of acute myocardial infarction in 1954. However,
the use of AST as a cardiac marker is currently redundant and has
been superseded by cardiac troponins.*”* The normal values of
AST in blood range between 5 and 40 U L7139 In addition, the
AST level increases in hepatic disorders, such as hepatitis and
liver cirrhosis.®*

A multienzyme-based voltammetric sensor for AST was
fabricated using pyruvate oxidase and oxaloacetate decarboxylase
coimmobilized onto the surface of a gold electrode using layer-
by-layer deposition technique.*”” Subsequently, L-glutamate and
oxaloacetate were generated by the enzyme reaction in the
presence of a-ketoglutarate and L-aspartate. The oxaloacetate
generated was converted to pyruvate by oxaloacetate decarbox-
ylase, as shown in Figure 41. CV analysis of pyruvate was
conducted using pyruvate oxidase and ferrocenemethanol
electron shuttle. Anodically generated oxidative currents were
proportional to AST levels in the range from 7.5 to 720 U L™".
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Figure 41. Pyruvate oxidase (POX)—oxaloacetate decarboxylase
(OAQC) catalytic cycles employed in aspartate transaminase (AST)
and alanine transaminase (ALT) analysis, with ferrocenemethanol (Fc)
in solution as a redox mediator between the enzyme and the gold
electrode surface. Pyruvate generation via reactions of AST and ALT
with substrate (left). The bioelectrocatalytic oxidation of pyruvate
catalyzed by POX and Fc (right). Reprinted with permission from ref
807. Copyright 2011 Springer.

Also, an internally calibrated electrochemical continuous
enzyme assay was developed for AST analysis."”® This assay
was described in detail in the LDH section. The assay permitted
linear interrogation of AST level up to 70 U L™/, with a LOD of
01UL™

There are other important cardiac markers that have not yet
been targeted with electrochemical sensing agpproaches,
including ischemia-modified albumin (IMA) 0 glycogen
phosphorylase isoenzyme BB (GPBB),”'’ and soluble lectin-
like oxidized LDL receptor-1 (sLOX-1). A summary of the
cardiac markers is provided in Table 3.

Table 3. Common Cardiac Biomarkers Utilized for Diagnosis
of Cardiovascular Diseases

cardiovascular disease
associated with altered

cardiac marker levels normal values
troponin I (cTnl)”** acute myocardial infarction 0.4 ug L™
troponin T (¢TnT)”%’ acute myocardial infarction <10 ug L'
myoglobin (Mb)*"! acute myocardial infarction 6—85 ug L™!

amino-terminal pro-B-type
natriuretic peptide

congestive heart failure,
rejection after heart

(200-300 ng L")

(NT-proBNP)782 transplantation

creatine kinase-myocardial acute myocardial infarction 0-3ugL™"
band (CK-MB)"*’

apolipoprotein B-100 coronary artery disease 04-13gL™"
(ApoB-100)”"

P-selectin’*® coronary artery disease, 140 ug L™

hypertension, atrial fi-
brillation

heart fatty acid-binding pro-  acute myocardial injury 53 ugL™
tein (H-FABP)"”’

aspartate transaminase myocardial infarction 5—40U L™
(AST)80>

lactate dehlydrogenase myocardial infarction 104—236 UL™!
(LDH)"

interleukin 6 (IL-6)°%° cardiac risk factor 10-7S ng L™

ischemia-modified albumin ~ myocardial ischemia 52-116 kU L™
(IMA)*”

glycogen phosphorylase iso-  acute myocardial infarc- 3—4pug L™t
enzyme BB (GPBB)®'’ tion, unstable angina

soluble lectin-like oxidized acute coronary syndrome 113ngL7!

LDL receptor-1
(sLOX-1)%"?
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Table 4. Common Hepatic Biomarkers Utilized for Diagnosis of Hepatic Disorders

hepatic marker

alanine transaminase (ALT)®"* hepatitis, liver cancer, alcohol toxicity

y-glutamyl transpeptidase (GGT)**’
bilirubin (BR)**!

human serum albumin (HSA
alkaline phosphatase (ALP)**®
aspartate transaminase (AST)**

lactate dehydrogenase (LDH)®"

jaundice, liver cirrhosis

825 . . .
) liver cirrhosis

hepatitis, liver cirrhosis

liver cirrhosis

hepatic disorder associated with altered levels

bile duct obstruction, alcohol consumption

bile duct obstruction, hepatitis, cirrhosis, choleocystitis

normal values
40UL™!
0-40 U L™
direct bilirubin, 0—3 mg L™'; and total bilirubin, 3—19 mg L™
35-50 mg L™!
20—-140 TU L™
s5—40UL™!
104—236 UL™!

5.3. Hepatic Markers

5.3.1. Alanine Transaminase (ALT). ALT catalyzes the
transfer of an amino group from L-alanine to a-ketoglutarate,
which is a critical process within the tricarboxylic acid cycle.*"’
When liver injury occurs, ALT is released from injured liver cells
into the bloodstream. Elevated levels of ALT in serum (>40 U
L™") have been associated with a range of hepatic disorders,
including hepatitis, liver cancer, and alcohol toxicity.”'* ALT is
one of many important hepatic markers (Table 4).

A peptide-based impedimetric sensor for ALT was constructed
using an ALT-specific peptide, selected from an M13 phage
displayed peptide library, modified with a C-terminal cysteine
and immobilized onto the surface of a gold electrode.”" This
approach facilitated the determination of ALT levels down to 92
pg L~

5.3.2. y-Glutamyl Transpeptidase (GGT). GGT is a cell
membrane-bound enzyme that catalyzes the transfer of the y-
glutamyl moiety of glutathione to an amino acid, a peptide, or
water.®'® Elevated serum GGT (>40 UL™) is generally used as
an indicator of liver disorders, such as biliary obstruction, alcohol
toxicity, and exposure to certain drugs.”'’ Recently, several
studies have demonstrated that higher serum GGT levels are
associated with cardiovascular risk factors and certain types of
cancer.”"®

A voltammetric sensor for GGT was fabricated using a
glutathione substrate immobilized onto the surface of a gold
electrode through interaction between the thiol group of
glutathione and the gold surface.®’” After complexation with
cupper ions, the glutathione-modified electrode exhibited a clear
redox peak of the Cu**/Cu" couple. After incubation with GGT,
the glutamic acid moiety of glutathione was cut off, leaving the
cysteinylglycine moiety on the electrode, which could not form a
complex with Cu®, leading to a reduced current. Using CV,
GGT levels were determined down to 5 kU L™,

5.3.3. Bilirubin (BR). BR is the tetrapyrrole end product of
the heme moiety found in hemoglobin, myoglobin, and
respiratory enzymes, such as cytochromes. The production of
BR occurs in reticuloendothelial cells in the liver and spleen. It is
converted into urobilinogens by bacteria in the intestine, which
are excreted partly in the urine. Hence, the BR concentration can
be used to assess liver functions and identify various liver
diseases, such as jaundice and cirrhosis.”*’ The normal levels of
serum BR are as follows: direct (also called conjugated) BR, 0—3
mg L™; and total BR, 3—19 mg L8

An enzyme-based amperometric sensor for BR was fabricated
using bilirubin oxidase enzyme immobilized on the surface of
zirconia-coated silica nanoparticles/chitosan composite prede-
posited onto a gold electrode.”** This sensor exhibited a linear
range extending from 11.7 ug L™" to 146.2 mg L™, witha LOD of
58.5ng L7\

BR contains an active site moiety, dipyrromethane, that is
oxidized to form biliverdin. However, a nonenzymatic catalyst for

BC

BR oxidation has not been elucidated.”®> A nonenzymatic
amperometric sensor for BR was constructed using a Mn—Cu
bimetallic crystal electrode coated with a Nafion membrane.
Using CA, the BR levels in the range from 0.7 to 245.6 mg Lt
were measured, with a LOD of 14.6 ug L™". In addition, an
alternative nonenzymatic approach was adopted using nano-
graphite grown on the surface of platinum microelectrodes.*”*
SWYV measurements allowed for the determination of BR levels
down to 32.7 mg L™".

5.3.4. Human Serum Albumin (HSA). HSA is the most
abundant protein in human serum. It is essential for maintaining
the osmotic pressure, and its level in human urine is a key
reference for clinical assays and diagnosis. The reference range
for HSA concentrations in serum is 35—50 mg L% An
increased HSA level is widely established as one of the earliest
prognostic markers for liver diseases, such as liver cirrhosis as well
as kidney and cardiovascular disorders.**

An impedimetric immunosensor for HSA was constructed
using an anti-HSA antibody immobilized onto the surface of a
screen-printed gold electrode.*”” The LOD was 0.2 mg L™" for
this albumin sensor.

A MIP-based voltammetric sensor for HSA featured graft
copolymerization of acrylamide with N,N’-methylenebis-
(acrylamide) on chitosan-coated gold electrode, using HSA as
the template.”*® The subzero polymerization allowed the solvent
to form ice crystals, leaving a macroporous cryogel structure after
thawing. After extraction of the template molecules, the specific
imprinted surface was used to detect HSA using ferrocene
entrapped in the cryogel, as shown in Figure 42. Using DPV, the
relationship between oxidation current and the logarithm of the
HSA concentration was linear in the range from 100 ng L™" to 1
mg L', with a LOD of 50 ng L™".

5.4. Inflammatory Markers

5.4.1. C-Reactive Protein (CRP). CRP is a pentameric
complex of identical protomers synthesized in the liver and
named after its reaction with the somatic C-polysaccharide of
Streptococcus pneumonia.”*® Tt is found in the blood of healthy
individuals at levels below 3 mg L ™", rising by 2 or more orders of
magnitude in response to inflammation or infection. More
recently, subtle changes between 0.1 and 10 mg L™ have been
strongly correlated with predictions of future coronary events.**’
Similar subtle changes occur during early responses to bacterial
and fungal infection or malignancy, while larger increases are
associated with chronic inflammatory diseases and physiological
trauma. -

An impedimetric sensing platform for CRP used an anti-CRP
antibody or affimer immobilized onto the surface of a gold
electrode.®** Notably, an affimer is a small, highly stable
engineered nonantibody probe molecule based on the
thioredoxin®** or stefin A*** scaffold that can replace antibodies
in many detection platforms. A linear correlation was
demonstrated between the resistance to charge transfer and
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Figure 42. Chitosan-grafted polyacrylamide MIP cryogel with graphene
and entrapped ferrocene using a human serum albumin template. The
—COOH groups of HSA molecules formed a hydrogen bond with the
—NH, group of the polymer. CS, chitosan; AM, acrylamide; BAM,
N,N’-methylenebis(acrylamide); APS, ammonium peroxodisulfate;
HSA, human serum albumin; SDS, sodium dodecyl sulfate. Reprinted
with permission from ref 828. Copyright 2014 Royal Society of
Chemistry.

the logarithm of CRP concentration within the range from 251.1
ug L7 t0 25.1 mg L™

A sandwich-based amperometric sensor for CRP was
constructed using an anti-CRP antibody immobilized onto the
surface of a screen-printed gold electrode.**® Subsequent to CRP
capture, a HRP-conjugated secondary antibody was added. After
incubation with a mixture of TMB and H,0,, CA permitted the
quantification of CRP level up to 100 ug L™", with a LOD of 2.6
ug L7 The same approach was adopted using a centrifugal
microfluidic device, which allowed for the detection of CRP level
down to 4.9 ng L7157

Another sandwich-type immunoassay involved the physisorp-
tion of an anti-CRP antibody on the surface of the sensor,
sequential immunoreactions with CRP and biotinylated CRP
reporter antibody, and finally reaction with streptavidin-
conjugated PbS QDs.**® The quantification of the target protein
was performed after acidic dissolution of the PbS QDs and ASV
measurement of the released Pb(II). It was observed that the
response was linear over the range 0.2—100 g L™' CRP, with a
LOD of 50 ng L~!.In another approach, an alkaline phosphatase-
conjugated secondary antibody was utilized, and the analysis was
carried out within a microfluidic device.*”” Linear analysis of
CRP was permissible in the range from 0.1 to 10 mg L™".

5.4.2. Tumor Necrosis Factor-a (TNF-a). TNF-a is an
extremely potent inflammatory peptide cytokine produced by
the cells of the immune system.*"* Generally, the concentration
of TNF-a in blood is very low (3.9—18.5 ng L™1).**" When
overproduced, the TNF-a plays a major role in chronic
inflammatory diseases, such as atherosclerosis, rheumatoid
arthritis, psoriasis, inflammatory bowel disease, Alzheimer’s
disease, and ankylosing spondylitis.***

A voltammetric aptasensor for TNF-a was fabricated using a
methylene blue-labeled TNF-a specific aptamer immobilized
onto the surface of a gold electrode.*”> SWV measurements
revealed the ability of the aptasensor to determine the TNF-a
level up to 100 ug L™, with a LOD of 10 ug L™".

BD

An impedimetric immunosensor for TNF-a was constructed
using an anti-TNF-a antibody immobilized onto the surface of
an array of gold microelectrodes within a microfluidic device.***
The analytical system revealed a linear relationship with
increasing TNF-a concentrations in the range of 1-1000 ng
L™, witha LOD of 1 ng L™".

A sandwich-based voltammetric sensor for TNF-a was
developed using GNPs-labeled primary antibodies immobilized
onto the surface of a GCE modified with ferrocene
monocarboxylic acid-functionalized peptide nanowire.*** The
signaling tag was prepared using gold nanorods as carriers for the
secondary antibody and glucose oxidase. After capture of TNF-q,
the enzyme catalyzed the oxidation of glucose in the presence of
ferrocene as a mediator for signal transduction. Using SWV as a
measurement approach, this sensor exhibited a linear range
extending from Sng L™" to 10 ug L™, witha LOD of 2ng L™". In
another approach, the secondary antibody was immobilized onto
the surface of silica nanospheres functionalized with CdTe
quantum dots.**® The cadmium ions were released after
treatment with an acidic solution and subsequently oxidized.
Stripping voltammetric analysis allowed for the quantification of
TNEF-a in the linear range from 10 ng L'tol mg L7L with a
LOD of 3ng L™".

5.4.3. Haptoglobin (Hp). Hp is an acute phase protein that
binds free hemo§10bin to prevent its oxidative damage in the
vascular system.*"” Hp level could be used as an index factor for
certain diseases. For example, a low concentration of plasma Hp
can be used as an index for hemolytic diseases,*** whereas Hp
concentration is markedly increased in patients with inflamma-
tory diseases. The normal serum Hp level ranges between 0.36
and 1.95 g L™

An impedimetric immunosensor for Hp was fabricated using
an anti-Hp antibody immobilized onto the surface of a gold
electrode.”*” This sensor permitted the analysis of Hp levels with
aLOD of 90 ng L™".

5.4.4. Transferrin (TSF). TSF is an iron-binding plasma
glycoprotein that controls the level of free iron in biological
fluids.*>" An increased plasma TSF level is often observed in
patients suffering from iron deficiency.** In contrast, low levels
of TSF are associated with inflammation and protein
malr;;l}rition.gﬁ The reference range of TSF is 1.75-3.13 g
L

A volatmmetric sensing platform for TSF was constructed
using an alkaline phosphatase-conjugated concanavalin A
immobilized onto the surface of a nanoporous gold electrode.*>
It was observed that the binding between the TSF and
immobilized concanavalin A has reduced the enzymatic
conversion rate of p-aminophenyl phosphate by the conjugated
enzyme. Using SWV, the level of TSF was determined down to
112 mg L%

5.4.5. Transthyretin (TTR). TTR is a serum and
cerebrospinal fluid carrier of the thyroid hormone thyroxin and
retinol-binding protein bound to retinol. The liver secretes TTR
into the blood, whereas it is secreted by the choroid plexus into
the cerebrospinal fluid.**® Many circumstances are associated
with reduced serum levels of TTR such as acute phase response
due to inflammation, rheumatoid arthritis, malignancy, and
trauma.”” The normal values of TTR range between 235 and
293 mg L1

A voltammetric sensing platform for naphthalene-2,3-
dicarboxyaldehyde-labeled TTR was fabricated using a two-
electrode system integrated in a microfluidic device.”>” The LOD
of the assay was 1.4 mg L™".
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Table S. Inflammatory Biomarkers Utilized for Diagnosis of Inflammatory Diseases

inflammatory marker

C-reactive protein (CRP)™*'

tumor necrosis factor-a
(TNE-a)**!
haptoglobin (Hp)**’
transferrin (TSF)®***
transthyretin (TTR)®*®
insulin-like égrowth factor-1

disease, ankylosing spondylitis
acute and chronic inflammation
inflammation
inflammation, rheumatoid arthritis

chronic inflammation

(IGF-1)®
a-amylase®® pancreatitis, salivary gland inflammation
fibrinogen®** inflammation, periodontal disease
ferritin®** acute and chronic inflammation

interleukin 6 (IL-6)%®
interleukin 8 (IL-8)%%

chronic inflammation

acute inflammation

inflammatory disease associated with altered levels

chronic inflammatory disease, infection, malignancy

atherosclerosis, rheumatoid arthritis, psoriasis, inflammatory bowel disease, Alzheimer’s

normal values
<3 mg L
3.9-185ng L™

0.36-1.95gL™
1.75-3.13 g L™
235-293 mg L™
1-1096 pug L™

31-107U L™
15-45gL™"

7—158 pug L™" for men and 4—56 ug L™!
for women

10—7S ng L
13 ng L
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Figure 43. Conformational change of a pseudoknot structure of the aptamer upon binding to IgE (left). Illustration of the reagentless and single-step
electronic detection of IgE on the screen-printed carbon electrode (right). Reprinted with permission from ref 877. Copyright 2015 American Chemical

Society.

5.4.6. Insulin-Like Growth Factor-1 (IGF-1). IGFE-1 is a
peptide hormone secreted by the liver as a result of stimulation
by the growth hormone.*” The normal range of IGE-1 is
different in various ages, and it varies from 1 to 1096 ug L.
Lower IGF-1 levels reduce the protection against inflammation
and may have a role in metabolic syndrome development caused
by an imbalance between proinflammatory and anti-inflamma-
tory proteins.862

An impedimetric immunosensor for IGF-1 featured an anti-
IGF-1 antibody immobilized onto the surface of a GNPs-
modified gold electrode.*** The immunosensor showed linearity
over 1-180 ng L™, and the LOD was 0.2 ng L

A sandwich-type amperometric sensor for IGF-1 was designed
using a primary antibody immobilized onto the surface of a
MWCNTs-modified GCE precoated with electropolymerized
poly(pyrrole propionic acid).*** After capture of the target IGF-1
and incubation with a HRP-conjugated secondary antibody, the
sensor was incubated with the substrate H,0, and catechol as a
redox mediator. Using amperometry, the calibration graph for
IGF-1 showed a linearity range extending from 0.5 to 1000 ng
L™, with a LOD of 0.3 ng L™".

5.4.7. a-Amylase. This is an enzyme produced by the
pancreas that catalyzes the hydrolysis of a-1,4 glycosidic bonds
present in starch, glycogen, and other related carbohydrates. In
healthy humans, there is only a relatively small amount of
amylase in blood (31—107 U L™1);%*° however, the level of the
enzyme is elevated during pancreatitis and salivary gland
inflammation.**®

An electrochemical sensor for a-amylase was fabricated using
maltopentose substrate immobilized onto the surface of a gold

BE

electrode.*” The enzyme level was determined by analyzing the
electrochemical signal obtained from the electro-active molecule
[Ru(NH;)sCl]*" during the hydrolysis of maltopentose. Using
CC, a linear relationship was established between the surface
charge density of the electrode and the enzyme concentration
within the range from 30 U L 'to3kUL™}, withaLOD of 22 U
L7

There are other inflammatory markers, such as ﬁbrinogen,658
ferritin,*”” IL-6,°°® and IL-8,°°° which were discussed in details in
the Tumor Markers section. A summary of the inflammatory
markers is provided in Table 5.

5.5. Other Protein Markers

5.5.1. Antibodies. In the past few years, an explosion in the
number of electrochemical sensors targeting antibodies that are
present in blood or at the surface of cells has occurred. For
example, analysis of diagnostically relevant antibodies is the
central core for the detection active pathogens and monitoring of
disease progression and responsiveness to therapy.””’ Also,
human immunoglobulin E (IgE) is a mediator in allergic
reactions because it can bind to basophils and mast cells to trigger
the release of chemicals like histamine, leukotrienes, and certain
interleukins that can cause symptoms associated with allergies.””"
Total serum IgE levels <300 kU L™" are considered in the normal
or borderline range.872 In addition, anti-DNA antibodies are
important markers for the diagnosis of several autoimmune
diseases, such as systemic lupus erythematosus, a chronic
autoimmune connective tissue disease characterized by the
production of an array of IgM and IgG autoantibodies directed
against nuclear components.””>*”* Furthermore, the determi-
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nation of antigliadin antibodies from human serum samples is of
vital importance for the diagnosis of celiac disease, an
autoimmune disease associated with the ingestion of gluten by
susceptible individuals causing histological changes in the small
intestine mucosa and leading to a malabsorption.”’

An impedimetric immunosensor for the antibiotin antibody
was fabricated by modifying a gold electrode with 4-thiophenol
passivating layers via diazonium salt chemistry.”’® Subsequently,
the attachment of GNPs followed by a biotin derivative was
carried out. The increase in charge-transfer resistance was
linearly proportional to the concentration of antibiotin IgG in the
range of S—500 ug L™, with a LOD of S ug L™".

A peptide-based voltammetric sensor for anti-HIV-1-p24
capsid protein antibody was fabricated using a methylene blue-
modified peptide immobilized onto the surface of a gold
electrode.”’ Using ACV, the antibody level was quantified within
the linear range from 750 ug L™" to 15 mg L™, with a LOD of 750
pg L7

A voltammetric aptasensor for IgE was constructed using a
methylene blue-labeled pseudoknot aptamer probe immobilized
onto the surface of a gold electrode.®”” The binding of IgE to the
aptamer probes led to conformational changes of the pseudoknot
aptamer structure and subsequently brought the redox-tag in
close proximity to the electrode, resulting in an amplified signal,
as shown in Figure 43. Using SWV, the level of IgE was quantified
down to 9 ug L™, In addition, aptamers specific to the antigen
binding fragment of antivesicular stomatitis virus antibodies were
developed to shield the oncolytic virus from neutralizing
antibodies and enhance its in vivo survival.”’® EIS measurements
demonstrated the ability of some aptamer clones to retain more
than 50% of viral infection in the presence of neutralizing
antibodies in serum.

A nucleic acid-based voltammetric sensor for anti-DNA
antibody was fabricated using methylene blue-labeled ssDNA
and ds-DNA immobilized onto the surface of a gold electrode.”””
SWV measurements revealed the ability of the sensor to
determine the antibody level down to 1.5 mg L™".

Also, a nucleic acid-based electrochemical switch for antibody
detection was designed, taking advantage of the concurrence of
two anti§en—binding sites, separated by ~12 nm, on each
antibody.”** The switch comprised a single-stranded DNA probe
containing two identical, covalently linked antigens that were
modified at one terminus with a thiol group and at the other
terminus with methylene blue. In the absence of a target
antibody, the DNA adopted a stem-loop conformation, bringing
the two antigens together and the redox label near the gold
electrode surface, which facilitated fast electron transfer. Upon
binding of the target antibody, the DNA probe opened and
moved the redox label away from the electrode surface, thus
resulting in a slower electron transfer, as shown in Figure 44.
SWV measurements allowed for the detection of anti-HIV
antibody AFS5 level down to 1.5 mg L™

Another nucleic acid-based voltammetric sensing platform for
antibodies relied on a peptide epitope coupled to the distal end of
a gold electrode-bound nucleic acid “scaffold” tagged with
methylene blue.**’ The binding of the target antibody to the
epitope reduced the efficiency with which the redox reporter
exchanges electrons with the underlying sensor electrode,
causing a change in current, as shown in Figure 45. Using
SWYV, the level of anti-FLAG antibody was quantified down to 75
ug L

A sandwich-based voltammetric sensor for HIV antibody was
fabricated using antigenic peptides from HIV-1 gp41 or HIV-2
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Figure 44. An antibody (Ab)-activated electrochemical “switch”. The
switch is composed of a single-stranded DNA probe containing two
identical, covalently linked antigens (black crosses) and modified at one
terminus with a thiol group and at the other terminus with methylene
blue. Reprinted with permission from ref 880. Copyright 2012 American
Chemical Society.
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Figure 45. A biosensor comprised an electrode-bound, methylene blue-
modified DNA strand, termed the “anchor strand”, that formed a duplex
with a complementary “recognition strand” (here composed of PNA) to
which the relevant recognition element is covalently attached. In the
absence of antibody binding (left), the flexibility of the surface
attachment chemistry supported relatively efficient electron transfer
between the redox reporter and the electrode surface. Binding to the
relevant target antibody (right) decreased electron transfer, presumably
by reducing the efficiency with which the reporter collides with the
electrode. Reprinted with permission from ref 881. Copyright 2012
American Chemical Society.

gp36 covalently attached to an SU-8 substrate, which presented a
template for the deposition of three-dimensional microelectr-
odes.*™ The detection of HIV antibodies was achieved using an
alkaline phosphatase-conjugated secondary antibody, which
reacted with p-aminophenyl phosphate to produce an electro-
chemically active product, p-aminophenol, as shown in Figure 46.
Using DPV, the current derived from the oxidation of the
reporter correlated linearly with antibody concentrations in the
range from 1 ug L™ to 1 mg L™, with a LOD of 1 ug L™, for both
HIV-1 and HIV-2 antibodies.

An electrochemical steric-hindrance hybridization assay
(eSHHA) was recently reported for the detection of antibod-
ies."® In this approach, a signaling DNA probe was modified
with methylene blue at the proximal end and with digoxigenin at
the terminal end. A complementary DNA capture probe was
immobilized onto the surface of a gold electrode. In the absence
of antidigoxigenin antibody, the two strands were hybridized
(signal-ON). However, the presence of the antibody sterically
hindered the hybridization between the two probes and
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Figure 46. An electrochemical ELISA assay relying on surface functionalization of SU-8. Schematic illustration of the generation of gold microelectrodes
by electrodeposition in the S-um apertures (top). Schematic of immunoassay. HIV-1 antigens were covalently immobilized on the SU-8 layer, after
which target HIV-1 antibodies were allowed to bind. Secondary ALP-conjugated anti-IgG antibodies bound to the target HIV-1 antibody, and p-
aminophenyl phosphate (pAPP) was subsequently added (middle). ALP-labeled antibody converted pAPP to p-aminophenol, which was
electrochemically oxidized to generate a current (bottom). Reprinted with permission from ref 832. Copyright 2013 American Chemical Society.

subsequently reduced the current signal (signal-OFF). Using
SWV, the level of antibody was determined down to 1.5 mg L™".

A voltammetric sensing platform for a model hapten, 2,4-
dinitrophenyl group, was designed using poly(propylene
glycol)methacrylate-modified gold electrode, which was further
modified with the hapten.*** The assay relied on the electro-
chemical detection of H,0,, generated through the intrinsic
catalytic activity of all antibodies, in the presence of singlet
oxygen ('0,*), which can be generated by a photosensitizer. The
mole ratio of H,0, per antibody was 640—1200. Using SWV, the
antibody level was determined down to 300 ng L™".

An amperometric supramolecular platform for antigliadin IgA
and IgG autoantibodies was developed on the basis of the
interfacial self-assembly of a bifunctionalized carboxymethylcel-
lulose bearing adamantane units and an antigenic fragment onto
cyclodextrin-modified gold electrode.”® The calibration plot was
linear up to 750 ug L™", with a LOD of 20 ug L™".

5.5.2. Hemoglobin (Hb). Hb is a metalloprotein that
contains four polypeptide subunits (two & and two /5 subunits) of
similar structure, each of which has an iron-bearing heme within
molecularly accessible crevices.*** Hb deficiency can be caused
either by a decreased amount of hemoglobin molecules, as in
anemia, or by the reduced ability of Hb to bind O,. Other
common causes of low hemoglobin include nutritional
deficiency, bone marrow diseases, kidney failure, and Hb defects
(such as that of sickle-cell disease). In nonpregnant women,
normal hemoglobin ranges from 120 to 160 g L™".
normal hemoglobin levels range from 140 to 180 g L™".

A voltammetric sensing platform for Hb was presented on the
basis of red blood cells or raw blood cells immobilized onto the

In men,
1887

BG

surface of a GCE coated with a Nafion film.**® CV analyses
revealed a well-defined reduction peak for hemoglobin at about
—0.30 V (vs Ag/AgCl) in a pH 3.5 buffer solution. The linear
dynamic range of the sensor extended from 0to 1.45 g L™ of red
blood cells.

A woven fabric-based voltammetric sensor for Hb was
prepared using silk yarns coated with conducting inks before
being woven into patches of fabric to create an array of sensors.
Using DPV, a good correlation was observed between the Hb
concentration and the corresponding peak current with a LOD of
23gL7.

5.5.3. Glycated Hemoglobin (HbA, ). HbA,. is the main
form of glycohemoglobin. It is generated from the Amadori
rearrangement reaction of glucose with the N-terminal valine of
one or both hemoglobin f-chains.**” Glycation is a dynamic
process because red blood cells are turned over approximately
every 90—120 days; thus HbA, . levels approximate the average
blood glucose for the past 2—3 months. Determination of HbA,
level is a very useful tool for the long-term glycemic control of
diabetes without the influence of short-term fluctuations of blood
glucose. The clinical reference range of HbA,, as a relative
content of total hemoglobin (Hb), is 5—20%, and the range
within 4—6% is considered as normal. Furthermore, the 2010
American Diabetes Association Standards of Medical Care in
Diabetes has included % HbA,. > 6.5% as a criterion for the
diagnosis of diabetes mellitus.*”

A competitive voltammetric sensor for HbA, . used a GCE
modified with a mixed layer of an oligo(phenylethynylene)
molecular wire and an oligo(ethylene glycol) formed via in situ-
generated aryl diazonium cations.*”" To the terminal end of the
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molecular wire, a redox probe 1,1’-di(aminomethyl)ferrocene
was attached followed by covalent attachment of an epitope N-
glycosylated pentapeptide (GPP), to which an anti-HbA,,
monoclonal antibody could selectively bind. HbA,  analysis
relied on the competition for binding to anti-HbA, . antibodies
between the analyte and the surface bound GPP. The presence of
HbA, . resulted in the attenuation of ferrocene redox current.
SWV measurements revealed a linear relationship between the
current and HbA,_ level ranging from 4.5% to 15.1% of total
hemoglobin in serum.

A competitive potentiometric method for measuring HbA,.
and Hb in blood hemolysate was reported.®”” The method relied
on the competitive binding between HbA, . and the alizarin red to
phenylboronic acid via diol-boronic acid complexation. It was
observed that the solution potential shifted positively in the
presence of HbA, . In addition, the total Hb concentration was
determined by oxidizing Hb using Fe(CN),*~ and measuring the
potential shift arising from the reduction of Fe(CN)4*". A linear
correlation between the potential shift and the logarithm of the
Hb concentration was observed up to 100 g L™". In an alternative
approach, competitive binding between HbA,. and §lucose
oxidase was utilized for voltammetric analysis of HbA,.” The
system permitted the quantification of HbA,. level within the
linear range of 4.5—15%.

5.5.4. Interferon-y (IFN-y). IFN-y is an inflammatory
cytokine produced primarily by natural killer cells and thymus-
derived (T) cells in response to various pathogens and possesses
many physiological roles in immune systems and inflammatory
stimuli.*”* Abnormal levels of IFN-y are related to many
infectious diseases such as tuberculosis.””® The normal levels of
IFN-y in serum range between 0.8 and 1.4 kU L%

A voltammetric sensor for IFN-y was fabricated using a
methylene blue-labeled specific IFN-y aptamer immobilized onto
the surface of a gold electrode.””” Binding of IFN-y caused the
aptamer hairpin to unfold, pushing methylene blue molecules
away from the electrode and reducing electron transfer efficiency.
SWYV measurements demonstrated a linear relationship between
the current signal and IFN-y level up to 171.5 g L™", with a LOD
of 1 ug L™". A similar LOD was obtained upon integration of the
sensor into a microfluidic device.*”® In addition, the device was
incubated with T-cell-specific antibodies (anti-CD4). Upon
injection of blood, leukocytes were captured, and IFN-y release
was triggered by mitogenic activation and detected at the
aptamer-modified electrodes using SWV. The observed IFN-y
release profiles were used to calculate an initial IFN-y production
rate of 7.9 ng cell™" h™" upon activation.

A FET-based sensor for IFN-y was constructed using an IFN-y
specific aptamer attached to graphene.*”” Incubation with TFN-y
induced a change in the charge distribution in the electrolyte,
leading to an increase in electron transfer efficiency monitored by
the device. This sensor allowed for the linear quantification of
IFN-y up to 171.5 mg L™, with a LOD of 1.4 ug L™".

An amperometric sensing platform for IFN-y was developed
using an IFN-y specific aptamer immobilized onto the surface of
magnetic beads.””” An invertase-conjugated complementary
DNA was hybridized with the immobilized capture probe. In
the presence of IFN-y, the enzyme conjugate was released to
catalyze the hydrolysis of sucrose into glucose and fructose.
Using an amperometric glucose sensor, the level of IFN-y was
determined up to 6.9 mg L™', with a LOD of 44 ug L™". This
method was also employed for monitoring of other analytes,
including adenosine, cocaine, and uranium.”!

BH

5.5.5. Retinol-Binding Protein (RBP). RBP is a low-
molecular-weight protein found in human plasma and urine.”””
Urinary RBP is an important marker for the early detection of
proximal tubular dysfunction, which is closely associated with
some serious diseases, such as diabetes mellitus and hyper-
tension.””’ During proximal tubular dysfunction, the level of
urinary RBP is usually elevated (>40—130 pg L.

A voltammetric immunosensor for urinary RBP was fabricated
using an anti-RBP antibody immobilized onto the surface of a
gold electrode modified with Ag/bovine serum albumin
composite microsphere.””> EIS and DPV were utilized for the
analysis of RBP within the linear range from 50 ug L™" to 4.5 mg
L™, with a LOD of 18 ug L™".

5.5.6. Trypsin. Trypsin is a digestive enzyme produced in the
pancreas; it cleaves proteins on the C-terminal side of arginine
and lysine residues. It is produced initially as the proenzyme
trypsinogen, which then self-cleaves to yield the more active
form.”*® This self-regulating process is altered by inflammatory
conditions, such as pancreatitis, which results in the release of
enzyme into the bloodstream. Healthy individuals have a trypsin
level of 250 ug L™" in serum.””’

An electrochemical sensing platform for trypsin was designed
on the basis of the proteolytic generation of an electroactive
species (P) by trypsin followed by a signal-amplified electro-
chemical measurement of P using ECC redox cycling.”® The
detection was performed using a bare ITO electrode. P was
generated by the cleavage of an amide bond between P and
oligopeptide (Gly-Pro-Arg) at the C-terminal of Gly-Pro-Arg-P.
Among four trypsin substrates tested, Gly-Pro-Arg-4-amino-1-
naphthol was found to produce the highest signal-to-noise ratio.
Using CC, the trypsin level was determined in the linear range
from 1 to 1000 ug L™", with a LOD of 1 ug L™".

Flash chronopotentiometry (CP) was used for the detection of
trypsin by applying an appropriate current pulse across a
polycation-selective polymer membrane electrode formulated
with tridodecylmethylammonium-dinonylnaphthalenesulfonate,
where dinonylnaphthalenesulfonate served as a polycationic
peptide recognition element.”” The current pulse induced a
strong flux of the polycationic peptides from the sample phase
into the organic membrane of the electrode, which yielded a
drastic potential change in the observed chronopotentiogram at
the transition time (7). The activity of trypsin was subsequently
determined in the linear range from 20 ug L™" to 6.1 mg L™, in
the presence of protamine as a substrate.

5.5.7. Endotheline-1 (ET-1). ET-1 is a chemokine that plays
a key role in vasoconstriction and fibroblast proliferation.”"’
Elevated ET-1 expression levels have been implicated as a
significant risk factor for both acute and chronic lung injury. In
addition, recent research has demonstrated a strong correlation
between ET-1 levels and the development of primary graft
dysfunction.”’’ The normal values of ET-1 in plasma range
between 0.9 and 1.9 ng L™'.7"*

A competitive voltammetric sensing platform for ET-1 used an
ET-1 peptide with an N-terminal cysteine residue immobilized
onto the surface of a gold microelectrode predeposited on a glass
microchip.”"? The target ET-1 subsequently competed with
immobilized ET-1 for anti-ET-1 antibodies bound to the sensor
surface. Using DPV, the sensor was successfully employed for the
detection of ET-1 concentrations down to 0.3 ng L' in lung
perfusate.

5.5.8. Thrombin (TB). TB is a serine protease in the
bloodstream that converts soluble fibrinogen into insoluble
fibrin. It also catalyzes many other coagulation-related reactions
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Figure 47. Protein detection using ion channels. Steps 1—6 show the fabrication steps starting from the polymeric membrane and ultimately producing
multiple ion channel thrombin sensors. The inner wall of each ion channel was first modified with thrombin-specific aptamers. Next, one side of the
membrane was sprayed with GNPs to create a working electrode. [Ru(NH;),]* was then electrostatically attached to the aptamer backbone. Finally, the
repulsion between the added thrombin and [Ru(NH,)4]** has led to an enhanced redox signal. Reprinted with permission from ref 916. Copyright 2012

American Chemical Society.

associated with thromboembolic diseases.”** Also, TBis a potent
vasoconstrictor that is implicated as a major factor in vasospasm
following hemorrhage. Generally, the normal concentration of
TB in blood during coagulation process ranges from nanomolar
to low micromolar.”"?

A voltammetric signal-ON aptasensor for TB was fabricated
using multiple ion channels embedded within a polymeric
membrane, with the TB-specific aptamer immobilized onto the
inner walls of each ion channel.”’® In the presence of TB,
[Ru(NH,),]**, which was electrostatically absorbed onto the
negatively charged phosphate backbones of aptamers before-
hand, was displaced and moved into the ion channels, leading to
an increase in the current signal, as shown in Figure 47. CV
measurements demonstrated that the current was linearly related
to the logarithm of TB concentration from 110.1 ug L™' to 1.8
mg L.

A voltammetric aptasensor for TB was developed using a
methylene blue-labeled TB-specific aptamer immobilized onto
the surface of a carbon electrode printed on the surface of a
double wax-patterned paper.”’” SWV measurements revealed the
ability of the sensor to detect TB concentrations down to 587.2
ug L7, Also, several chemically modified graphene platforms,
including graphite oxide, graphene oxide, thermally reduced
graphene, and electrochemically reduced graphene, were tested
to develop an impedimetric aptasensor for TB.”'® Graphene
oxide was the most suitable sensor material, and this sensor
permitted linear quantification of TB in the range from 367 ug
L™ to 1.8 mg L™". Also, an antifouling impedimetric aptasensor
for TB was constructed by coassembling the TB-specific
aptamer, dithiothreitol, and mercaptohexanol onto the surface
of a gold electrode.”’” The increase in the electron-transfer
resistance was directly proportional to the TB concentration
within the range from 1 to 20 ug L™', with a LOD of 0.3 ug L™".

A voltammetric proximity assay for TB was developed using
two TB-specific aptamers, which formed a cooperative complex
only in the presence of TB, moving a methylene blue-conjugated
oligonucleotide to the proximity of the gold electrode surface, as
shown in Figure 48.”°*° TB levels as low as 1.8 ug L' were
detected using direct electrochemical readout, with a dynamic
range up to 367 ug L™\,

target
protein

I Ab2

Ab1

thiolated
DNA R

gold electrode

target
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Figure 48. Principle of the electrochemical proximity assay. In the
presence of the target protein, this five-part complex moved the redox-
active methylene blue (MB) close to the gold surface, thus increasing
current in proportion to the protein analyte (top). The stepwise
operation of the assay, in which the electrode with a preassembled
DNA/competitor monolayer was immersed into a solution of the
probes (two antibody-oligos and MB-DNA) and target protein to
generate current. Reprinted with permission from ref 920. Copyright
2012 American Chemical Society.

MB-DNA

5.5.9. f-Amyloid Peptide (Af). Af is a peptide cleaved from
the amyloid precursor protein that is present in the brain and
cerebrospinal fluid.”*" In its native form, Af is unfolded, but it
aggregates into a f-sheet structure of ordered fibrils under
various conditions.””” The amount of extracellular soluble Af in
the brain has been considered as a key predictor of cognitive
impairment associated with Alzheimer’s disease.””’ Two major
C-terminal variants of Af, Af_s) and Af(;_4), have been
identified in amyloid deposits from the brains of patients with
Alzheimer’s disease. Although Af(;_4) is natively present in
higher quantities, Af(;_4,) exhibits faster rates of aggregation,
generates more free radical damage, and is considered the more
neurotoxic of the two species.””*

An impedimetric immunosensor for Afj(;_4,) was made using a
conformation-specific Aff antibody immobilized onto the surface
of a gold electrode via a 3,3'-dithiobis (sulfosuccinimidyl)
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Table 6. Other Protein Biomarkers Utilized for Clinical Analysis

biomarker disease associated with altered levels
antibodies®”” pathogenic diseases, autoimmune diseases, allergy
hemoglobin (Hb)*” anemia, nutritional deficiency, bone marrow diseases, kidney failure, Hb
defects
glycated hemoglobin diabetes
(HbA,,)

integt;%ron—garnrna (IFN-  infectious diseases
9

retinol-bé)r(};:ling protein proximal tubular dysfunction

(RBP)
trypsin907
endothelin-1 (ET-1)°"
thrombin (TB)"'*
/}—?[r\nﬂy)lgzigl peptide

pancreatitis

thromboembolic disease

Alzheimer’s disease

. 581 . .
tau protein’ Alzheimer’s disease

937
caspase-3
autoimmune diseases

57

9 . ) .
hormones hormonal imbalance and associated disorders

acute and chronic lung injury, primary graft dysfunction

apoptosis, neurological disorders, atherosclerosis, myocardial infarction,

normal values

for IgE: <300 kU L™!
non pregnant women, 120—160 g L% men, 140—180 g Lt

4—6%
0.8—1.4kU L™
40—130 pug L™

250 ug L™
09-19ng L™
NA

NA

NA
NA

NA

925

propionate linker.”” The binding between Af(;_,;) and the
immobilized antibody was accompanied by an increase in the
charge-transfer resistance over time.

A voltammetric sensor for Af42 was reported on the basis of
the oxidation of the tyrosine moiety of A#42 adsorbed on a basal
plane graphite electrode followed by DPV.”*° The dependence of
the tyrosine oxidation current on the concentration of adsorbed
Ap42 followed a Langmuir isotherm with a saturation level
reached at peptide concentrations exceeding 450 yM.

A signal-ON voltammetric sensor for Af(;,_,g) was fabricated
using A/)’gu_zg)-Cys immobilized onto the surface of a gold
electrode.””” Ferrocene bioconjugates, bearing a podant (Lys)-
Leu-Val-Phe-Phe motif, interacted with the immobilized
AP (12-28)-Cys film on the gold surface followed by measuring
the current response of the ferrocene redox process.

A sandwich-based voltammetric sensor for Af(;_s0)/(1-42) Was
constructed using gelsolin, a secretory protein specific to Aj,
immobilized onto the surface of MWCNTSs/GNPs-modified
screen-printed carbon electrode.””® The signaling probe featured
gelsolin and thionine attached to the surface of GNPs. After
immunocomplex formation, electrochemical reduction of
thionine was used to interrogate the Af level. Using DPV, the
peak current showed a linear relationship with Af(;_49/1_4,) in
the concentration range of 0.2—40 nM, with a LOD of 50 pM.

5.5.10. Tau Protein. Tau protein stabilizes microtubules in
neuronal cells; however, upon hyperphosphorylation, tau
dissociates from the microtubules and forms neurofibrillary
tangles (NFTs) and paired helical filaments (PHFs), which
alongside Af plaques are associated with neurodegenerative
disorders such as Alzheimer’s disease.””””*

A voltammetric sensing platform was designed to monitor the
conformational changes of tau protein immobilized onto the
surface of a gold electrode upon hyperphosphorylation.”*" The
method relied on 5'-y-ferrocenyl adenosine triphosphate
derivative as a cosubstrate to probe the role of the following
protein kinases: Src kinase, Abelson tyrosine kinase (Abl), tau-
tubulin kinase (TTBK), proto-oncogene tyrosine kinase (Fyn),
and glycogen synthase kinase-3f (Gsk-3f). Phosphorylation of
the tau protein was accompanied by a characteristic ferrocene
redox signal detected via CV and SWV. In addition, the
phosphorylation reaction introduced the electrostatic charges in
tau, and triggered the changes in the ferrocene-tau film
orientation and conformation on the surface. The kinetic
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parameters of the biochemical process (Ky and V,, ) were
determined.”*”

Also, EIS was employed to monitor the conformational
changes of immobilized tau protein upon phosphorylation,
which in turn enabled its interaction with peptidyl-prolyl cis/
trans isomerase, Pinl, through the phospho-Ser and phospho-
Thr residues of phosphorylated tau protein.”*® Experimental
results demonstrated an increase in the interfacial resistance
upon binding between Pinl and phosphorylated tau protein.
Several reports have pointed out that the Cu(II) ion may play an
important role in tau biochemistry. An electrochemical study was
carried out to probe the interactions between the full-length tau-
410 and Cu(II) ions.”** The study revealed that a greater Cu(II)
uptake by phosphorylated tau over nonphosphorylated protein
was observed at low pH by virtue of the characteristic Cu(1)/
Cu(I) redox couple at 140 + S mV versus Ag/AgCl. In addition,
EIS was recently utilized to monitor tau—tau binding and
misfolding during the early stage of tau oligomerization.”*” It was
observed that the interaction between solution tau protein and
immobilized tau protein on the surface of a gold electrode was
accompanied by a reduction in the interfacial resistance, which
suggested conformational and electrostatic changes induced by
tau—tau binding,

5.5.11. Caspase-3. Caspase-3 is the most frequently
activated cysteine protease during apoptosis, and has been
established as a key mediator and cellular marker of apoptosis.”*
Deregulation of apoptosis is usually associated with a variety of
diseases such as neurological disorders, atherosclerosis,
myocardial infarction, and autoimmune diseases.””’

A voltammetric sensing platform for caspase-3 was designed
on the basis of the ability of the enzyme to cleave a p-nitroaniline
labeled tetra-peptide substrate, Asp-Glu-Val-Asp.”*® In this
method, p-nitroanailine released from the peptide was measured
by DPV using a GCE, which allowed for the determination of the
enzyme level in the linear range from 0.01 to 4 U.

Another voltammetric sensor was prepared using a biotin-
labeled specific peptide immobilized onto the surface of a gold
electrode.”” In the absence of caspase-3, a signaling probe
composed of streptavidin-coated CNTs/CdTe quantum dots
became bound to the immobilized peptide, and the cadmium
ions were quantified by ASV after dissolving the quantum dots in
HNOs;. In the presence of the enzyme, the peptide was cleaved
and the biotin molecules subsequently diffused away from the
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electrode surface, causing a reduction in the electrochemical
signal.

5.5.12. Hormones. A variety of electrochemical sensors have
been developed for the detection of many hormones, such as
testosterone,940 androsterone,941 cortisol,()42 17-a-ethinyl estra-
diol,”** 17-f-estradiol,”** estrogen,g45 é;)rogesterone,946 norethis-
terone,”*” human growth hormone,”* parathyroid hormone,”*
thyroxine,””  thyroid-stimulating hormone,”" adrenocortico-
tropic hormone,”” prolactin,”” vasopressin,”>* procalcitonin,”>
insulin,”® epinephrine,'** norepinephrine,** human chorionic
gonadotropin,®”” insulin-like growth factor,**> and B-type
natriuretic peptide.”* However, the last five hormones were
discussed in the Neurotransmitters and Tumor Markers and
Inflammatory Markers sections. In addition, electrochemical
analysis of hormones was recently reviewed elsewhere.””” A
summary of these protein markers is provided in Table 6.

5.6. Sensitivity and Specificity Challenges for
Electrochemical Protein Analysis Systems

Although electrochemical assays of small molecules have proven
most successful in making the transition from the central lab to
the point-of-care, detection of larger molecules, such as proteins,
is a more challenging problem. This is due to the nonspecific
adsorption of biological fluid components at transducing sensor
surfaces, and the lack of enzyme/analyte pairs for many protein
targets. Additionally, stringent specificity is desirable to ensure
accurate discrimination among a variety of biomolecules
encountered in clinical samples. Furthermore, to enable routine
use of diagnostics, rapid turnaround on the time scale of a
physician visit (~20 min) is required. As we have demonstrated
in this section, many protein markers are present at very low
levels (femtomolar to attmolar) in the patients. Hence, a major
challenge for electrochemical protein sensing technologies has
been to improve the sensitivity dramatically.

Achieving a clinically relevant combination of sensitivity,
specificity, and speed in protein detection has witnessed rapid
progress through the use of materials of different length scales.
For instance, microscale materials that possess a large core of
active material are better suited for utilization as capture agents.
On the other hand, nanoscale materials with high surface-to-
volume ratios are better carriers for signaling tags in protein
analysis. Combining these materials enables efficient capture of
target proteins while facilitating ultrasensitive analysis. This
capability will be useful in detecting biomarkers that are present
at very low levels and subsequently monitoring disease
recurrence more efficiently. Because most biomarker detection
techniques utilize small samples, it is possible that rare
biomarkers might not be identified. Hence, electrochemical
sensing technologies will be required to continue to analyze
larger samples at lower detection limits.

6. SUMMARY AND PROSPECTS

Electrochemical sensors offer many attractive analytical features
and represent promising candidates for future clinical
diagnostics. Many of the electrochemical methods discussed in
this Review allow rapid, selective, and highly sensitive analysis of
clinically relevant molecules, without involving preconcentration
steps. However, there are still several issues that must be
addressed before they are implemented into point-of-care
diagnostics. For example, progress at the sampling stage lags
behind the assay chemistry and detection technologies in terms
of research output and perceived significance. Given that the
blood volume is 5 L and the interstitial fluid volume is 17 L, there
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is a high probability that small samples will not contain any target
analytes. This would result in a stochastic distribution of false
negatives and necessitates addressing the limitations of bulk fluid
sampling. It is thus becoming obvious that significant research
efforts are needed to develop innovative sampling approaches to
simplify the downstream operations of electrochemical diag-
nostics. Furthermore, designing biosensors capable of continu-
ously monitoring the biomolecules in real-time would reduce the
need for frequent sample collection and open new venues for
simple end point testing applications.

Also, the design of sensing platforms based on nanoscaled
transducers creates a need for developing techniques to
overcome mass-transfer limitations by actuating the fluid motion
at the nanoscale level. Additionally, incorporating nanomaterials
into these sensors highlights the necessity to assess the
biocompatibility and environmental friendliness of these nano-
materials.

Although some progress has been made in multiplexed
electrochemical sensing, further advances are still needed. It is
expected that research into genetic profiling of diseases will
create a demand for sensors with high multiplexing capabilities
that can handle hundreds of biomarkers in short turnaround
times. In addition, simultaneous detection of multiple targets
requires minimum or no cross-reaction between the affinity
ligands and target biomolecules. Thus, better selection of affinity
ligands and rational design of nucleic acid probes should improve
the performance of electrochemical sensors. A newly developed
technique for the selection of slow off-rate modified aptamers
(SOMAmers) for 813 proteins with high binding affinity and
specificity highlights that continued progress will be made in this
area. Also, application of modified SELEX techniques could
accelerate the generation of aptamers for more clinical
biomolecules.”* %

Integration of electrochemical sensors into fully automated
systems that can relay results with no human intervention is
essential to achieve a widespread use of the point-of-care devices.
The analytical methods discussed in this Review were mainly
concerned with the automation of key elements of the assay, such
as sample processing or readout, but still include manual steps.
However, full automation of electrochemical assays will facilitate
the generation of accurate results even in the absence of trained
personnel.

In summary, there are major challenges to be addressed before
electrochemical sensors become approved in clinical laborato-
ries. Nevertheless, the unprecedented efforts devoted by the
scientific community allow for great optimism that this goal will
be accomplished in the near future.
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ABBREVIATIONS

AA ascorbic acid

Ap P-amyloid peptide

Abl Abelson tyrosine kinase

ACh acetylcholine

AChE acetylcholine esterase

ACT a-1-antichymotrypsin

ACV alternating current voltammetry
AFP a-fetoprotein

ALP alkaline phosphatase

ALT alanine transaminase

AMP adenosine monophosphate
ANA amino acid/nucleic acid chimera
APE apolipoprotein

APE1 apurinic/apyrimidinic endonuclease 1
ApoB-100  apolipoprotein B-100

AST aspartate transaminase

ASV anodic stripping voltammetry
ATP adenosine triphosphate

BJP Bence—Jones protein

B2M -2 micorglobulin

BR bilirubin

BRCAl breast cancer type 1 susceptibility protein
BSA bovine serum albumin

BTA bladder tumor antigen

BUN blood urea nitrogen

CA chronoamperometry

cAMP cyclic adenosine monophosphate
CASA cancer-associated serum antigen
CcC chronocoulometry

CD105 cluster of differentiation 105
CDK2 cyclin-dependent kinase

CEA carcinoembryonic antigen

cfNA cell-free nucleic acid

CgA chromogranin A

ChO choline oxidase

CIRV Carnation Italian Ringspot virus

CK cytokeratin

CK2 casein kinase II

CK-MB creatine kinase-myocardial band

CML chronic myelogenous leukemia

CMOS complementary metal oxide semiconductor
CNT carbon nanotube

ConA
CoQl10
CP
CRH
CRP

Ct
CTC
cTnl
cI'nT
Ccv

DA
3DGN
DNA-MTase
DPASV
DPCSV
DPV
dsDNA
ECC
EGFR
EIS

Ep
EPAD
EuPAD

EPV
ER
Erkl
ET-1
Exo III
FAD
FET
Fib
FMTAD
FraCS
ESCV
Fyn
GAPDH
GCE
GGT
Glu
GNP
GPBB
GPP
GSH
Gsk-3f
GSSG
GST
Hb
HbA,.
HBV
HCA
hCG
HE4
HER2
H-FABP
HP

Hp
hPL
HPV
HRP
HSA
S-HT
IFN-y

concanavalin A

coenzyme Q10

chronopotentiometry
corticotrophin-releasing hormone
C-reactive protein

calcitonin

circulating tumor cell

troponin I

troponin T

cyclic voltammetry

dopamine

3D graphene network

DNA mathyltransferase

differential pulse anodic stripping voltammetry
differential pulse cathodic stripping voltammetry
differential pulse voltammetry
double-stranded DNA
electrochemical-chemical-chemical
epidermal growth factor receptor
electrochemical impedance spectroscopy
epinephrine

electrochemical paper-based analytical device
electrochemical micropaper-based analytical de-
vice

Epstein—Barr virus

estrogen receptor

extracellular signal-regulated kinase 1
endotheline-1

exonuclease III

flavin adenine dinucleotide

field-effect transistor

fibrinogen
4-ferrocenylmethyl-1,2,4-triazoline-3,5-dione
fractal circuit sensor

fast-scan cyclic voltammetry
proto-oncogene tyrosine kinase
glyceraldehyde 3-phosphate dehydrogenase
glassy carbon electrode

gamma-glutamyl transpeptidase

glutamate

gold nanoparticle

glycogen phosphorylase isoenzyme BB
N-glycosylated pentapeptide

reduced glutathione

glycogen synthase-3/

oxidized glutathione
glutathione-S-transferase

hemoglobin

glycated hemoglobin

hepatitis B virus

hybridization chain reaction

human chorionic gonadotropin

human epididymis-specific protein 4
human epidermal growth factor receptor 2
heart fatty acid-binding protein

hydrogen peroxide

heptoglobin

human placental lactogen

human papillomavirus

horseradish peroxidase

human serum albumin
S-hydroxytryptamine (serotonin)

interferon-gamma
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IgE
IGF-1
1L-6
IMA
ISFET
ITO
LDH
L-DOPA
LNA
LOD
LOH

LP

LSV
MAPK
Mb

mC
MCA
MDM2
MIP
miRNA
MMP-9
MNP
mt-DNA
MT-ND6

MUC1
MWCNT
NAD
NCD
NCNT
NE

NEE
NEF-«xB
NFT
NME
NMP22
NO
NSCLC
NSE
NT-proBNP
25(OH)D
p 1 6INK4a
PAcP
PAMAM
PANANA
PAP

PCR

PDB
PDGEF-BB
PDMS
PED
PEDOT
PGF

PHF
PIND

PKA
PMMA
PNA
PR
PSA
QD
RBP

immunoglobulin E

insulin-like growth factor-1
interleukin 6

ischemia-modified albumin
ion-selective field-effect transistor
indium—tin oxide

lactate dehydrogenase

levodopa

locked nucleic acid

limit of detection

loss of heterozygosity

linear probe

linear sweep voltammetry
mitogen-activated protein kinase
myoglobin

methylcytosine

mucin-like carcinoma-associated antigen
murine double minute 2
molecularly imprinted polymer
microRNA

matrix metallopeptidase 9
magnetic nanoparticle
mitochondrial DNA
mitochondrially encoded NADH dehydrogenase
6

mucin 1

multiwalled carbon nanotube
nicotinamide adenine dinucleotide
naphthrydine carbamate dimer
nitrogen-doped carbon nanotube
norepinephrine

nanoelectrode ensemble

nuclear factor kappa
neurofibrillary tangle
nanostructured microelectrode
nuclear matrix protein 22

nitric oxide

nonsmall cell lung cancer
neuron-specific enolase
amino-terminal pro-B-type natriuretic peptide
25-hydroxyvitamin D
cyclin-dependent kinase inhibitor
prostatic acid phosphatase
poly(amidoamine)
poly(aniline-co-anthranilic acid)
poly(o-aminophenol-co-pyrogallol)
polymerase chain reaction
poly(3,3’-dimethoxybenzidine)
platelet-derived growth factor B chain dimer
polydimethylsiloxane

paper-based electrochemical device
poly(3,4-ethylenedioxythiophene)
placenta growth factor

paired helical filament
N,N’-bis(3-propylimidazole)-1,4,5,8-naphthalene
diimide

protein kinase A

poly(methyl methacrylate)
peptide nucleic acid

progesterone receptor
prostate-specific antigen

quantum dot

retinol-binding protein

RCA rolling cycle amplification

RhD rhesus-D

ROS reactive oxygen species

RT-PCR reverse transcription polymerase chain reaction
SCCA squamous cell carcinoma antigen

SCE saturated calomel electrode

SCLC small cell lung cancer

SiNW silicon nanowire

sLOX-1 soluble lectin-like oxidized LDL receptor-1

SLP stem-loop probe

SNP single nucleotide polymorphism
SOMAmer  slow off-rate modified aptamer
Src sarcoma-related

ssODN single-stranded oligodeoxyribonucleotide
SWCNT single-walled carbon nanotube

SWV square wave voltammetry

TAG-72 tumor-associated glycoprotein-72

TB thrombin

TCEP tris(2-carboxyethyl) phosphine hydrochloride
Tg thyroglobulin

TMB 3,3',5,5 -tetramethylbenzidine

TN-C tenascin-C

TNF-a tumor necrosis factor-a

TRAP telomeric repeat amplification protocol
TSFE transferrin

TTBK tau-tubulin kinase

TTR transthyretin

UA uric acid

uMED universal mobile electrochemical detector
uPA urokinase plasminogen activator

UUN urine urea nitrogen

VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
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