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ABSTRACT: Electrochemical methods and devices have ignited prodigious interest
for sensing and monitoring. The greatest challenge for science is far from meeting
the expectations of consumers. Electrodes made of two-dimensional (2D) materials
such as graphene, metal—organic frameworks, MXene, and transition metal
dichalcogenides as well as alternative electrochemical sensing methods offer
potential to improve selectivity, sensitivity, detection limit, and response time.
Moreover, these advancements have accelerated the development of wearable and
point-of-care electrochemical sensors, opening new possibilities and pathways for
their applications. This Review presents a critical discussion of the recent

developments and trends in electrochemical sensing.

B INTRODUCTION

The use of microanalytical tools for the measurement of
chemical compounds is attractive for real-time on-site
monitoring. Several commonly used microanalytical tools
comprise chemical sensors and have been successfully
commercialized.' According to IUPAC,> chemical sensors
can convert chemical data into analytically usable information
that ranges from chemical concentrations to composition. A
chemical sensor consists of two fundamental functional units: a
receptor and a physicochemical transducer. Ideally, sensors
should be able to produce a signal output proportional to the
concentration of target species as well as offer high selectivity,
sensitivity, repeatability, and rapid response time.
Electrochemical sensors have been one of the most explored
research areas. The ability of electrochemical sensors to
selectively detect targets of interest is highly dependent on
electrode materials and/or bioreceptors on electrodes.” In
electrochemical sensors, when the target analyte interacts with
electrode materials and/or bioreceptors in electrodes, the
response obtained can be converted into measurable signal
denoting the analyte concentration. The advantages of
electrochemical sensors over other sensing strategies include
the ability to miniaturize and fabricate them in a cost-effective
manner, the fast response time and multiplexing capabilities,
and the potential for portable (even wearable) measurement
instrumentation.”” When Heyrovsky invented polarography in
1922, electroanalytical methods come into existence. Never-
theless, in the past decade, this field has grown tremendously
and is undergoing a real renaissance.” Rigid substrate screen
printed electrodes replaced the electrochemical analytical
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assays as they require just a few microliters of volume cells
and swapped for a cluster of advanced electrode configurations.
Now there are electrodes that can be made on almost any
substrate, including ceramics, glasses, plastics, threads made of
textiles, and even on skin.”'® Furthermore, all sorts of
nanomaterials have been utilized to modify traditional
electrode materials and improve their selectivity.'"'> Cur-
rently, classical electrochemical instruments are limited to
analytical laboratories. Therefore, microcontrollers are being
used to replace traditional laboratory instruments with portable
hand-held instruments that are efficient in measuring analytes
in-field without compromising accuracy.”” Electrochemical
devices have shown wide linear response, and hence, a broad
spectrum of chemical substances have been measured using
electrochemical sensors.

Figure 1 illustrates three electrodes of an electrochemical
sensor: the “working electrode” (WE), the “counter electrode”
(CE), and the “reference electrode” (RE). An electrocatalytic
reaction occurs in WE and is enhanced by the addition of
various nanomaterials. Alahi and Mukhopadhyay'* describe
that CE closes the circuit, ensuring that electrons continue to
flow, while RE ensures that WE potential is applied correctly.
Nowadays, various electroanalytical methods have been
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Figure 1. Schematic diagram of an electrochemical sensor. Reprinted with permission from ref 22. Copyright 2021 Elsevier.

introduced depending upon the interaction between analyte
and the nanomaterials employed to modify the WE. Conven-
tionally, carbon and gold are the most common electrode
materials. The stability, biocompatibility, and good electron
transfer kinetics of these materials make them popular among
researchers. Electrochemical detection of trace analytes is often
impossible on unmodified surfaces owing to their lesser
sensitivity and selectivity. The electrode surfaces have therefore
been incorporated with nanomaterials to overcome this
challenge.ls’16 When interferences are present, high selectivity
is offered by the modified electrodes. Various nanostructured
materials are found capable of refining and sensitizing
electrode surfaces, including nanocarbons, nanoparticles
(NPs), conductive polymers, and nanocomposites. Catalysis,
biomedical, imaging, optoelectronics, and others are among the
fields exhibiting great interest in metallic nanoparticles. In
comparison with its macroscale counterparts, NPs exhibit
dominant biological and physiochemical characteristics.'” The
morphology and size of nanomaterials ranging from 1 to 100
nm make them extremely advantageous. Enhanced interfacial
adsorption, biocompatibility, and faster electron transfer
kinetics can be achieved on sensor surface by using modified
nanomaterials. A combination of these properties enables the
sensor to detect specific analytes more selectively and more
sensitively, as well as achieve a better overall perform-
ance, 15161821

A number of analytical techniques have been used thus far,
including high-performance liquid chromatography
(HPLC),””** inductively coupled plasma mass spectrometry
(ICP-MS),” spectrofluorimetry,”® GC/mass spectrometry
(GC/MS),” gas chromatography (GC),** capillary electro-
phoresis,”” chemiluminescence,” and atomic absorption
spectrometry (AAS)’" for the analyte detection. High
analytical costs, sophisticated instruments, and time-consum-
ing pretreatment are some of the disadvantages that lead to
their limitation in application. Electrochemical sensing

7337

approaches are partially capable of supplying high reliability,
inexpensive, and quick techniques for determining different
pollutants in the environment,®” health, and other sectors.

It has already been demonstrated that electrochemical
sensors can perform analytically at levels adequate to meet
health, environmental, and security applications. Research, as
with all things, is constantly evolving. Usability and
affordability, however, are typically the barriers to commerci-
alization and adoption, as will be argued here. A sensor’s utility
is ultimately limited by the weakest of these three aspects
(analytical performance, usability, and affordability), all
working together to ensure these conditions are met.’’
Hence, in this paper, we tried to summarize the recent
progress in electrochemical sensing platforms with focus on
their analytical performance, and strategies. Also, the aim of
this Review is to critically discuss two-dimensional (2D)
materials used for electrochemical sensors. Another aim is to
discuss emerging applications of electrochemical sensors.
Finally, we have critically discussed the advances made and
challenges that need to be addressed for making electro-
chemical sensors attractive for wearable and point-of-care
measurements.

B MATERIALS USED FOR ELECTRODE
MODIFICATION

To enhance the electrochemical properties, the selection of
electrode material is a serious consideration. In lieu of this,
carbon and 2D materials have shown tremendous potential to
be the best candidates for electrode materials. Novel 2D
materials such as transitional metal dichalcogenides (TMDS),
MXene, and metal—organic frameworks (MOFs) have paved
the way for modification of electrodes to elevate sensitivity and
selectivity in electrochemical sensors. Here we have reviewed
2D materials because of an exponential increase in the number
of studies reported by different researchers®* on their
applicability in the current sensing technologies. More
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importantly, 2D materials are ideally single layered materials
restricting thickness to only a few nanometers, thus imparting
high surface to volume ratio.”> Furthermore, their conductivity
can be tuned by increasing the number of layers, controlling
structural defects, and doping.*

Metal-Organic Frameworks (MOFs). In the past few
decades, a relatively novel category of nano porous materials
called MOFs has been introduced.”” MOFs are ultrathin 2D
nanosheets with high surface area and porosity.”®* For the
synthesis of MOFs, functional coordination polymers distrib-
ute transition metal compounds uniformly on organic
surfaces.”” Morphology and size of MOF nanocomposites are
strongly dependent on their growth time and pyrolysis
temperature.”' ~*’ Interconnected pore structure, high specific
area, tunable chemical properties, and uniform pore size are
some of the characteristics that distinguish MOFs from other
porous materials. Brunauer—Emmett—Teller (BET) surface
area of MOFs is higher when compared with other materials
such as graphene, carbon nanotubes (CNTs), and zeolites.**
MOFs have gained attention in gas adsorption,* separation of
gases,46 sensing,47 catalyzing reactions,48 and storing energy.49
However, it has been argued that MOFs are ideal porous
supports for catalysis because they can incorporate spatially
dispersed active sites with high densities’® either through
rational framework designs or postsynthesis methods. There-
fore, a MOF thin film incorporating electrochemically active
sites with high density and spatial accessibility would be an
attractive candidate for electrochemical applications, especially
electrocatalysis.”’ It has been shown that MOFs are a
promising electrochemical sensing platform because of their
periodic network structures, unsaturated metal coordination
sites, and unique structural properties, including large surfaces,
and cavities.””*> With these unique characteristics, MOFs can
be used as effective electrocatalytic electrode coatings for
sensing applications, resulting in higher catalytic capacity. In
addition, MOFs possess excellent porosity and surface area,
which allow for high efficiency concentration and mass transfer
of analytes, which enhance detection sensitivity and signal
amplification. Moreover, MOF-based matrices have excellent
selectivity toward specific analytes as they possess specific
morphology and size of the channels and cavities.

To demonstrate the electrochemical sensing abilities of
MOFs, Zhang et al. performed experiments for the detection of
chloramphenicol with a novel GCE formed from MIL-
101(Cr)/XC-72 nanostructured with carbon black. Differential
pulse voltammetry (DPV) and cyclic voltammetry (CV)
approaches were used to investigate the electrochemical
performance of the deliberated sensor, which demonstrated
well-defined redox peaks close to chloramphenicol in the
phosphate buffer solution (PBS). Furthermore, chlorampheni-
col could also be detected in honey, eye drops, and milk with
satisfactory recovery with the MIL-101(Cr)/XC-72/GCE
sensor.”* In another study, a Cu-MOF was synthesized by
Yuan et al. to explore its electrocatalytic efficiency toward
H,0, and glucose.” Also, a one-step hydrothermal treatment
of macroporous carbon (MPC) and Co-MOF results in a
composite verified to be an excellent electrochemical sensor
showing a high sensitivity of 132.4 uA uM™' toward the
determination of nitrobenzene and hydrazine.’® In a work
reported by Wang et al. a Ni-based MOF was prepared for
enhancing the glucose electrochemical sensing performance.
The sensitivitg for glucose detection has been increased up to
2124.90 uA.>" In another study, Li et al. elevated glucose
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sensing by overcoming the shortcomings of original MOFs, i.e.,
by surface functionalization using halogen pyridine. The
electrocatalytic performance of the sensor enhanced and
generated a quick response in a time of less than 2 s.°°

For improving electrochemical sensor’s sensitivity, uniform
distribution and highly accessible active sites have become
obligatory for MOF-based electrocatalysts (Figure 2).>" It is
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Figure 2. Schematic showing the relationship between the structure of
MOF and their analytical performance.®**“~7> Reprinted with
permission from ref 73. Copyright 2020 Elsevier.

possible to obtain sensors with the desired sensitivities by
synthesizing nanoMOFs, mesoMOFs, 2D MOFs, conductive
functional species, and MOF smart composites.””"> To get
the desired stability and reproducibility in an electrochemical
sensor, 3D self-supported and 2D MOF thin films with
consistent and restrained film thickness have been developed,
thus preventing electroactive materials from getting separated
from electrodes and immobilization on MOFs uniformly.®***

Graphene. Recently, graphene has attracted attention as an
emerging carbon nanomaterial. In electrochemical sensing
applications, graphene has been widely used owing to its
remarkable physical and electrochemical properties.”* A
semimetal, graphene has a zero band gap and can therefore
be considered a semiconductor.”” In addition, it exhibits a
striking ambipolar electric field effect, allowing the §ate voltage
to be adjusted to tune the type of charge carrier.”

According to Qi et al. pristine graphene was used to prepare
a highly sensitive abscisic acid (AA) sensor. Organic salt-
assisted exfoliation is used to prepare pristine graphene.
Compared with chemically converted graphene (CCG), the
sensor showed excellent sensor characteristics. Its conductivity
was 13000 Sm!, significantly greater than thermal reduced
graphene oxide (rGO) or CCG (1250 Sm').”” However, the
conductivity of graphene deteriorates significantly when
synthesized by the CCG method.”®”” Furthermore, graphene
has been coupled with other nanomaterials, and the resulting
nanocomposites and nanohybrids show unique and synergistic
electrochemical performance.*’~® A variety of voltammetric,
amperometric, and potentiometric sensors have used graphene
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Table 1. Electrochemical Sensing Platform Synthesized from Different Electrode Materials

Material Modified electrode Technique Linear range Limit of detection  Target Sensitivity Ref
Ti;C,T  SPE/MXene/Au Pd/GA/AChE DPV 0.1—1000 pg/L 1.75 ng/L POX 92

¢g-C;N,  Pd/g-C;N,/GCE DPV 0.01-15 pug/L 9 ng/L Hg** - 103
- NiCo-MOF Amp 1 uM™ mM 029 uM Glc 0.6844 pA/mM cm® 42

- Ni-MOF/GCE Amp 0.57 mM 0.23 uM N,H, 2412 pA/uM.cm® 104
- NiO/Fe,0;/NiCo,0, EIS 0.172 fM—1.72 nM 0.16 fM Insulin 105
- Fe¥* @e-MnO, EIS and CV  0.02—78 uM 5 nM DA 242.6 uA/mM cm?* 106
- MOF-818@RGO/MWCNTs-3/GCE ~ DPV 0.2—7 uM and 7—-50 uM 0.0052 uM CA 12.89 uA/uM 107
h-BN MIP/GQDs/2D-hBN/GCE EIS 1 pM—10 nM 02 pM SER 30.014 pA/nM 108
MoS, LBA/Au/MoS,—PAA/GCE DPV 100 ag—100 pg/mL 29 ag/mL LPS 109
MoS, Co@MoS,/rGO/SPE cv 0-12 mM 30 nM Glc 0.945 uA/mM 110
WS, WS,/GCE DPV 5 uM—1 mM 1.2 uM UA 312 nA/uM cm? 111
SnO, SnO, nws DPV 0-13 uM 0.6 uM RF 0.035 mA/uM 112
CuO CuO-NPs/GCE Ccv 5—600 uM 0.59 uM Glc 1098.37 yA/mM cm* 113
ZnO ZnONSt@GO DPV 0.03—670 uM 12 nM MP 16.5 puA/uM cm?® 114

and its derivatives to detect contaminants in potable water,
wastewater, food, and soil. Both adsorption and catalytic
efficiency of the sensing material toward the target analyte have
a significant impact on the analytical performance of
voltammetric and amperometric sensors. The electron-
deficient properties of graphene and its derivatives enable
them to adsorb and electrocatalytically reduce contaminants as
they adsorb electron-deficient nitroaromatic compounds onto
their surfaces. In electrochemical sensors, graphene and its
derivatives, however, do not perform well on their own. Metal
nanoparticles and metal electrodes enhance the electro-
chemical property and stability of sensors.””

MXene. In 2019, Gogotsi et. al discovered a group of 2D
materials called MXenes that offer outstanding properties such
as high electrical conductivity of transition metal nitrides/
carbides, high negative zeta potential, functionalized surfaces
making MXenes hydrophilic, being ready to bond with various
species, and efficient absorption of electromagnetic waves.*’
MXenes are part of the carbide family including transition
metal carbide, nitride, and carbonitride. During the etching of
MAX phases, MXene is obtained from M, ,;AX,, (n 14 1, 2, 3)
where “M is an early transition metal, A is an element from the
A-group (specifically, elements 13—16), and X is carbon or
nitrogen”."* Since the first MXene sheets were developed by
Naguib et al. Hydrofluoric acid (HF) has been widely used as
an etching agent.85 Thus, a strategy of in situ fluorine ion
generation is used to delaminate MXene in low-concentrated
aqueous media.®® Using thermal-assisted electrochemical
etching methods for MXene synthesis, Ti;AlIC, can be
delaminated at room temperature with nontoxic solutions.””
In turn, this results in more catalytic sites and fewer undesired
functional groups when using a beneficial solvent in
combination with a green acidic treatment.*** For sensing
interfaces, MXene can be functionalized with negative charge
groups to perform electrocatalytic functions.”’ A glassy carbon
electrode or mono- or bimetallic nanoparticles (Au—Pd) can
be coated with Ti;C,T, by drop casting or mixinggl_94 (Table
1).

MZXenes hold vast potential for application in energy storing,
sensing, catalysis, electromagnetic shielding, and many others.
A great deal of their success can be attributed to their high
metallic conductivity, and research continues to increase
conductivity by modifying the surface chemistry of MXenes.”
Immobilizing Hb proteins and fabricating mediator-free
biosensors have also been explored with nanoscale MXenes.
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In addition to having a large surface area, the nano MXenes
have more active sites for protein binding.’® Rakhi et al.
demonstrated reliability, reproducibility, and repeatability for
their amperometric glucose biosensor. As an enzyme
immobilized on Nafion solubilized Au/MXene nanocomposite,
glucose oxidase (GOx) enzyme was reduced to hydrogen
peroxide (H,0,) over the glassy carbon electrode (GCE).”
Graphene-like nanomaterial (MXene-Ti;C,) for the fabrication
of “mediator-free biosensors” has been synthesized and applied
to the immobilization of hemoglobin (Hb). Redox proteins
have good bioactivity and stability in this matrix that is
biocompatible with immobilization. This sensor has a linear
range of 0.5—11800 M and a detection limit of 0.12 M.”® A
wearable sensor was constructed by Lei et al. to demonstrate
the potential of MXene in sensing.”® The platform is in the
form of wearable wristband biosensor for analyzing sweat as
shown in Figure 3a. Poly(3,4-ethylene-
dioxythiophene:polystyrenesulfonate (PEDOT:PSS) solution
is a polymer ink having high thermal stability and excellent
conductance and can be used to construct wearable biosensors
(Figure 3b).”” However, polymide can also be used as
printable material in combination with molybdenum disulfide
(MoS,) to fabricate biosensor for endocrine hormone
quantification (Figure 3c).100

It is still necessary to study new MXenes that are derived
from MAX phases. In the past, computations have proven the
existence of many MAX phases, but experimental evidence is
currently lacking. The nitride-based MXenes have been
reviewed only twice to date, making them less explored than
other types. Identifying new methods to synthesize nitride
based MXenes from different metals is necessary. MXenes’
electrical, thermoelectrical, and magnetic properties must be
demonstrated experimentally.'”

Transition Metal Dichalcogenides (TMDCs). In the past
few decades, TMDCs (MoS,, MoSe,, WS,, and WSe,) have
become increasingly popular. They have X—M-—X layered
structure, wherein M is a transition metal element (3—12
groups) and X is a chalcogen (S, Se, or Te)'"? (Figure 4).
TMDCs are abundant and easy to synthesize. In 1923, Linus
Pauling identified their structure for the first time.''®
Approximately 60 TMDCs were known by the end of the
1960s, including at least 40 with layered structures.''” It took
until 1986 for the first monolayer MoS, suspensions to be
produced."'® Robert Frindt first described the use of adhesive
tape for building ultrathin MoS, layers in 1963.""" TMDCs

https://doi.org/10.1021/acsomega.3c08060
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Figure 3. (A) MXene-based wristband laminated on human skin as a wearable biosensor.”® (B) PEDOT:PSS polymer on polyethylene
terephthalate (PETE) substrate for 3D printing.99 (C) Synthesis of MoS, on a flexible Au—PI electrode (MoS,—Au-polyimide flexible sensor).'*’
Reprinted with permission from ref 101. Copyright 2020 KeAi.
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Figure 4. Structure and electronic properties of transition metal dichalcogenides (TMCDs). (a) TMDCs with single layer atomic structure. (b)
“Periodic table” of known layered TMDCs. (c) Band structure evolution of 2H-MoS,. (d) Band structure representation of monolayer 2H-
MoS,.">*"** Reprinted with permission from ref 125. Copyright 2017 Springer Nature.

possess various physical and chemical properties such as layer-
dependent bandgaps, high-charge mobility, emission of light
and absorption.

MoS, is one of the most studied materials in this family
because of its robustness. There are several features such as
direct bandgap, atomic-scale thickness, strong spin—orbit
coupling, and favorable electronic and mechanical properties
that make TMDCs attractive for fundamental studies and for
applications in sensing, actuation, energy harvesting, high-end
electronics, spintronics, flexible electronics, optoelectronics,
DNA sequencing, and personalized medicine. Radisavljevic et
al. demonstrated the first 2D TMDC,"*" and Splendiani et al.
showed strong photoluminescence in MoS, monolayers,'**'**
which sparked a resurgence in interest in the field.

B METHODS IN ELECTROCHEMICAL SENSING

Electrochemical impedance spectroscopy (EIS) has great
potential for analyte detection, but its application has been
limited. Voltammetry, amperometry, and potentiometry are
the most widely applicable electrochemical techniques for
analyte detection.'*

Voltammetric. It was Jaroslav Heyrovsky who discovered
voltage metering in the 1920s. Voltammetric methods measure
current at multiple potentials in current voltage curves, as
opposed to the constant potential in amperometric methods.
The cyclic voltameter (CV), the differential pulse voltameter
(DPV), the square wave voltameter (SWV), linear sweep
voltammetry (LSV), and stripping voltameter are among the
voltammetric procedures. Because of their high accuracy and
sensitivity, it has been regarded as one of the most well-known
tools for determining the trace concentrations of critical
contaminants.'”
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As a result of the development of modified electrodes,
modern voltammetric techniques have become increasingly
influential, leading to an increase in preconcentration, catalytic
effects, and a decrease in interferers, g)roviding a viable
alternative to electrochemical sensors.'”® The concept of
voltammetry is a collection of electroanalytical techniques in
which the analyte’s properties are obtained by measuring
current flow through a polarized WE with a potential difference
applied to the WE. We can define a predetermined WE
potential based on REF by forcing it to adhere to a
predetermined waveshalz)e and measure the current based on
that potential or time.'”” Current measurements through an
electrode are used to determine voltammetric potentials, which
are applied continuously to a solution. To determine the
nature of redox reactions in a solution, cyclic voltammetry
(CV) is the most popular continuous wave technique. A
multitude of applications are possible with this strategy, despite
its lack of sensitivity compared with pulse techniques. Chen
and Shah used CV most often for determining formal
potentials, electron transfer, and electron transfer kinetics, in
addition to oxidation/reduction mechanisms."*°

A measurable potential, charge, phase, or frequency
alteration is produced at the working electrolyte interface in
an electrochemical reaction, as shown in Figure SA. It depicts a
classic electrochemical cell (Figure SB) consisting of the
“counter electrode, the reference electrode, and the working
electrode (WE, RE, and CE)”. Anodic stripping voltammetry,
an electrochemical process, is used to demonstrate electrode
circuit fabrication in different ways as alternatives to traditional
solid electrodes, including roll-to-roll fabrication, pad printing,
and screen printing. These techniques reduce production costs
and allow laboratory-in-field experiments to be per-
formed."””~"*° Purushothama et al. developed a sensitive
electrochemical sensor by using pencil graphite electrode for
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the detection of chlorpromazine (CPZ). The anodic behavior
of CPZ was studied by “differential pulse voltammetry” (DPV)
and “cyclic voltammetry” (CV). A LOD of 0.03 M and a
linear range of 0.01—0.08 M were achieved by the developed
sensor. In another work, a nanosized hydroxyapatite (NHAP)
modified glassy carbon electrode was used for the sensitive
detection of Pb*" ions in the real water samples by anodic
stripping voltammetry. The sensor constructed has a linear
range of 5.0 nM to 0.8 uM and LOD of 1.0 nM."*°
Potentiometric. The potential difference between two
electrodes is measured using potentiometric sensors when
there is no flow of current between them. As a result, the
analytical quantity of interest, typically analyte concentration,

can be determined from the measured potential (Figure 6)."*

Ll

Immobilized primary receptors

Reference electrode

e lon-selective electrode

Nanoparticles
dissolution with H,0,

Secondary receptors
with nanoparticles labels

Figure 6. Schematic to show the role of nanoparticles as labels in
potentiometric biosensors. Reprinted with permission from ref 140.
Copyright 2013 Elsevier.

O

Target

A variety of analytes can be monitored in situ or ex situ using
potentiometric sensors, which are gaining tremendous
attention as monitoring platforms for measurement of analytes
in complex samples matrices. The most common use of
potentiometric sensors is for monitoring pH changes, but they
are also useful for other fields, such as food quality assurance,
environmental monitoring, and water quality assessment.'*®
Ngeontae et al. used silver nanoparticles (AgNPs) to construct
an electrochemical glucose biosensor based on potentiometric
redox markers. By oxidizing AgNPs to free Ag" ions with the
product of the glucose oxidase enzyme—substrate reaction,
H,0, can be detected by an Ag* ion selective electrode (ISE)
and used as a measure of glucose concentration. The proposed
sensor has shown good repeatability and reproduc1b1hty for
glucose detection, with a LOD of 1.0 x 107> M."*’
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Impedimetric. Electrochemical impedance spectroscopy
(EIS) has been used for various applications such as pathogen
detection. In EIS sensing, a sinusoidal direct current voltage is
applied at a particular or a range of frequencies to determine
the electrical impedance of an electrode/electrolyte interface.
According to Radhakrishnan and Poltroneiri, the target is
quantified based on the impedance at the interface when it is
bound to the recognition probes on electrode.'* Reco mtion
probes include antibodies,"** ;Jtamers,141 RNAs,'* and
polymers.'** A recent study'**~'*’ shows that nanotubes and
nanoparticles can be combined in EIS biosensors."*® The
authors Yang et al. reported a novel multifunctional sensor that
simultaneously detects, eliminates, and inactivates bacteria.
The sensing element is composed of an array of zinc oxide
nanorods decorated with silver nanoparticles (AgNPs).
Vancomycin was functionalized onto the platform to recognize
specific strains of Staphylococcus aureus. The sensor demon-
strated an excellent antibacterial activity (99.99%), eliminating
bacteria at low concentrations by 50%, possibly due to a
synergistic germ1c1dal effect of the antibacterial AgNPs and
vancomycin.

B FIELDS OF USABILITY

Electrochemistry forms the basis of technologies such as
photovoltaics, batteries, and fuel cells that play an important
role in the everyday lives of countless people. Equally, it is
undeniable that electrochemical glucose biosensors have
dramatically improved the lives of hundreds of millions of
diabetic individuals worldwide.'** For the determination of
electrolytes and blood gases in hospitals, electrochemical
sensors are incorporated into automated clinical analyzers.
Similarly, chemistry laboratories commonly use potentiometric
pH sensors. A few key emerging applications of electro-
chemical sensors are discussed below.

Heavy Metal Detection. In recent years, human activities
have resulted in an increase in heavy metal (HM) ion pollution
in water, which in turn is affecting human health.
Chromatography, mass spectrometry, atomic absorption spec-
troscopy, and fluorescence spectroscopy are currently used to
detect heavy metal ions in water. As a result of their
complexity, high maintenance costs, and reliance on highly
skilled operators, these detection methods are not well suited
to on-site inspections done frequently. In comparison,
electrochemical sensors such as electronic tongues'™ offer
high sensitivity, lower cost, and accurate measurements in a
short time.

It is currently possible to detect HM in biological samples
using colorimetric kits available commercially, but this requires
the use of reagents."”' Electrochemical methods are often
reagentless and hence are most suited to analyze HM in situ
(Figure 7)."*7'** Furthermore, they are small, simple to
install, inexpensive, and allow for the detection of multiple
elements. In addition to the ability to detect multiple heavy
metal ions simultaneously (TI*, Pb**, and Hg""), graphene-
based electrodes have been demonstrated to be effective for
the detection of light metal ions.”>> A LOD of 3.86 x 107'°
mol L™ (Hg*"), 4.50 X 107" mol L™! (Pb**), and 3.57 X 10—
10 mol L™ (TI*) was attained by a graphene composite [2,4-
Cl,C¢H,C(O)CHPPh,] (L) and 1-n-octylpyridinum
hexafluorophosphate (OPFP), respectively.

Enzymatic and Nonenzymatic Detection. Enzymatic
and nonenzymatic detection are gaining attention due to their
high sensitivity, selectivity, and low limit of detection. For
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glucose electrochemical sensors, enzymatic sensors use
enzymes for direct reaction with glucose leading to electron
transfer, whereas nonenzymatic sensors cause direct oxidation
of glucose. In the 1960s, Clark and Updike described the first
enzymatic electrode and sensor."”” Their high selectivity and
excellent sensitivity have made them the most extensively
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studied sensors in the past few years. For the enzymatic
detection of abscisic acid (AA), some chemically-modified
electrodes immobilized with enzymes such as “glutaric
dialdehyde-nylon semipermeable membrane @ polyethylene
membrane layer of the oxygen electrode,"*® 3-glycidoxypropyl-
trimethoxysilane (GPTS)-ZnO nanorods modified gold
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electrode,”” screen-printed electrode modified with poly-
(ethylene glycol)-400 and diglycidyl ether'® eggshell mem-
brane”'®" were synthesized and evaluated. Shortcomings of
enzymatic sensors include tedious immobilization procedures
and enzyme denaturation at high temperature and pH. As a
result, enzyme sensors can be short-lived and unstable if
enzymes are not properly immobilized. Challenges associated
with enzymatic sensors can be minimized by adopting a novel
detection scheme without enzymes. In AA detection,
conducting polymers, metal oxides/hydroxides, transition
metals, noble metal nanoparticles, and carbon-based metal
nanocomposites can be utilized for the modification of
electrodes.'®”

Using a drop-cast method, for nonenzymatic glucose
sensing, Fe@ZnO ceramic composites have recently been
synthesized and applied to a screen-printed electrode at pH 7.4
(Figure 8A). Raza and Ahmad achieved a LOD of 0.30 M and
demonstrated good selectivity against ascorbic acid, uric acid,
and dopamine.'® Figure 8B represents the confirmation of
Fe’s role at neutral pH for improvement in glucose detection
by cyclic voltammetry when SPE/ZnO is used in conjunction
with Fe@ZnO. Figure 8C and D show I-V curves for different
concentrations of glucose and the corresponding calibration
curve.

Antibiotic Detection. Antibiotics are important in treating
and preventing various diseases in animals and humans.'® It
has been found that when antibiotics prevail in water,
environment, and food,'®° they can have ill health effects. It
is therefore highly beneficial to monitor their level in the
environment and food. Jakubec et al. prepared a Fe;O,—
CMC@Au (carboxy methyl cellulose)-based electrochemical
sensor for the sensitive detection of antibiotic chloramphenicol
in human urine samples. The developed sensor is economical,
simple, and rapid and shows a recovery rate of 97%. Bacterial
infections can be treated by Ofloxacin drug 7 However, trace
levels of ofloxacin in the environment can cause human
intoxication. Therefore, Elfiky et al. prepared a novel sensor by
carbon paste electrode blended with oxidized multiwalled
CNTs and graphite for ofloxacin detection in pharmaceutical
samples and spiked human urine samples. The sensor achleved
a LOD of 0.18 nmol L™! and 0.24 nmol L7, respectlvely
Another sensor using vertically aligned carbon nanotubes is
described as a sensitive method of determining levofloxacin. A
method was developed for determining “levofloxacin levels in
the range of 1.0-10.0 mmol L™' using differential pulse
voltammetry in phosphate buffer solution”, with LOD of 75.2
nmol L~'. Using the proposed sensor, Moraes et al.
successfully determined levofloxacin in urine using HPLC
procedure that was in total agreement with the sensor’s
results.'®”

Pesticide Detection. To prevent pests and weeds from
damaging agricultural produce, pesticides are widely used.
There are serious concerns regarding the effects of pesticides
on the ecosystem and human health because of their
widespread use. Pesticides are considered as potential
carcinogens.'’’ Pesticides are toxic chemicals which inhibit
the “acetyl cholinesterase enzyme system” in eukaryotic cells.
Pesticides degrade the neurotransmitter acetylcholine into
acetate and choline. A wide array of human illnesses have been
linked to pesticide deposits in food items, including short-term
and long-term effects with toxigenic consequences.'”"'’> A
constant monitoring of pesticide exposure and content is
necessary due to the high health risks involved.
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Recent studies have shown that electrochemical sensors for
pesticides detection are becoming increasingly sought-after by
researchers.'”>*”'”* In addition, on-site detection of pesticides
has been made possible by portable instruments, which are not
only convenient but also save time without compromising
sensitivity and selectivity. The acetylcholinesterase (AChE)
biosensor'°~""” is one of the most widely used electro-
chemical sensors for pesticide detection. There have been
several studies using molecularly imprinted polymer-based
sensors, and aptasensors 17$179 1t has been reported that the
“pesticide aptamer” is frequently immobilized on the surface of
the working electrode in electric aptasensors that use
polydopamine (PDA).'”” Using the PDA-based electro-
chemical aptasensor, the target pesticide binds to the
immobilized aptamer and creates an electrical response.
Aptamers have been immobilized on electrode surfaces with
a wide variety of materials. The immobilization of aptamers
can be achieved using reduced graphene oxide-silver nano-
particles,"®" reduced graphene oxide/functionalized multi-
walled carbon nanotube nanocomposite'®' and polydimethyl-
siloxane.'®” Immobilization techniques usm% PDAs are
increasingly being used by researchers.'™™'® Li et al.
fabricated a glassy carbon electrode (GCE) for the electro-
chemical detection of carbofuran in tomatoes, consisting of
PDA-reduced graphene-gold nanoparticles immobilized with
AChE enzyme (PDA@rGO@GNP). Based on their results,
the biosensor was found to be electrically conductive and
sensitive to carbofuran pesticides."*® A further study by Ha et
al. immobilized AChE enzyme on a GCE using PDA-graphene
composite to determine carbaryl pesticide concentrations in
water. Carbaryl pesticide residues in water were also detected
with good sensitivity.'”> PDA@Fe,0,-MIP magnetic nano-
particles were prepared by Miao et al. using Fe;O, magnetic
nanoparticles as dummy templates, bisphenol molecules as
functional molecules, and dopamine as the functional
molecule'® (Figure 9A). As a result of removing the template
from the PDA layer, they found that recognition cavities
appeared on the PDA layer and could be used to detect and
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Figure 9. Pesticide detection using electrochemical sensors based on
(A) magnetic ferroferric oxide/PDA MIP composite. Reprinted with
permission from ref 183. Copyright 2020 Elsevier. (B) PDA-Au
nanoparticles. Reprinted with permission from ref 184. Copyright
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adsorb DDT molecules specifically. When DDT was adsorbing
on PDA@Fe,0,-MIP magnetic nanoparticles, the electro-
chemical impedance of the nanoparticles increased. In Figure
9B, Xu et al. described the development of an exonuclease
amplification and dual signal detection malathion aptasensor
based on a PDA."**

For malathion, chlorpyrifos, and parathion methyl, “the
electrochemical biosensor based on a platinum palladium N-
doped carbon shell (PtPd@NCS) nanocomposite showed a
detection limit of 7.9 X 107" M”.'*” Additionally, using Pt/Zr
nanocomposites (Pt@ UiO66-NH,) in the metal—organic
framework, an ultrasensitive biosensor was constructed, with a
LOD of 49 x 1075 M for malathion.'®® It was designed to
detect paraoxons with an ultrathin disposable biosensor.”
AChE immobilization and pesticide detection were performed
using multidimensional nanocomposites (MXene/Au—Pd),
exhibiting a low LOD of 1.75 ng/L.

B CHALLENGES AND ADVANCES IN
ELECTROCHEMICAL SENSING

During the past decade, electrode and bioelectrodes materials
have been modified for the development of in vivo sensors for
the measurement of electrolyte levels."**~"" Electrochemistry
has been demonstrated to be a productive method for the
quantification of bacteria and their byproducts, metabolites,
enzymes, and various contaminants.'””'”> However, bacterial
biosensors have still not made their way to commercialization
as a routine monitoring device when compared to glucose
sensors that produce global revenue of billions of dollars
annually.'”* Commercialization of bacterial biosensors on a
large scale requires fulfilling the following requirements: cost
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effectiveness, selectivity, low detection limit, precision (5 to
7%), short analysis time (5—10 min), no pre-enrichment
method requirement, portable instrumentation, and easy-to-
use.'”” Hence, here we have reviewed electrochemical sensors
with portable instrumentation because they are ideally suited
for wearable and point-of-care applications.

Wearable Sensors. The enormous need of on-site real-
time drug testing using minimally invasive or noninvasive
methods/devices has led to the development of “wearable drug
monitoring systems”. For drug measurements, wearable
electrochemical devices have become first choice because of
their inherent miniaturization, specificity toward electroactive
drugs, economical cost, low power requirements, fast
fabrication, and their scalability through screen-printing.'”>~""”
Using sweat stimulation and alcohol detection, Kim et al.
developed a flexible tattoo device to monitor sweat alcohol'”®
(Figure 10Aa). This is an integrated electrochemical sensor
based on AOx enzyme and iontophoretic delivery system and
used to deliver pilocarpine. A device for detecting L-Dopa on
the epidermis was published by Tai et al., toward management
of Parkinson’s disease.'”” Tyrosinase was drop-cast onto an
Au/Cr conductive layer and immobilized on a polyethylene
terephthalate substrate (flexible) to fabricate an enzymatic
electrochemical sensor. A combination of physical exercise and
iontophoresis was used to extract sweat from human subjects
after consuming fava beans. This methylxanthine-type
stimulant was discovered by Tai et al. for coffee consumption
and detected using a wristband-type wearable sweat sensor
platform'®® (Figure 10Ac).

There has been a considerable recent interest in introducing
painless and minimally invasive procedures to collect data rich
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interstitial fluid (ISF) by developing wearable microneedle
205,206 . / ’
sensors. Using microneedles, many electrochemical
sensors have been developed to monitor a range of
analytes.”””7*%" An electrode transducer is placed on the tip
of one or more microneedles along with two electrodes that
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correspond to a reference electrode and counter electrode in
these minimally invasive devices (Figure 10B). On a platform
of a wearable microneedle (Figure 10Ba), when nerve agent
sensors and fentanyl were incorporated, an extreme advance-
ment has been reported toward continuous minimally invasive
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drug detection in multiplexed microneedle-based sensing.”'® In

continuing research, for the detection of Parkinson disease, L-
Dopa drugs, a strategy based on multimodal microneedle
sensing was demonstrated that possess narrow therapeutic
ranges. For continual amperometric L-Dopa and SWV
detection (Figure 10Bb), “carbon paste-packed hollow micro-
needle electrodes with and without tyrosinase enzyme
modification” are used.””” It has recently been shown that
microneedle-based sensing platforms can be used to monitor
“therapeutic drugs in extracellular fluid” (ECF) in real-time, in
vivo, to optimize the dosage of the antibiotic drug,
phenoxymethylpenicillin (Figure 10Bc).””’ By measuring pH
changes in localized areas with an “enzyme-modified micro-
needle electrode”, the microneedle potentiometric sensor
measured antibiotic drug reactions.

Although wearable sensors have attracted considerable
attention for analysis of biofluids in situ, conformal devices
have received less attention for screening analytes such as
powders and liquids.”'* Countless applicability in the field of
forensics, environment, food, and security make it incredibly
important to have wearable tools for decentralizing chemical
analysis of these materials. Therefore, electrochemical sensors
based on wearable gloves can be used to conduct decentralized
screening of target analytes using chemical sensing at the
fingertips (Figure 11Ai). In contrast to expensive, heavy, and
presumptive color tests and spectroscopic tools,”"* the glove-
based sensors provide on-site, real time drug screening;
however, they are cost-effective, quicker, and user-friendly.
During sampling, the serpentine microstructure was unwound
to accommodate the strain generated by extreme mechanical
deformations (Figure 11Aii). Furthermore, individual fingertip
prints can be customized to enable the analysis of numerous
analytes simultaneously.”'' It is possible to detect liquids
directly with electrochemical wearables (“by dipping the
fingertip in the solution”) and powders directly using glove-
based wearables (i.e., by using the “swiping method”, which
involves sampling and electrochemical steps performed on the
“thumb and index fingers”, respectively) (Figure 11Aiv). In this
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case, the electrochemical circuit is maintained by covering the
index finger with a gel-based electrolyte. For on-site
applications, it is imperative to integrate a miniaturized
potentiostat (Figure 11Av). On a nitrile fingercot, a screen-
printed sensor was synthesized for detecting suspicious
powders (Figure 11B). As part of this study, a huge amount
of cutting agents was mixed with cocaine samples, including
“phenacetin, paracetamol, viverisole, caffeine, lidocaine,
procaine, benzocaine, diltiazem, hydroxyzine, boric acid, and
sugars”, in order to determine the selectivity of the sensor.
Further studies have shown that levamisole suppresses cocaine
signal, which has been well described.*"* Fentanyl is one of the
most potent synthetic opioids available and is commonly used
in illicit drugs. Recently, Barfidokht et al. described a glove-
based fentanyl detector that uses fingertip electrodes printed
with electrocatalytic oxidation.”"? Ciui et al. developed a
multiplexed glove-based device coupled to a robotic arm which
can discriminate caffeine from other chemicals in beverages'
(Figure 11D).

A dynamic and direct reflection of the physiological state of
the body can be obtained from heart rate (HR) and blood
pressure (BP). It is possible to cause sudden and sometimes
lethal alterations to cardiovascular parameters by fluctuations
in biomarker levels resulting from movements, stress, food and
drink intake, or drug intake.”"> Multidisciplinary sensing
modalities can be combined into a single miniaturized skin-
conforming wearable device to achieve additional benefits. As
an example, critically ill and premature babies must be
monitored continuously for a variety of dangerous conditions,
including hypoglycemia and sepsis-like infection, as well as
open-heart surgery in which their blood pressure and lactate or
glucose levels need to be monitored continuously.”'**"”
Another amperometric lactic acid sensor developed by Abrar
et al. uses silver nanoparticles as a modification for the
electrode. A serpentine-crossing silver electrode was immobi-
lized with bovine serum albumin and lactate oxidase was
measured.”"® Electrodes with excellent flexibility and bend-
ability can effectively reduce skin impedance. Through
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covalent cross-linking, Higson’s group immobilized lactate
oxidase using highly porous polycarbonate membranes.”'” Lin
et al. demonstrated a differential pulse voltammetry-based
platform for determining caffeine in sweat. Input and output of
three electrodes were provided by a printed circuit board
(PCB) mounted on a poly(ethylene terephthalate) (PET)
substrate. Using the PCB, caffeine oxidation produced a DPV
signal at 1.4 V. At that voltage, caffeine in sweat is
quantitatively analyzed with a detection limit of only 3 nM.
It is lower than the sweat value (11 M) after caffeine
consumption.””® Other drugs can also be detected using the
same technology as caffeine. It is therefore expected that the
strategy will be used for detecting other illicit drugs as well.
Textile-Based Sensors. Our lives are becoming more and
more replete with flexible electronics, ranging from flexible
displays to smart clothing. Electrochemical systems must
migrate from “rigid and planar substrates to flexible, wearable,
and conformal sheets” to be realized as wearable sensing
devices. An advanced technology platform must be able to
withstand repeated bends and stretches to meet the demands
of persistent body-based wearables. The use of such wearable
sensors requires that they can maintain their sensing
capabilities even when the underlying garment or substrate is
subjected to severe mechanical deformation.””' Using a
stretchable three-electrode electrochemical biosensing platform
composed of all gold fibers, the study demonstrated how
glucose could be detected by enzymes using a wearable glucose
detector. Using dry spinning and electroless plating, stretchable
gold fibers were prepared successfully.”””*** As a result of
electrodeposition by cyclic voltammetry methods, the fibers
were coated with Ag/AgCl thin layer or Prussian blue (PB)
(Figure 12). The intrinsic stretch properties of functionalized
fibers did not appear to be affected by such coatings. A
reference electrode could be made from Au/AgCl-modified
fibers, and a working electrode could be made from glucose
oxidase (Gox) PB-modified fibers; however, gold fibers acted
as counter electrodes. It was also possible to achieve excellent
electrochemical performances by winding these fibers around
elastic fiber cores under strains of 200%. By monitoring
magnitude of glucose in artificial sweat with a high selectivity,
it was possible to detect glucose in a highly stretched state.”*
Microneedle Sensors. Rapid development in wearable
devices will empower consumers to observe their health
conditions at the initial level with the same ease as mobility
and vital signs are tracked by smartwatches and cellphones. A
microneedle-based transdermal sensor is an ideal candidate
with respect to evolving era of wearables to help synergize the
prerequisite of “dermal interstitial fluid” (ISF) as a valuable
counterpart of clinical indicators with painless skin pricking to
enable real-time diagnostics. Microneedle sensing began with
the extraction of ISF along with either an on-chip or off-chip
instrumentation. In recent years, the focus has shifted toward
the assembly of electrochemical biosensors on microneedles’
tips to enable direct chemical measurements”* (Figure 13).
According to McAllister et al. microneedles were originally
developed to facilitate permeation of drugs through stratum
corneum, thus helping to prevent substantial, charged, and/or
polar agents from crossing the skin.”*> Beneath the micro-
needle array, electrochemical electrodes were implemented for
glucose detection; however, this array is also used for the
detection of passive diffusion of interstitial fluid from human
finger. Miller and Narayan demonstrated passive diffusion of
interstitial fluid using hollow microneedles.””® Wearable
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Figure 13. For therapeutic drug monitoring in ISF an autonomous L-
Dopa system and closed loop autonomous microneedle system is
demonstrated toward personalized therapy and optimal therapeutic
outcome. Reprinted with permission from ref 204. Copyright 2020
The American Chemical Society.

sensors based on microneedles are currently offering a great
deal of promise for tracking a wide range of metabolites,
electrolytes, therapeutics, illicit drugs, chemical threats,
hormones, proteins, and genes on the body. It is imperative
that wearable sensors for real-time, in vivo monitoring of ions
are designed and developed because ions play a significant role
in the normal functioning of the body and an imbalance in
their concentrations can lead to diseases. A recent study by
Parilla et al. describes microneedle-based potassium ion
sensing that utilizes 7porosity carbon potentiometric sensors
and ISF extraction.””” Miller et al. developed copper needle-
based potassium ion sensing.***

Point of Care Testing (POCT). Point of care testing
(POCT) provides information near the patient rather than
sending samples to laboratories, which is time-consuming. To
increase the chances of adoption of sensors for POCT, their
performance must be tested with “real samples”. It is equally
important to consider that the acceptance of sensors for POCT
is not only reliant on the development of outstanding
technology but also on the ability of the technology to address
the user needs.””” Commercial applications of many sensors
for POCT are yet to be demonstrated, and they currently
remain limited to academic research laboratories.

It can be summarized that the following are the biggest
challenges faced when developing electrochemical sensors: (1)
attaining a minimum LOD; (2) ensuring that the sensor
remains reproducible as well as stable in complex real matrices;
and (3) suppressing nonspecific adsorption of interfering
species.” It is common to use electrochemical sensors to
measure a wide variety of real samples, including urine, blood
serum, sweat, saliva, tears, and interstitial fluid.**'"**° As a
result of the matrix effect, the sensitivity and recovery values of
sensors are reduced, which negatively impacts the detection of
a particular analyte. It has been observed that dilution of
samples is a common practice among researchers to reduce the
effect of interference down to threshold; however, it is viable
when trying to nullify the matrix effect. The need to dilute and
process samples before detection makes the sensors less
attractive for POCT. For effective sensor operation, sample
dilution or processing should not be necessary when working
with pure real samples like whole blood.*”’

POCT is used to detect diseases before they become
widespread, such as “liquid biopsy” for initial diagnosis and
infectious diseases to prevent the spread of infections.
Detecting biomarkers for many diseases continues to be
accomplished through blood testing. Owing to “sample-to-
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answer nature” and their ability to target a wide range of
biochemical analytes, POCT can provide powerful insights that
can help speed up the diagnosis process if chosen wisely.
Biomarkers associated with relevant diseases and organ
functionality are already being measured with POCT devices.
An electrochemical sensor was developed by Miripour et al. to
detect sputum samples that contain increased levels of reactive
oxygen species (ROS). Using multi-wall carbon nanotubes
(MWCNTs) to modify steel needles as sensing, reference, and
counter electrodes, these three disposable electrode cells laid
down the foundation of sensor.”*’ Validation of the results was
done by comparing them with clinical diagnoses. Torrente-
Rodriuez et al. described RapidPlex, a multiplexed, wireless
electrochemical POCT in which SARS-CoV-2 could be
detected.”*" In addition to nucleocapsid protein, electrochemi-
cally engraved graphene electrodes were used to detect
immunoglobulins (IgM) and G (IgG) antibodies, CRP, and
viral antigen nucleocapsid protein. Infection with viruses,
immune responses, and diseases’ severity could be detected
using the pool of biomarkers. Using an integrated Bluetooth
module, the data could be easily transferred from the
electrochemical sensors to a microcontroller-based potentio-
stat. Clinical samples of blood and saliva containing COVID-
19 positives and negatives were analyzed by using the sensor. It
is a pioneering study in diagnosing COVID-19 in POCTs,
controlling infection spread, and monitoring disease pro-
gression.

The portability and adaptability of POCT in water treatment
plants, as well as their use in homes, rivers, seas, and lakes, have
further driven their use in water quality control. These POCT
support fast analysis of environmental species. Over the past
few years, some increased interest has been observed in POCT
and monitoring of water quality (MWQ).*** The use of a
nanofiber matrix architecture is elaborated by Chet et al. in the
creation of a potential 3D microfluidic (MF) device for
measuring POC water quality. Iron ion concentration in water
was quantitatively determined by the fabricated MF device in
CAT.*” The device also offers many promising advantages,
including the ability to prototype, integrate multimaterials, and
produce mass quantities.

B CONCLUSION

This Review provides an insight into the current state of
electrochemical sensors. Electrochemical sensors can easily be
incorporated into individuals’ daily lives for applications
ranging from environmental monitoring to food quality testing
to disease diagnosis. With fully integrated sensors and
miniaturized electronics, in situ sampling can be realized,
signal processing and wireless communication can be
implemented, and prompt warning and cloud storage can be
enabled. Electrochemical sensors can be utilized to access and
analyze biofluid on the surface of the skin or fabric. A true
comparison of electrochemical sensors with other sensors
should consider several key factors including the ease and cost
of modification procedures needed to obtain the required
sensitivity and selectivity, the need for pretreatment of samples
before analysis, stability, repeatability, and reproducibility.
Several 2D materials have been used in the past to fabricate
electrochemical sensing platforms with improved properties,
and this Review provides an overview of these materials. The
review also discusses the analytical performance and potential
applications of electrochemical sensors with electrodes made of
2D materials.
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The development of electrochemical sensors and biosensors
has been ongoing for decades, but the market penetration of
these sensors is slow despite the immense advances that have
already been achieved. The reasons for this include the need to
improve “sample preparation, analysis time, and device
sensitivity”. Therefore, fundamental, technical, and mechanistic
studies are necessary to accelerate the applicability of
electrochemical sensors. These sensors would ultimately be
commercialized with innovations in nanostructured materials
with higher conductivity, surface area, and stability. In
addition, the advancement in novel biorecognition elements
possessing high selectivity and stability (e.g., synthetic
polymers with glycol groups) will aid in the development of
better biosensors. Furthermore, these improvements represent
a significant milestone toward the design of cost-effective,
portable, and fully automated biosensors that can detect
microorganisms quickly both in the laboratory and in-field. At
the electrochemical interface, the residence time of analyte
limits the sensitivity of sensor despite of higher sensitivity. A
great deal of effort needs to be put into increasing mass
transport of analytes toward electrochemical interfaces (using
microfluidic systems or localized temperature increases) and/
or forming a homogeneous distribution of the sample at the
electrochemical interface (using nano porous sol—gels and
aerogels with conductive surfaces).

Fitbit and Apple Watch have shown commercial success as
examples of wearable sensors used in health monitoring;
hence, next-generation body monitoring devices can be
attributed to microneedle-based sensors. Decentralized home
health monitoring and testing based on microneedle-based
sensors may be possible in a complete point of care diagnostic
system, as other researchers have noted.
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