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Abstract

The advent of electrochemical affinity assays and sensors evolved from pio-
neering efforts in the 1970s to broaden the field of analytes accessible to the
selective and sensitive performance of electrochemical detection. The foun-
dation of electrochemical affinity assays/sensors is the specific capture of an
analyte by an affinity element and the subsequent transduction of this event
into a measurable signal. This review briefly covers the early development
of affinity assays and then focuses on advances in the past decade. During
this time, progress on electroactive labels, including the use of nanoparticles,
quantum dots, organic and organometallic redox compounds, and enzymes
with amplification schemes, has led to significant improvements in sensitiv-
ity. The emergence of nanomaterials along with microfabrication and mi-
crofluidics technology enabled research pathways that couple the ease of use
of electrochemical detection for the development of devices that are more
user friendly, disposable, and employable, such as lab-on-a-chip, paper, and
wearable sensors.
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1. INTRODUCTION AND BRIEF HISTORY

Immunoassays, and other ligand-binding techniques, are a mainstay for the trace analysis of a
wide range of analytes, including drugs, toxins, endogenous biomarkers, proteins, DNA/RNA,
pesticides, pathogenic bacteria, viruses, and specific cell types across a diverse array of interests
(1–3). The importance of immunoassays becomes apparent given that the global market in 2018
was US$18 billion and is projected to reach ∼$27 billion by 2024 (4, 5). Ligand-binding assays are
based on a highly selective interaction between an affinity element (an antibody for immunoassays)
and the target analyte. Typically, a labeling scheme is required to enable the detection of the target
analyte.

In the late 1950s,Berson&Yalow (6) ignited the field with the development of radioimmunoas-
say using antibodies as the affinity element and radioisotopes as the signaling label for the deter-
mination of insulin. Radioactive labels provided the inherent sensitivity of isotopic counting tech-
niques and low background interference, but concerns arose from safety, disposal, and training
issues.

The success of radioimmunoassay led to an explosion of research into alternate labeling
schemes, including optical (7), electronic (8), piezoelectric (9), gravimetric (10), and electrochemi-
cal (11–13).The first breakthrough came in 1971 with Engvall & Perlmann’s (14) use of enzymatic
conversion of a nondetectable substrate into an optically detectable product.When combined with
a rinsing step after antibody capture, this provided sensitivity and selectivity rivaling radioim-
munoassay. Their enzyme-linked immunosorbent assay (ELISA) is currently the most successful
assay format, with over 500,000 publications and widely available commercial kits for hundreds of
analytes from many commercial vendors. Yet, even given its great success, ELISA has limitations,
including the achievable detection limits with a single enzyme, multiple processing steps, and the
frequent requirement of a relatively sophisticated laboratory to implement the assays (15).

Electrochemical detection techniques offered an attractive alternative due to inherent sen-
sitivity, small sample size requirements, relatively low cost of instrumentation, and ease of use,
allowing widespread application outside of central laboratories, miniaturization for development
of portable sensors, and multianalyte detection (16, 17). Historically, Breyer & Radcliff’s (18) use
of polarography in 1951 to qualitatively investigate antibody-analyte interactions predated the de-
velopment of radioimmunoassay. Quantitative application of electrochemical immunoassays was
achieved in the 1970s by several research groups. Heineman, Anderson, and Halsall (19) used a
mercury acetate redox label together with differential pulse polarography at a dropping mercury
electrode to minimize difficulties with adsorption of protein on the electrode for the determi-
nation of estriol. Weber & Purdy (20) employed voltammetry for the determination of electro-
chemically active morphine and also used a ferrocenyl redox label. The Heineman/Halsall group
followed quickly with enzyme labels for phenytoin, digoxin, and orosomucoid protein, as well
as a metal label for human serum albumin that improved the detection limit by using stripping
voltammetry, the most sensitive electrochemical technique at the time (21–24). Building off of
Clark & Lyons’s 1962 groundbreaking electrochemical biosensor for glucose (25), Aizawa and
colleagues (26) developed an electrochemical enzyme immunosensor using membrane-bound an-
tibody and a catalase-labeled analyte for the detection of immunoglobulin G (IgG).Mattiasson &
Nilsson (27) reported an enzyme immunoelectrode using catalase and glucose oxidase labels for
sensing human serum albumin and insulin. Concurrently, Janata (28), Yamamoto et al. (29), and
Alexander & Rechnitz (30) evaluated potentiometric approaches for immunoassay and ligand-
binding sensors. These efforts expanded the capabilities of electroanalytical chemistry, allowing
the determination of nonelectroactive analytes. Electrochemistry’s amenability to measurements
of very small volumes, enzyme amplification, novel interdigitated electrodes, and reduction of
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nonspecific adsorption were exploited to steadily push down the limits of detection into the atto-
mole levels by the early 2000s (31, 32). Although both potentiometric and voltammetric modes
have been pursued, assays based on current measurements have been more widely employed.

The early work of these pioneers catalyzed an explosion of research applying electrochemical
detection approaches for immunoassay, generating over 11,000 publications, with half of those oc-
curring between 2010 and 2020. This encompassed multiple research groups and a wide variety of
analyte classes (33–35). Additional affinity elements such as aptamers (36), molecularly imprinted
polymers (MIPs) (37), DNA/RNA (38), and lectins (39) provided new vectors for specificity. A va-
riety of labeling/signal amplification approaches, including noble metals (40), bimetallic andmetal
inorganics (41), polymeric enzymes (42), nanozymes (41),DNA-active enzymes (DNAzymes) (43),
DNA hybridization amplification approaches (44), and new redox labels (45), were investigated.
Additional electrochemical detection schemes have been applied to increase assay format flexi-
bility and sensitivity (46). Along with these new approaches, there have also been developments
in micromachined and micrototal analysis systems (μTAS) (31) and new electrode formats such
as screen-printed electrodes (47) and interdigitated array electrodes (48), and the introduction of
nanomaterials to increase assay flexibility, selectivity, and sensitivity (49, 50).

Only representative examples of key developments are given in this short review. We briefly
present ligand-binding assay formats, affinity elements, and electrochemical detection methods.
Applications of the most widely employed labeling/signal amplification schemes are reviewed for
both assay and sensor formats. The application of nanomaterials, multianalyte detection, and
micromachined devices is highlighted. Commercial applications and future areas of focus are
assessed.

2. ELECTROCHEMICAL AFFINITY ASSAYS/SENSORS, AFFINITY
ELEMENTS, AND IMMOBILIZATION APPROACHES

A brief discussion of electrochemical affinity assays/sensors, affinity elements, and immobilization
approaches for affinity elements is given below.The interested reader is referred to more in-depth
descriptions of these areas (51, 52).

2.1. Electrochemical Affinity Assays/Sensors

The heart of an affinity assay/sensor is the specific and strong interaction of the affinity element
with the target analyte (Figure 1). The lack of a strong measurable signal from the binding event
itself often necessitates the use of a labeling scheme to facilitate the detection. Electrochemical
affinity assays can be done in a homogeneous format requiring no separation step prior to detec-
tion or in a heterogeneous format where a solid support is used for attaching the affinity element
or analyte to enable isolation from the sample matrix. The heterogeneous formats are the most
popular since they are typically simpler and often enable lower limits of detection.Additionally, se-
lectivity and sensitivity are improved because potential interfering sample components are rinsed
away. Heterogeneous assays are done in two major formats, the sandwich format involving the
use of two affinity elements and the competitive format using one (Figure 1). In the sandwich
format, an affinity element is attached to solid support (e.g., a plastic tube, magnetic beads, nano-
materials, or an electrode) and incubated with the analyte to isolate it from the sample matrix.
A second affinity element containing the detection label (e.g., enzyme, metal, redox couple, or
DNA amplification probe) is incubated with the isolated analyte-bound affinity element to form
the sandwich complex. The sandwich format is restricted to large analytes such as proteins and
cells, as two unique binding sites must exist on the analyte. In one popular competitive assay for-
mat, a solid-phase analyte and analyte in the sample solution compete for a limited amount of
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Figure 1

Scheme for heterogeneous affinity assays/sensors. (a) Competitive format and (b) sandwich format. (c) Summary of supports, affinity
elements, labels, amplification approaches, and electrochemical detection techniques. Abbreviations: ASV, anodic stripping
voltammetry; CNT, carbon nanotube; CV, cyclic voltammetry; DPV, differential pulse voltammetry; EIS, electrochemical impedance
spectroscopy; FET, field-effect transistor; GS, graphene sheet; HCR, hybridization chain reaction; ISE, ion-selective electrode; MIP,
molecularly imprinted polymer; NP, nanoparticle; RCA, rolling circle amplification; SWV, square wave voltammetry.

labeled affinity element. In another format an analyte and a labeled analyte in solution compete
for a limited amount of solid-phase affinity element (Figure 1). The competitive heterogeneous
assay format is applicable to both small and large molecular weight analytes because only a single
binding interaction site is required.

The key distinguishing feature for a sensor versus an assay is that the sensor should be a com-
pletely self-contained device where the affinity element or analyte is attached directly to the elec-
trode surface and the electrode serves as the transducer for providing a signal proportional to the
analyte concentration as a result of the interaction (Figure 1). The need for measuring analytes
in point-of-care or point-of-use applications in medical, environmental, food, and public safety
has been the main driving force behind the development of reliable, easy-to-use, and relatively
inexpensive electrochemical affinity sensors (45).

2.2. Affinity Elements

A variety of affinity elements have been employed in electrochemical affinity assay/sensor ap-
plications, including antibodies, aptamers, nucleic acid, lectins, and MIPs (36, 53–56). The first
and most widely employed affinity element is antibodies. Antibodies, most typically IgG, are pro-
duced as part of the immune response in mammals and provide selectivity and strong binding
(Kd = 10−8 – 10−10 M) to the target analytes. Aptamers, synthetic single-stranded DNA or RNA
sequences produced by a combinatorial chemistry process, are more recently used affinity ele-
ments. Aptamers can assume three-dimensional (3D) structures that allow them to bind to tar-
get analytes with similar binding properties as antibodies but offering greater stability, lower cost,
ease of production, and less lot-to-lot variability compared to antibodies (53).Moreover, aptamers
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can be developed or designed to undergo a conformation change upon analyte binding that en-
ables detection of small-molecule targets (<1,000 mol wt) that are often difficult to quantify via
antibody-based sensors. MIP films are prepared by copolymerizing functional monomers and a
crosslinker in the presence of the analyte of interest as the template for selective binding. Finally,
other biological materials, such as lectins, carbohydrates, and certain peptides, have been used in
more limited applications to specific analyte classes.

2.3. Affinity Element Immobilization and Nonspecific Binding

The attachment of affinity elements to the solid surface in a reproducible manner with the correct
binding orientation plays a critical role in determining the selectivity and sensitivity of affinity as-
says/sensors, and a number of immobilization approaches have been used (57). Physical adsorption
of the affinity element has been a popular approach owing to its simplicity, but it provides little
to no control over orientation and is not irreversible. Chemical attachment through functional
groups on the affinity element and the solid surfaces offers a permanent attachment and provides
some control over orientation. The use of protein A for affinity attachment of IgG to a surface of-
fers a high degree of control over orientation.Amore general approach for controlling orientation,
applicable to any affinity element, is the biotin-streptavidin coupling (Kd = 10−15 M). Streptavidin
is typically attached to the solid surface, and biotin is attached to the affinity element and/or the
label, providing a generic approach. Nucleic acid recognition elements lend themselves to sur-
face attachment through chemical modification of the phosphate backbone via phosphoramidite
chemistry. Addition of thiol groups to either the 3′ or 5′ terminus allows self-assembledmonolayer
formation on gold surfaces (58).Other chemical modifications to the phosphate backbone, includ-
ing azides and alkynes, enable click chemistry functionality to carbon electrode surfaces. Finally,
entrapment of the affinity element within a polymer matrix by copolymerization can be used with
a mixture of monomers or through electrostatic binding with a given polymer substrate. Non-
specific binding of endogenous sample matrix components and the labeling constructs can lead
to high background signals in an assay/sensor and thereby a deleterious effect to the limit of de-
tection. To lessen the effect of nonspecific binding on assay performance, a variety of agents are
used to passivate the solid phase and electrode surface, including proteins (albumin and casein),
polymers, nonionic surfactants, and various surface-assembled monolayer chemistries (59, 60).

3. ELECTROCHEMICAL DETECTION TECHNIQUES

Beginning with pioneering work in the 1970s, a wide variety of electrochemical detection tech-
niques have been implemented in affinity assays/sensors. A brief description of these approaches
is presented below, but detailed references are available for more in-depth descriptions (61–63).
Electrochemical approaches can be broadly classed into four transduction categories: current (am-
perometry/voltammetry), potential (potentiometric), impedance, and electrochemiluminescence-
based technologies. Voltammetry approaches, including cyclic voltammetry, differential pulse
voltammetry, square wave voltammetry, and anodic stripping voltammetry, use potential wave-
forms at a working electrode and measure the responding current. Amperometry is also a current
measurement approach that applies a constant potential or potential pulses (intermittent pulse
amperometry) for recycling redox-labeled recognition elements (64) and measuring the resulting
current over time. Potentiometric techniques are based on monitoring the potential of the elec-
trochemical cell under no or negligible current conditions, as in the measurement of pH with a
glass electrode. Potentiometric approaches commonly involve the use of an indicator electrode
modified with an affinity element to interact with the analyte or modified to respond to a change
in a solution species activity driven by the binding event. Electrochemical impedance spectroscopy
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(EIS) is typically done in the faradaic mode using a redox probe such as ferrocyanide/ferricyanide
by polarizing the electrode at its formal potential, applying a small-amplitude sinusoidal voltage
across a range of frequencies, and measuring the resulting current response. Finally, electrochemi-
luminescence, pioneered by Bard & Whitesides (65), typically uses a tris-ruthenium(bipyridine)
complex [Ru(byp)32+] oxidized at the electrode. This generates a product that undergoes a high-
energy electron transfer reaction with an amine compound, resulting in the emission of a lu-
minescent photon from the excited state of the ruthenium complex. Various working electrode
materials have been used, including glassy carbon, carbon paste, noble metals (gold, platinum, and
silver), mercury film–modified versions of the preceding electrodes, and indium tin oxide films.
Building from early work by Kuwana& Strojek (66) with optically transparent electrodes for spec-
troelectrochemistry, thick and thin metal films such as screen-printed electrodes, most typically
of carbon, gold, or platinum, allow the creation of cost-effective and disposable electrodes versus
the traditional electrochemical electrodes.

4. NANOMATERIALS

The significant advances in nanomaterials have had a revolutionary impact on electrochemical
affinity assays, especially in the development of sensors (16, 67). It is not possible to compre-
hensively review the literature on nanomaterials here, so only a few widely applied examples are
presented; in-depth treatments are available elsewhere (67–69). Nanomaterials have been used as
carriers to increase the loading of affinity elements, as carriers to increase the loading of labels,
as amplification platforms, and as direct and indirect electroactive labels (2). Nanomaterials pro-
vide a large surface area for these applications and thus contribute to improved detection limits
while also improving the accessibility of the recognition elements to target analytes (70–72).Mate-
rials used as nanomaterials include carbon nanotubes, both the single-wall and multiwall graphene
sheets, reduced graphene, and graphene oxide/reduced graphene oxide (2, 69, 73). Other carrier
materials include nanoparticles (NPs) of noble metals (3, 40), which are mesoporous core shell
NPs where detection labels can be incorporated into the pores and capped for later release (74).
Natural/synthetic polymer nanomaterials, including conducting polymer (75), hydrophobic gels
(76), branched synthetic polymeric dendrimers, and biopolymers such as DNA, have been used
as carriers (4). The use of DNA amplification schemes, for example, is based on the concept of
creating long stretches of either single- or double-stranded DNA to serve as a scaffold for at-
taching large quantities of electroactive labels such as organic redox labels (77), metal labels (78),
and DNAzymes (79). Nanomaterial labels include noble metal NPs, colloidal Au, bimetallic NPs,
and metal inorganic quantum dots (QDs) that can serve as redox labels directly or in some cases
after dissolution with acid (3, 15, 40, 41). Certain nanomaterials possess peroxidase-like activity
(e.g., noble metal NPs, bimetallic NPs, Pd NPs, QDs, Fe3O4 NPs) and can serve as alternatives
to natural enzymes (3, 40, 41). Additionally, polymeric enzyme particles have been employed as a
labeling strategy (42).

5. ELECTROCHEMICAL AFFINITY ASSAYS/SENSORS: LABEL FOCUS

Research interest in electrochemical affinity assays/sensors has grown to include multiple analyte
classes and approaches too numerous to cover in this short review. There are reviews of environ-
mental detection (80, 81), clinical diagnostics (82), toxin detection (83), clinical biomarker screen-
ing (84), pathogen/virus detection (85, 86), food safety (87, 88), and cancer diagnosis (16, 89–91).
Common themes in the past decade have been to quantitate lower analyte levels, as well as to de-
velop rugged, reliable, and cost-effective devices for point-of-care and point-of-use applications in
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medical, food, and homeland security areas. In response, various labeling and signal amplification
schemes have been developed, including the use of nanomaterials.

5.1. Metal Label Electrochemical Affinity Assays/Sensors

Since their inception (21), metal ion labels have become an increasingly popular approach for
multianalyte electrochemical affinity assays/sensors (92–95). Additional new metal-based detec-
tion schemes include the use of noble metal NPs and QDs (95–100). Compared to the first metal
labels (21) that released one metal ion per captured molecule, these metal labels release hundreds
of thousands to millions of ions, providing a large amplification factor leading to improved sen-
sitivity. Very importantly for some applications, metals are more stable than enzymes, which also
provide amplification.

A sandwich-based immunosensor for the simultaneous measurement of four cancer
biomarkers [alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), prostate-specific anti-
gen (PSA), and interleukin 8 (IL-8)] in human serum using multiple metal labels is shown in
Figure 2a (93). The immunosensor used a single screen-printed carbon electrode and modified
gold nanoparticles (AuNPs) containing the capture antibody for each of themarkers.Four separate
polyethyleneimine-coated AuNPs (PEI/AuNPs), each containing a separate covalently attached
secondary antibody and carrying a unique metal ion label (Cd2+, Pb2+, Cu2+, or Ag1+) chelated
to the PEI/AuNPs, were used as the labeling scaffold. Incubation of the immunosensor with the
analytes or with spiked human serum followed by incubation with the labeling scaffold resulted
in the final analysis complex (Figure 2a). The immunosensor was transferred to a buffer solution
and measured with square wave voltammetry for the simultaneous detection of the four analytes.

Special mention is owed to the use of metal label complexes, especially Ru(byp)32+, in electro-
chemiluminescence immunoassays. Roche Diagnostics Elecsys and Meso Scale Discovery have
both successfully commercialized the electrochemiluminescence immunoassay for single- and
multianalyte analysis for a wide variety of biomolecules (101).

QDs have been coupled with other nanomaterials for sensitive and multianalyte assays (96–98,
100, 102, 103), which has been recently reviewed (99). An aptamer-based electrochemical affinity
assay (Figure 2b) developed for the simultaneous detection of an environmental pollutant [poly-
chlorinated biphenyl-72 (PCB72)] and an antibiotic drug (chloroamphenicol) in fish tissue is a
representative example (96). The two ligand-specific aptamers were attached to the same Fe3O4

magnetic beads coated with AuNP to give the binding scaffold. The labeling scaffold was com-
posed ofQD labels,CdS for PCB72, and PbS for chloroamphenicol, attached to separate dendritic
commercial EnVision polymerNPs.TheEnVision particles also contained a single-stranded com-
plementary DNA (cDNA) sequence that specifically binds to its corresponding aptamer. The in-
cubation of the binding scaffold with the labeling scaffold yielded the completed analysis complex
formed by the cDNA pairing with their respective aptamers. Incubation of the detection com-
plexes with the analyte standards or extracts of spiked fish samples displaced the labeling scaffolds
from the beads. After removal of the magnetic beads with a magnet, the displaced labeling scaf-
folds in solution were treated with acid, and the metals were measured by square wave stripping
voltammetry at a glassy carbon electrode.

5.2. Organic and Organometallic Redox Labels

Organic and organometallic redox labels for affinity assays/sensors continue to be widely used for
sensitive andmultianalyte analysis (104–109). A novel homogeneous electrochemical affinity assay
was developed for the measurement of an algal biotoxin, brevetoxin B (PbTx-2), using methylene
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Figure 2

(a) Electrochemical sandwich immunosensor for the simultaneous measurement of four cancer biomarkers
(93). (b) Electrochemical aptamer-based assay for the detection of an environmental pollutant (PCB-72) and
an antibiotic (CAP) in fish tissue (95). Abbreviations: AFP, alpha-fetoprotein; AuNP, gold nanoparticle; CAP,
chloroamphenicol; cDNA complementary DNA; CEA, carcinoembryonic antigen; Env, EnVision polymer
particle; GCE, glassy carbon electrode; IL-8, interleukin 8; PEI, polyethyleneimine; PSA, prostate-specific
antigen; SPCE, screen-printed carbon electrode.

blue (MB) redox labels loaded intomesoporous silica nanocontainers (MSNs) (108).The detection
probe consisted of a monoclonal antibody attached to theMB-loadedMSNs that were sealed with
animated polystyrene microspheres (APSMs) to give the completed complex. Binding of PbTx-2
with the antibody resulted in displacement of the APSM from the pores and the release of MB
from the nanocontainers into the solution (Figure 3).TheMBwas detected at an indium tin oxide
electrode using square wave voltammetry without a separation step.

Structure-switching, or folding-based sensors, employing nucleic acids were introduced by
Plaxco and coworkers in 2003 (110) using stem-loop DNA and later using aptamers in 2005
(111). These utilize organic or organometallic redox-labeled recognition elements such as MB,
ferrocene, or anthraquinone labels (although predominately MB). Faradaic current from the
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An electrochemical homogeneous immunoassay for brevetoxin B (PbTx-2) using mesoporous silica
nanocontainers loaded with methylene blue held in pores by animated polystyrene microspheres (APSMs)
(108).

reversible reduction of the redox label provides a signal that changes with a target-induced
conformation change of the nucleic acid or peptide (64) (Figure 4). The conformation change
affects the charge transfer rate between the appended redox label and the electrode surface
(110, 112), typically monitored using voltammetric methods such as square wave voltammetry
(113). More recently, studies using amperometry (114) and intermittent pulse amperometry (64)
demonstrate the improved temporal resolution of this class of affinity-based sensor.

5.3. Enzyme Labels

Enzyme labels remain one of the most popular approaches for affinity assays/sensors. A recent
trend improves the signal amplification capabilities by using polymeric enzymes and NPs to in-
crease enzyme loading. Additionally, artificial enzymes, so-called nanozymes, have been used as a
replacement for natural enzymes to improve assay cost and reliability (115–123).

Nanozymes are NPs of noble metals (Au, Pt, Ag), bimetallic particles (e.g., PtPd, PtCu), and
iron-based (Fe3O4) particles possessing peroxidase-like activity. They offer advantages versus bi-
ological enzymes in terms of cost, stability, and batch-to-batch consistency but typically do not
possess as high a substrate turnover capability (3). A sandwich-based affinity sensor for the cancer
biomarker PSA was designed using a glassy carbon electrode–modified AuNP, thionine, graphene
oxide, and a capture antibody (124) (Figure 5). The labeling scaffold was a reduced graphene
oxide/graphitic carbon nitride (rGO/C3N4) construct with the secondary antibody and loaded
with a PtCu NP. Incubation of the sensor with PSA followed by a labeling scaffold resulted in
the detection complex. Upon addition of H2O2 the PtCu NP acted as a peroxidase reducing the
H2O2 and oxidizing the thionine attached to the reduced graphene oxide. The oxidized thionine
was then reduced at the glassy carbon electrode using differential pulse voltammetry.
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Electrochemical aptamer-based sensors employ redox-labeled nucleic acid aptamers to provide specific
recognition capabilities. The sensing mechanism is based on a reversible target-induced conformation
change of the electrode bound aptamer that alters the charge transfer rate between the redox marker and the
electrode. This change in charge transfer rate results in a change in faradaic current that serves as the basis
for sensor signaling. Abbreviation: ket, charge transfer rate. Figure adapted with permission from
Reference 64; copyright 2018 American Chemical Society.
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A sandwich electrochemical immunosensor for the cancer biomarker PSA. Abbreviations: Ab, antibody;
GCE/GO, glassy carbon electrode/graphene oxide; NP, nanoparticle; PSA, prostate-specific antigen;
rGO/C3N4, reduced graphene oxide/graphitic carbon nitride (124).
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6. ELECTROCHEMICAL LIGAND-BINDING ASSAYS AND SENSORS:
LABEL-FREE

Label-free approaches offer the advantage of often being less complex than label-based ap-
proaches, but often they are not as sensitive. The major electrochemical-based approaches are
based on potentiometric, impedance (e.g., EIS), conductimetric, and capacitance detection modes
(125). The EIS approach has been investigated most extensively in the faradaic mode with a re-
dox probe, typically potassium ferrocyanide/ferricyanide (85, 86, 126–129). An example is a highly
sensitive electrochemical immunosensor for glial fibrillary acidic protein, a biomarker of central
nervous system injury, using faradaic EIS detection with a potassium ferrocyanide/ferricyanide
couple as the redox probe. Faradaic EIS approaches have been used for the detection of viruses
and antibodies to viruses (85, 86, 126).

7. DEVICES: MICROCHIP, LAB-ON-A-CHIP, PAPER,
AND WEARABLE SENSORS

In addition to progress in the chemistry side of electrochemical affinity assays/sensors, significant
advances have also been made in the device side. The emergence of new technologies such as
microfabrication and microfluidics opened new research pathways that enabled the ease-of-use
benefits of electrochemical affinity assays/sensors to be exploited for the development of more
user-friendly, disposable, microfabricated, lab-on-a-chip, paper, and now, even wearable electro-
chemical affinity assays/sensors.

Aside from the pioneering immunosensor from the Aizawa group in 1976 (26), early research
focused primarily on immunoassays with electrochemical detection (23). The emergence of sen-
sors began by attaching the capture Ab directly to the detector electrode. A number of strate-
gies for implementing this approach were explored (130), most of which involved removing the
electrode after the capture step for rinsing or adding reagents for the detection step. Although
these were not completely independent sensors such as the pH electrode, they constituted a ma-
jor step in immunosensor development. Also, because Ab–Ag dissociation reactions are slow and
dissociation is required to reset the sensor/electrode for reuse, sensors were generally single-use,
disposable devices. However, electrodes at the time were rather expensive to dispose of after only
a single use. Technologies such as screen printing and microfabrication changed this by providing
cheaper, disposable electrodes. Also, increasingly complex electrodes could be fabricated, such as
interdigitated array electrodes that improved sensitivity by redox cycling (48). Their potential im-
pact is clearly illustrated by analogy to the evolution of the electrochemical biosensor for glucose
measurement using microfabricated electrodes, where commercially viable sensors are now mass
produced for single-use applications at sufficiently low cost and with adequate reproducibility for
personal use without calibration for the huge diabetes market.

The emergence of other microtechnology—microfluidics, microelectromechanical systems
(MEMS), micrototal analysis systems (TAS), lab-on-a-chip (131)—stimulated development of
miniaturized sensor systems that would carry out all of the steps of an immunoassay that enable
it to be so selective and sensitive (132–135). Magnetic bead–based electrochemical immunoassays
based on the detection of enzyme-generated p-aminophenol were developed and evaluated for
monitoring the US water supply by using representative toxin, virus, spore, and bacterium harm-
less simulants. The assays were demonstrated to work on 20 samples of drinking water collected
from around the United States and spiked with the simulant agents (136). Since that time, a num-
ber of formats combined a variety of labeling schemes and the use of nanomaterials and magnetic
beads (98, 115, 122, 137–142).

A recent example is a lab-on-a-membrane competitive electrochemical immunosensor for
the simultaneous determination of bovine casein (bCN) and bovine IgG (bIgG) using a nylon
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membrane with two symmetrical screen-printed assays zones and a center zone containing a
bismuth citrate-loaded graphite electrode (98) (Figure 6a). One assay zone has bCN analyte
attached to the membrane, and the other assay zone has bIgG attached to the membrane. A
drop of sample is added to each assay zone and then incubated with their respective biotinylated
antibodies. Following washing, streptavidin-conjugated PbS-QDs are added to the bCN, and
streptavidin CdS-QDs are added to the bIgG zone. Following incubation and washing, acid
is added to both zones to release the metal ions, Pb2+ and Cd2+, for measurement by anodic
stripping voltammetry after folding the assay zones onto the electrode zone in the center.
Another membrane-based microfluidic approach was applied for the determination of the cancer
biomarker VEGF165 (vascular endothelial growth factor 165) using a porous polycarbonate
membrane with covalently attached capture antibodies placed over the top of micro gold elec-
trodes as part of a microfluidic cell (129). The analyte in undiluted serum was captured in the
microfluidic chip and then detected using a secondary antibody labeled with alkaline phosphatase
enzyme, where the biotin-streptavidin approach was used to couple the enzyme to the secondary
antibody and the enzyme product, p-aminophenol, was detected by differential pulse voltammetry.

Microfluidic paper-based analytical devices (μPADs) were pioneered by the Whitesides (143)
and Henry groups (145, 146) to achieve low-cost, high-performance devices without the need
for external fluid control. An origami paper-based electrochemical immunosensor for an inflam-
matory biomarker, C-reactive protein, was developed using a screen-printed carbon electrode
modified with graphene, an AuNP containing the antibody, and faradaic EIS detection (139). A
paper-based device for use with peptide-selective aptamers and an initiator DNA strand were
coupled with the hybridization chain reaction amplification approach to enable the binding of a
Ru(phen)32+ label to the double-stranded DNA grooves for electrochemiluminescence detection
(142).

A simple, card-sized, label-free electrochemical immunosensor consisting of an antibody-
modified electrode with near-field communication controlled by a smartphone (Figure 6b) has
been used to detect viruses (144). The top drawing of the card shows the electrochemical im-
munosensor connected to the near-field communication chip potentiostat and the antenna for
cell phone communication. The schematic illustrates fabrication of the biosensor by modify-
ing a screen-printed graphene electrode with AuNPs to increase sensitivity, electropolymerize
β-cyclodextrin on the surface for binding capture antibody, and add bovine serum albumin (BSA)
to minimize nonspecific adsorption from the sample. The last step is to capture the virus from
the sample for detection. Hepatitis B surface antigen (HBsAg) was quantified using amperom-
etry to measure the current from the [Fe(CN)6)]3−/4− redox couple before and after addition of
HBsAg.The immunosensor was then demonstrated with chronic hepatitis B virus–infected serum
samples.

Examples of point-of-use applications that couple electrochemical affinity assays with simple
commercial measurement devices include using personal glucosemeters for the sensitive detection
of a bacterial pathogen (138), a pH meter to detect a cardiac biomarker (141) and food pathogens
(147), and a digital multimeter to detect a cancer biomarker (148). These all have coupled en-
zyme labels and various nanomaterials or magnetic beads to develop sensitive and simple assays.
The use of commercial devices has allowed easy application for point-of-use needs with minimal
investment.

The age of the wearable or small carried sensors is upon us, and affinity sensors have the
specificity and sensitivity to provide the way for measuring biomarkers of the human condition
and drugs (149) using noninvasive sample matrices such as sweat, saliva, and urine (150, 151).
Sensors have been developed for a range of analytes using antibodies (cytokines and cortisol in
sweat and human serum albumin in urine), aptamers (tumor necrosis factor alpha in sweat), MIPs
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(a) Electrochemical competitive heterogeneous immunosensor for the simultaneous determination of bovine
casein (bCN) and bovine IgG (bIgG) on a nylon membrane with quantum dot (QD) labels using a bismuth-
modified graphite electrode. Panel adapted with permission from Reference 98; copyright 2016 American
Chemical Society. (b) Portable amperometric immunosensor with NFC-Potentiostat chip and schematic
illustration of biosensor preparation and capturing virus prior to the detection step. Other abbreviations:
ASV, anodic stripping voltammetry; BSA, bovine serum albumin; HBV, hepatitis B virus; NFC, near-field
communication. Panel adapted with permission from Reference 144; copyright 2021 Elsevier.
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Figure 7

Wearable electrochemical immunosensor for cortisol measurement in sweat using a molecularly imprinted
polymer–based molecularly selective-organic electrochemical transistor (OECT). Other abbreviations:
PEDOT:PSS, polymeric material (poly(ethylenedioxythiophene):poly(styrenesulfonate); SEBS, styrene-
ethylene-butylene-styrene. Figure adapted with permission from Reference 153; copyright 2018 AAAS.

(cortisol), antimicrobial peptides (bacteria on tooth enamel), and lectin (carbohydrate-binding
proteins in sweat) (152). A wearable MIP-based sensor scheme for cortisol monitoring in sweat is
shown in Figure 7 (153). The sensor is based on an organic electrochemical transistor (OECT)
polymeric material [poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)] (PEDOT:PSS)
with an Ag/AgCl gate transducer covered with a nanoporous cortisol MIP membrane to create
a molecularly selective membrane between the OECT and the sweat on the skin to form a
molecularly selective OECT (MS-OECT). The sensor construct was produced on an elastomer
substrate (styrene-ethylene-butylene-styrene) for flexibility when applied to the skin. The mem-
brane is permeable to ions in the absence of cortisol, resulting in a large change in source-drain
current with gating of the OECT channel. But cortisol binding results in blocking ion movement
in the channel and reduces the measured current.

8. CURRENT STATUS, TECHNICAL CHALLENGES,
AND FUTURE DIRECTIONS

The initial pioneering efforts in electrochemical affinity assays/sensors stimulated interest in a new
research pathway for electroanalytical chemistry.This significantly expanded the breadth of appli-
cations to include nonelectroactive materials with a selectivity enabling the detection of analytes
in extraordinarily complex matrices. It was quickly shown that a long-standing nemesis of bio-
analytical chemistry, electrode fouling by proteins and other surfactants, could be overcome and
that solid electrodes could be used instead of the cumbersome dropping mercury electrode, the
dominant electrode for the previous 40 years since the discovery of polarography by Heyrovsky in
1922 (154).The combination of electrochemical detection, new affinity elements, new redox labels
and signal amplification schemes and the incorporation of nanomaterials have enabled truly re-
markable selectivity and sensitivity while microfabrication and microfluidics have promoted novel
devices. Although the electrochemical affinity assay/sensor techniques use relatively simple con-
figurations, the achieved figures of merit can rival the more expensive and complex gold standard
trace analysis technique of high-performance liquid chromatography tandem mass spectrometry.
Given the multiple affinity-binding modes, the wealth of labeling schemes, and the new capabili-
ties afforded by nanomaterials, it is safe to say that an electrochemical affinity assay/sensor could
be developed for essentially any analyte in any matrix.
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Clearly, from a research standpoint, electrochemical affinity assays/sensors have been highly
successful, covered in well over 15,000 publications in the past decade across a wide variety of an-
alytes. Of the ligand-binding approaches, the electrochemiluminescence-based assays have gen-
erated a sustained and significant impact in the market with the introduction of instrumenta-
tion by the Meso Scale Discovery and Roche Diagnostics Elecsys systems. Several companies,
including GenMark Diagnostics, Genefluidics, Inc., Binx Health Limited, and Abbott Labora-
tories, offer electrochemical sensor approaches for point-of-care applications using DNA-based
affinity approaches for bacterial identification and disease conditions. Abbott offers the iSTAT
handheld electrochemical instrument employing ligand-binding approaches. However, the adop-
tion of electrochemical affinity assays/sensors into the marketplace is still limited when compared
to the commercial success of ELISA.

Although electrochemical affinity assay/sensors are often less complicated, less expensive,
and somewhat faster than traditional analysis methods, there are areas that require improve-
ment before extensive commercial adoption is likely. Proof-of-concept electrochemical affinity
assays/sensors often have relied on manual steps for incubation, washing, and final assay develop-
ment. Although this approach is fine for establishing proof-of-concept, manual steps are limiting
in real-life settings. The use of magnetic beads and the introduction of micromachined/μTAS de-
vices have the potential for simplifying and automating the analysis. Another limiting issue is the
lack of long-term sensor stability, often owing to the nature of some of the components, such as
antibodies and enzymes. Investigators typically show that sensors maintain stability over the short
term, for example, weeks to a month, but they lack longer-term stability information needed for
a commercial device. The alternate affinity elements, such as aptamers, carbohydrates, and MIPs,
as well as the use of nanozymes, hold the potential for addressing stability issues. Standard 2- to
4-mm electrodes are useful for proof-of-concept studies, but their cost often makes them imprac-
tical for point-of-use instrumentation. Screen-printed electrodes offer an economical alternative
that opens the potential for truly disposable and cost-effective sensors. Real samples often pose
special problems, such as nonspecific adsorption of proteins from biological samples, that can
potentially interfere with sensor performance. Long-term deployment of sensors in natural water
such as lakes and streams is susceptible to biofilm formation, which can interfere with sensor
response. Mechanisms for fouling electrode surfaces and antifouling strategies were recently
reviewed (156, 157). Adding a protein such as BSA to block nonspecific adsorption sites, as shown
in Figure 6b (144), or a functionalized monolayer, as shown in Figure 4 (64), during biosensor
preparation are examples of strategies for minimizing fouling. Many reports have lacked a
detailed evaluation of the sensor performance with actual samples. They are often characterized
by a brief section at the end of the article, demonstrating the potential of the assay using only
a limited number of actual or spiked samples for accuracy and precision. By comparison, in a
recent publication (155) on the validation of an electrochemical immunosensor, the authors
present detailed studies over multiple days to establish assay performance for linearity, accuracy,
precision, repeatability, reproducibility, and reusability of the sensor. More extensive validation
studies such as this, over a longer period of use, are needed. Progress on these practical issues will
be important if affinity biosensors are to achieve their ultimate potential.

In closing, the future looks bright for electrochemical affinity assays/sensors, both academi-
cally and commercially. Advances in materials and microfabrication will continue to inspire new
approaches for assay and device components. The commercial advantages of the relative simplic-
ity of the actual electrochemical device (no light source or photodetector required and ease of
miniaturization) and sensitivity that enables very small samples are strong drivers for commercial
products. It should be remembered that 30 years ago, most home testing for blood glucose was
done with a spectroscopic-based instrument. This has been displaced by electrochemical sensors
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that analyze only a fraction of a drop of blood.Continuous-monitoring implanted devices attached
to the skin have recently been implemented, which is a very beneficial advance for the user. Such
wearable sensors have exciting potential, and electrochemical affinity sensors are poised to play
a major role, as evidenced by the immunosensor for cortisol (153). It took almost 60 years from
the seminal paper on the electrochemical glucose biosensor in 1962 (25) by Leland Clark (often
called the father of biosensors) and C.Lyons to finally achieve the holy grail of glucose biosensing:
continuous personal monitoring of glucose. Electrochemical affinity assays/sensors began in the
late 1970s; it will be interesting to see where the field will be in its sixtieth year, about two decades
from now.
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