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A review of electrochemical impedance
spectroscopy for bioanalytical sensors

Edward P. Randviir & * and Craig E. Banks @

Electrochemical impedance spectroscopy (EIS) is a powerful technique for both quantitative and qualitative
analysis. This review uses a systematic approach to examine how electrodes are tailored for use in EIS-based
applications, describing the chemistries involved in sensor design, and discusses trends in the use of bio-
based and non-bio-based electrodes. The review finds that immunosensors are the most prevalent
sensor strategy that employs EIS as a quantification technique for target species. The review also finds
that bio-based electrodes, though capable of detecting small molecules, are most applicable for the
detection of complex molecules. Non-bio-based sensors are more often employed for simpler
molecules and less often have applications for complex systems. We surmise that EIS has advanced in
terms of electrode designs since our last review on the subject, although there are still inconsistencies in
terms of equivalent circuit modelling for some sensor types. Removal of ambiguity from equivalent
circuit models may help advance EIS as a choice detection method, allowing for lower limits of

rsc.li/methods

1. Introduction

Our previous review' took the reader on a whistle-stop tour of
electrochemical impedance spectroscopy (EIS), from some basic
fundamentals of EIS through to its applications, especially in the
field of biosensors. The review took a brief look back at Oliver
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detection than traditional electrochemical methods such as voltammetry or amperometry.

Heaviside's initial mathematical transformations and coining of
the term “impedance”, before examining a more contemporary
understanding of diffusional impedance, reported by Warburg in
the late 19th century. These principles preceded a closer look at
how the technique was applied in several areas: from non-
biological to biological systems, and from graphene composite
materials through to screen printed electrodes (SPEs). We argued
that the range of available target species and low detection limits
made EIS into a promising prospect for it as a technique of choice
within biological applications. Nearly a decade on, this update
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Table 1 Sub-categories of bio-based and non-bio-based electrodes

Bio-based Non-bio-based

Oligonucleotide sensors Molecularly imprinted polymer

sensors

Aptasensors Composite sensors®

Immunosensors
Enzymatic sensors

“ Includes all other philosophies that are not MIPs.

review will examine whether EIS has emerged as a technique of
choice within biological applications. It will investigate how
researchers have continued to use the technique, especially
focusing on whether and how implementation of the technique (in
terms of electrode designs) has changed since our previous review.

The review will also examine some more recent fundamental
understandings of EIS as a technique of choice. Only recently,
a published paper by Randviir cross-examined the electron transfer
rate constants (k°) of EIS experiments when compared to voltam-
metric experiments, finding that there are potentially fundamental
discrepancies between the two techniques when used in conjunc-
tion with printed carbon electrodes.” In order to make sense of this
we will take the reader back to the works of Randles in the 1940s,
examining the limitations and/or boundary conditions of EIS.

For the main body of this review, a systematic review process
has been adopted. The search terms “EIS analytical” was
combined with Boolean operators (NOT corrosion, environment,
energy, battery, renewable, pollution) under a topic search on Web
of Knowledge. This was intended to discount contributions
intended for non-bioanalytical applications. After filtering the
search results to show only original research articles, 481 results
remained (as of March 2022). All results encompassing themes
outside of the bioanalytical and EIS remit were excluded (e.g:
corrosion, environmental, voltammetric or amperometric appli-
cations). The papers were further assessed for suitability by
reading abstracts and filtering papers. For example, a significant
number of papers use EIS as a qualitative technique to provide
evidence of a successful electrode modification. Literature reports
that have used EIS exclusively for reasons such as this have been
discounted. This method returned 63 research papers that were
grouped into “bio-based” and “non-bio-based” sensors to reflect
the nature of electrode construction deriving from a biological or
non-biological material. There were 48 bio-based and 14 non-bio-
based works. The categories were further grouped into the sub-
categories outlined in Table 1. Note it is possible that some key
papers have been unintentionally discounted using this approach.

2. Electrochemical impedance
spectroscopy (EIS)

The first part of this review focuses on the EIS experiment and
some of the key fundamental mathematical derivations that
underpin the modern EIS experiment. This serves as a “light”
version of EIS and is not intended to be walking the reader through
complex mathematics. It will, however, endeavour to summarize
some of the key mathematical underpinnings of EIS and assess the

Anal. Methods

View Article Online

Critical Review

concentration limitations of the modern EIS experiment. The
information in this section brings together understanding of EIS
from a range of sources.”®

2.1 The EIS experiment

The EIS experimental setup connects a cell containing a target
species (e.g,, the Fe*'/Fe®" redox couple) to a potentiostat using
some number of electrodes depending upon the desired sensi-
tivity. As is the case with voltammetric experiments, a three elec-
trode system is often favoured that applies a potential between the
working electrode (WE) and reference electrode (RE). Applying
a potential between these electrodes disrupts the equilibrium of
the cell and initiates the movement of electrons between the cell
and the circuit, with the current generated measured between the
working and the counter electrode (CE). The potential applied in
an EIS experiment is frequency-dependent, in other words it is an
alternating current (AC) potential applied across the electrodes as
opposed to a DC potential in most electrochemical methods. This
is often a small (10-20 mV) AC potential to create a pseudolinear
relationship between current and voltage, which is a key experi-
mental condition that allows EIS to be applied. In many experi-
ments a DC potential is super-imposed upon this, which would
normally correspond to a value close to the oxidation or reduction
potential of the target analyte contained within the cell. The
impedance, according to Ohm's law, can be determined as the
ratio between the applied AC voltage at a given time, and the
measured AC current arising as a result of the applied AC voltage.
Since the technique applies AC signals and the measured current
is not instantaneous (i.e., there is a delay), the total impedance of
the system is frequency-dependent. The basis of EIS is therefore to
alternate the frequency of the experiment and measure the total
impedance as a function of the frequency of the AC potential. In
a typical modern EIS experiment, the software will perform this
process repeatedly across a frequency range spanning 4-6 orders
of magnitude; typically beginning at 100 000 Hz and scanning 10
frequencies per decade all the way down to 0.1 Hz. The data
generated from this can be presented in a number of ways but two
main methods are used: a Nyquist plot splits the total impedance
into real and imaginary components and plots one against the
other,t while a Bode plot shows the total impedance and phase
angle as a function of the applied frequency.

Take for example the Fe>"*" redox couple: a potentiostatic
experiment will apply a step-changed voltage across the working
and reference electrodes that will give rise to a current but
only when the voltage reaches some thermodynamically
favourable value (in the case of Fe** — Fe®" this occurs at
around —0.503 Vi when using a saturated calomel electrode
(SCE) as a reference). In this setup, the bulk concentration in
the cell will comprise of only Fe*" at ¢ = 0 and a small equilib-
rium will form at the electrode surface prior to the experiment

has
frequency-independent and is considered the “real” component of impedance,
while reactance is frequency-dependent and is considered the “imaginary” part
of impedance. Reactance may be impedance due to capacitance or induction.

+ Impedance real and imaginary components: resistance is

1 Calculated from Fe®' reduction potential of +0.771 V and Hg,Cl, reduction
potential of +0.2681 V.

This journal is © The Royal Society of Chemistry 2022
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commencing and will have its own voltage (known as the open
circuit potential or OCP), which represents the electromotive
force that is generated when the analyte is in contact with the
electrical circuit (in the absence of an applied electric field).
Voltammetric experiments force changes upon that equilibrium
and, according to Le Chetalier's principle, this will encourage
movement of electrons between the surface and the cell
constituents, generating Fe** at the electrode surface to coun-
teract the changes applied to the electrode. The movement of
electrons generates the increased current on the voltammo-
gram, which limits due to diffusion.

Fe’* + e~ — Fe** (1)

EIS experiments differ significantly from this process
because the common approach in EIS is not to force the equi-
librium through potential sweeping between the RE and CE.
Rather, the equilibrium is (normally) already established within
the cell at the start of an EIS experiment by mixing equimolar
concentrations of the oxidised and reduced species one would
observe in the typical voltammetric counterpart experiment (so
equal concentrations of Fe*'/Fe®").§ To understand the reason
for this experimental condition a simplified look back to orig-
inal works by Randles is made.*

2.2 Equimolar concentrations

In Randles 1947 work, an argument was established that rapid
electrode reactions, when subject to a small AC perturbation (in
the order of around 7 mV) were electrically equivalent to
a “capacity” and resistance in series. Randles wrote that when
a cell is subject to AC fluctuations (eqn (2)), those fluctuations
have a small effect on the chemical equilibrium in the cell
(where V is the applied voltage perturbation, v is the effective
voltage, w is the angular frequency and ¢ is the time).

v =V cos wt (2)

Displacement of the chemical equilibrium results from this
voltage, since the perturbation is a few mV from the equilibrium
potential, so it follows that even a brief move away from this
potential will cause momentary imbalance in the chemical
equilibrium, generating a current signal due to the movement
of electrons. The current generated then is proportional to the
point on the wave period at time ¢. Production of this current is
not always immediate, however. Rather there is a time delay
between application of the AC voltage and the production of
current, resulting in an AC current out of phase with the applied
voltage. This is termed as the shift in phase angle and is given
the notation 6 (eqn (3)).

i =1cos(wt + 6) (3)
Returning to Randles, these momentary displacements in

equilibrium are, in effect, changes in concentration of two
species: when one species is oxidised (e.g., Fe**), the other

§ Alternatively, a DC potential can be simultaneously applied to the circuit.

This journal is © The Royal Society of Chemistry 2022
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species is being reduced (e.g., Fe**) and vice versa when the AC
period progresses to the opposite bias. These small concentra-
tions are assumed to dissipate within the bulk solution. The
observed concentration variation (AC) is then also proportional
to the point in time along the wave period according to eqn (4),
where 3C is the calculus function for concentration.

3C = AC cos(wt + 6) (4)

Solving Fick's second law for linear diffusion using eqn (4) as
a boundary condition is the fundamental basis for Randles' idea
that rapid electrode reactions can be modelled using capacity
and resistance in series. The basis of modern EIS is therefore
underpinned by the idea that the concentrations of the two
species must be equal at the beginning of the experiment, for if
they were not equal, there would be a non-equilibrium state at
the electrode surface, whereby a concentration gradient would
form, giving rise to a voltage larger than the AC perturbation.
The phenomenon described above, where small concentration
fluctuations occur marginally either side of the equilibrium
potential would not be observed. Noteworthy is that Randles
solves Fick's second law using this boundary condition under
the assumption of a linear diffusion model, though the exper-
imental work uses microelectrodes that exhibit hemispherical
diffusion, so perhaps this is a limitation to the original work
reported by Randles.

In a practical sense, setting the cell with equimolar
concentrations of the oxidised and reduced species is required.
This may be achieved either through mixtures of equimolar
concentrations of oxidised and reduced species from the very
beginning, or alternatively beginning with only one species in
the cell and superimposing a DC potential upon the AC
perturbation such that equal concentrations of products
and reactants are achieved (i.e., applying the half-wave poten-
tial, E;/,). Randles disputed the idea that superimposing a DC
potential at E;, was in effect the same as starting with equi-
molar species in the cell. As was put, applying the DC potential
to achieve equimolar concentrations of target species is, in
effect, “a steady state of the diffusion layer”, which is not
applicable to the alternating current process. Randles was
assuming that the AC variation occurred at the electrode surface
only and not across the diffusion layer. This may also suggest
that the smaller the diffusion layer, the more accurate the
experiment when superimposing a DC potential. Despite the
criticism, Breyer and Gutmann's theoretical paper, and subse-
quent experimental confirmation describing DC-superimposed
experiments, showed that applying the superimposition on
a reversibly depolarised electrode resulted in current maxima
around the standard potential of the system;> some researchers
still use the DC superimposition method today.

2.3 EIS basic data analysis

EIS is a powerful tool for obtaining information on the nature of
electrode processes. While studying literature reports on EIS,
researchers will almost always discover that authors report EIS
spectra with accompanying equivalent circuit models, which
are essential for the fundamental understanding of the exact
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nature of the electrode process, and for yielding of meaningful
quantitative data from an EIS experiment. Unfortunately,
equivalent circuit models are sometimes constructed without
a theoretical basis and instead constructed to match the data
observed without consideration of the exact nature of the elec-
trode process. Yet, it is from construction of the equivalent
circuit models, and subsequent data fitting, that accurate
quantitative values for several parameters can be extracted.
Some common electrode designs with corresponding (indica-
tive) Nyquist plots and equivalent circuit models are presented
in Fig. 1.

View Article Online
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From the equivalent circuit models in Fig. 1 it is seen that
numerous elements can be quantified using data processing
software, which can then be related to the physical processes
occurring. Most commonly the charge transfer resistance, Rcr,
is used to describe how effective the electrode is at oxidising or
reducing a species, which can then be related to a specifically
designed event at the surface. Fig. 1A depicts an unmodified
working electrode (e.g., a gold electrode) immersed within
a Fe** bulk solution. During the EIS experiment, some DC
potential (e.g., the open circuit potential for Fe*"*") is applied
between the working and reference electrodes, forming
a diffusion layer at the electrode surface. The Nyquist plot

Z/Q

Fig.1 A non-exhaustive graphical description of electrode surfaces with complimentary Nyquist plots from an EIS experiment, and an equivalent
circuit model that may match the experimentally observed EIS profile. (A) An unmodified macroelectrode in the presence of a redox couple; (B)
an electrode coated with an insulating layer in the presence of a redox couple; (C) an electrode with an insulating layer without the presence of
a redox couple; (D) a failed coating in the presence of a redox couple; (E) an electrode modified with an antibody in the presence of a redox
couple; (F) an electrode modified with an antibody bound to its complimentary antigen in the presence of a redox probe. The blue lines indicate
the same experiment with a higher concentration of redox probe, since impedance is inversely proportional to the concentration of the bulk
species.

Anal. Methods This journal is © The Royal Society of Chemistry 2022
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obtained from this experiment may look similar to the one
observed in Fig. 1A, whereby the semicircle begins at some
value of Z' greater than 0 (this is the solution resistance, Rg).
The width of the semicircle is the Rcr, while the straight line at
a 45° angle is indicative of impedance due to diffusion. Fig. 1B
is an indicative EIS profile of an electrode with an insulating
coating in the presence of a redox couple. In this instance the
EIS profile will not witness a complete semicircle because the
frequency domains of effective charge transfer and diffusion
overlap. The Rcr is very high due to the insulating nature of the
coating, which leads to charging of the coating surface at low
frequencies and therefore increased impedance. The same
case is presented in Fig. 1C, but in the presence of a cell
without a redox couple. In this case, the EIS profile has lost its
Rcr component because the redox couple isn't present to
transfer charge. Effectively the only phenomenon occurring is
charging of the insulating layer from the electrolyte, reflected
in the circuit model and the profile. Also of note is that
because there is no redox couple, concentration is not a factor
as in all other cases (hence only 1 line on the spectrum).
Fig. 1D shows an impedance profile with two time constants,
indicative of a failed coating. In the higher frequency domain,
there is a Rcr observed as a result of the oxidation of Fe** to
Fe’" like in Fig. 1A, while in the low frequency domain there is
a second process which is more akin to that observed in
Fig. 1B, so in effect a combination of two processes observed in
one profile. This is modelled by replacing the diffusional term
in Fig. 1A with another capacitor and resistor in parallel. Rpg is
described as the pore resistance, while Cc is the charge
resulting from occupation of such pores by charged species.
Fig. 1E and F show how a biorecognition event might be
modelled using a redox couple. In Fig. 1E, and antibody
grafted upon an electrode may permit a small amount of redox
couple to and from the electrode surface, hence potentially
could be modelled using the diffusional Randles model
depicted in the circuit model below the impedance profile.
Upon antibody/antigen binding, more material at the elec-
trode surface may permit less of the redox couple to the
surface or a slower rate of diffusion to and from the electrode
may be observed. The only redox couple at the surface may
remain trapped, unable to diffuse away. This model could
remove the diffusional impedance term. In all cases except
Fig. 1C, the blue line represents the higher concentration of
redox probe, since the Rgr is inversely proportional to the
concentration according to eqn (5), assuming equimolar
concentrations of the oxidised and reduced species, where R is
the molar gas constant, T is the absolute temperature, n is the
number of electrons transferred, F is the Faraday constant, £°
is the electron transfer rate constant and C is the concentra-
tion of the bulk species.

Rer = RTIPFK°C (5)

Noteworthy is the ambiguity of equivalent circuit modelling.
As alluded to previously many equivalent circuit models appear
to be constructed without a theoretical basis, potentially
rendering any subsequent data analysis potentially inaccurate

This journal is © The Royal Society of Chemistry 2022
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or obsolete.® One example of that is in the work by Hashem and
co-workers who provide quite a complex circuit model for the
molecularly imprinted polymer sensor without philosophical
basis for each component.” Then there are cases where attempts
are made at explaining equivalent circuit models, which in
themselves are quite erroneous, such as including reference
electrode contributions to impedance within a three electrode
system despite current not being measured at the reference
electrode!® Perhaps a valuable future contribution to the field
might be a reference tool for equivalent circuit modelling,
which could clear up some ambiguity for users.

Returning to eqn (5), this expression has itself been used
analytically and qualitatively by the author in previous work,
which showed that EIS can be used not only to determine
concentrations of quasi-reversible redox systems with a high
degree of accuracy, but potentially even electrochemical rate
constants for irreversible systems, something that is not
achievable using Nicholson or Laviron methods.>

3. Applied electrochemical
impedance spectroscopy

The remainder of this review will examine literature reports that
have utilised EIS as the analytical detection method. While many
literature reports utilised EIS within their work, the technique
appears to be more frequently employed in a qualitative sense.
That is, when researchers design electrode materials, EIS is used
at each step of the electrode construction process to confirm
successful immobilisation of electrode modifications. Literature
reports that use EIS only in this way have been discounted from
this section (there are several examples of this that were filtered
from this review from 2021 and 20207°). Instead, this section
seeks to present literature reports of EIS when used as the
technique of choice for generating a quantitative analytical
signal. This section is split into the two categories: bio-based;
and non-bio-based sensors. Within both categories there are
sub-categories that will be discussed, and more detail is provided
for the more interesting applications of the technique, in terms
of electrode construction and obtained spectra.

3.1 Bio-based sensors

This section focuses exclusively on the bio-based sensors iden-
tified from the literature since 2013. When referring to a sensor
as “bio-based”, that is defined in this section as an electrode
sensor that has been, either fully or (normally) partly, con-
structed from a natural (or synthetic natural) material. This
might be an electrode designed using proteins, oligomers or
antibodies. Using this definition, the application of the sensor
itself may not be “biological” itself, but in most cases it is. There
are four types of bio-based sensors witnessed within the scien-
tific literature: (1) immunosensors; (2) aptamer sensors; (3)
oligonucleotide sensors; and (4) enzymatic sensors. Phage-
display sensing strategies are also researched but none were
captured within the systematic review.'” Immunosensors have
by far been the most closely studied sub-category within this
sample of literature, accounting for 34 of the 51 papers
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discussing EIS as a quantitative immunosensing technique.
Aptasensors account for 9 papers, while oligonucleotide and
enzymatic sensors account for 5 and 2 research papers, respec-
tively. The is one extra paper that uses proteins as a detection
element, that has been discussed in the enzymatic sensor
section.

3.1.1 Immunosensors. Immunosensing is the process
whereby an antibody/antigen binding event occurs that leads to
the production of an analytical signal. The analytical signal
might be the production of light of a specific wavelength for
spectroscopic sensors, but for the purposes of EIS the signal
generated is a change in measured impedance (i.e., a change to
the current signal produced of a redox system under the influ-
ence of a fixed AC voltage) as a result of the antibody/antigen
binding event. In EIS immunosensor experiments, an anti-
body is normally grafted onto the working electrode, using
a range of crosslinking chemicals, polymers, nanoparticles or
self-assembled monolayers, such that the electrolyte-facing part
of the electrode is the antibody. Running an EIS experiment
using the antibody electrode immersed within a cell containing
a redox couple in the bulk solution provides a value for charge
transfer resistance (Rcr), which can be visualised graphically as
the diameter of a semicircle in a Nyquist plot. In principle, if the
antibody modified electrode is incubated in a medium con-
taining a complimentary antigen, the bound antibody/antigen
complex will alter the electrochemical signal because there is
more material influencing passage of the redox probe to the
electrode surface; the Roy value (or semicircle diameter) should
increase if the added material is more resistive. For analytical
detection, if this increase in Rcr is proportional to the concen-
tration of the antigen within the incubation medium, then EIS
can be used analytically. EIS is a useful tool to detect a whole
range of antigens ranging from human papillomavirus (HPV)
through to Covid-19.

The difficulty with immunosensors is to be able to design an
electrode that is conductive enough to be able to produce an
electrochemical signal for a target redox probe, while at the
same time providing a stable foundation for the antigen to
bind to, and not be displaced easily, while also remaining
upright such that the binding event can occur (i.e., so binding
sites are not hindered). Then the electrode must also be able to
specifically target the antigen without interference from
common interferents (e.g., simple molecules such as ascorbic
acid or uric acid) and have a good level of stability such that the
electrode can be stored and/or reused. This leads to a range of
different electrode designs, most incorporating in excess of 4
different components to the electrode. Table 2 lists several
examples of the applications of EIS using immunosensing as
the detection philosophy - some of the more promising
candidates are discussed herein.

It is clear from Table 2 that there is a vast range of electrode
substrates and modifications that make up the immuno-
sensors in the literature. Beginning with Ben Halima and co-
workers, a silicon nitride (SizN,) electrode substrate is used
to build the immunosensor for the quantification of tumour
necrosis factor-o. (TNF-a), which is one of several biomarkers
for heart failure.”® The approach links anti-TNF-a to the
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electrode substrate, first by activating the Siz;N, substrate
under UV and O; to form hydroxyl groups on the surface.q The
activated electrode is then subjected to triethoxysilyl undeca-
nal (TESUD) in the vapour phase to provide a bridge between
the electrode substrate and the sensing element (i.e. anti-TNF-
o). TESUD is one of many different types of silyl cross linkers
(depicted in Fig. 2 alongside some others) that are commonly
used to covalently attach sensing elements to electrode
substrates in electrochemical sensor designs. Once TESUD is
attached, the aldehyde functionality spontaneously forms
covalent bonds with anti-TNF-a. This is achieved by
immersing the electrode in a known concentration of the
antigen in solution. Most immunosensor electrodes are then
subjected to a final step, which is immersion in a substance
that blocks non-specific binding sites. In the work by Halima
and co-workers, ethanolamine performs this function,*®
however other substances are also commonly used, such as
bovine serum albumin (BSA) and glycine. A novel aspect of this
approach is that the immunosensor displays functionality
within non-invasive media. As is witnessed in Table 2, most
researchers favour serum samples as the real medium to test
their sensing platforms. Yet a saliva-based sensor would
circumvent the need for invasive procedures, e.g., blood
sampling. A saliva-based sensor is also the focus of work by
Aydin and co-workers.> Interleukin 8 (IL-8) is the focus of their
work, whereby an ITO electrode is coated with polymers and
conductive carbon black (perhaps to overcome resistivity of
the polymer layer and to ensure oxidation of the redox couple)
to house the anti-IL8 biorecognition element. A good analyt-
ical performance is observed for the sensor, coupled with an
impressive recovery rate of IL-8 from saliva (99-101%) using
ELISA as a benchmark technique. The sensor displays 90%
performance after 5 weeks storage.

Immunosensors are also constructed using paper-based
substrates. Work by Li et al. demonstrates that using paper
substrates, target antibodies can be attached to carbon ink and
zinc oxide nanowires (ZnO NWs) using cross linkers.** The
paper-based substrate, cellulose paper, is printed with wax to
simultaneously provide hydrophobicity and electrode shape
definition. Like screen printing, carbon layers are printed into
counter electrode directly onto the paper substrate. The
working electrode is formed by hydrothermal growth of ZnO
NWs directly onto the paper/carbon substrate. The working
electrode diameter is clamped between glass slides, exposing
the working electrode to air. Several aliquots of ZnO nano-
particle suspensions are drop-casted and dried onto the
substrate to seed the electrode. When seeding is complete, the
clamped electrode is suspended into a vial of ZnO NPs and
heated to 86 °C for 8 hours to allow the nanowires to form. The
nanoparticle formulations are changed according to the desired
length and thickness of the NWs, before attachment of the

9 Forming OH groups on electrode surfaces is commonplace in the design of
many electrochemical sensors. Hydroxyl groups are essential for the formation
of covalent bonds between the electrode and parts of the sensor. Throughout
this review we will draw attention to several examples using a range of
approaches to achieve this.

This journal is © The Royal Society of Chemistry 2022
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Year Medium Electrode Target Remarks Ref.
2022 Human serum GCE, GCN-B-CD,% AuNPs, anti- 25(0HD;)* Combined DPV and EIS 61
25(0OH)D; sensor but EIS shows lower
limit of detection
2021 Blood SPE, AuNP, DHP;” anti-DD D-dimer Diffusionless impedance 62
profile
2021 Saliva Si;N,-TESUD-anti-TNF-o.* Tumor necrosis factor-o. Unaffected by matrix 28
effects
2021 Human serum Paper, ZnO nanowires HIV, Covid-19 Versatile method for sensor 30
development
2021 Human serum Au-SPE, cysteamine, Ab-CEA Carcinoembryonic antigen In situ EIS and SERS 31
method useful for EIS
validation at point-of-care
2020 Aqueous Au-SPE, 4-ATP?, GLA®, anti-RSV Respiratory syncytial virus Specificity is observed but 63
not tested in real media
2020 Human serum Ni-foam, NH,-MIL-88B(Fe,Co)?, Cardiac troponin I Authors make arguments 64
anti-cTnl based on low LOD, but in
practice the low LOD isn't
necessary due to the
diagnostic range of
troponin required
2020 Cell cultures ITO’, APTES; EDC/NHS,? anti-Tf Transferrin Limited dataset 65
2020 Human serum ITO, PET, 3-GOPS,”" anti-SOX, SOX, Diffuse voltammetric 32
signals towards
[Fe(CNg)>*~ may be
a reason for selecting EIS
2020 Human serum Au, PEA, SA, anti-P53 P53 ~90% recovery in serum 33
spike experiments
2020 Human serum SPE, AuNP, Au-nano dendroids, Alkaline phosphatase Unusual Nyquist plots 66
GOy, anti-ALP revealing possibly two time
constants
2019 Human serum ITO, PET, GPTES,* anti-TNF Tumour necrosis factor-a. Limited real sample 34
analysis
2019 Human serum ITO, PET, 3-CPTMS,I anti-PAK2 PAK2 Good reproducibility in 67
artificial and real samples
2019 Cerebrospinal fluid ITO, AuNP, poly(glutamic acid), a-Synuclein 4-2000 pg mL~" detection 68
anti-a-SYN range
2019 Human serum GCE, AuNP, rGO,™ anti-PSA Prostate specific antigen Poor analytical sensitivity 69
2019 Saliva Au-paper, BSA, Ab-E” HIN1 Dual colorimetric and 70
impedimetric approach
allows for rapid visual
detection coupled with
quantitative analysis
2018 Human serum ITO, chitosan, CB,’ GLA, anti-P53 P53 25% reduction in activity 35
after 3 weeks storage
2018 Human serum and ITO, PET, SPGMA, CB, PVDF/ Interleukin 8 99-101% recovery shown 29
saliva anti-IL-8 for IL8 from diluted real
samples - ELISA used to
benchmark
2018 Human serum ITO, CPTMS, anti-CRP C-reactive protein Linear range is so low that 71
it would not necessarily
detect patients with high
levels of the protein
2018 Human serum SPE, GQD, AuNR,? anti-PSA Prostate specific antigen Sensor can also be 42
modified as an aptamer,
which shows improved
storage capability
2017 Human serum Au, cysteamine, PDITC, CFTR/ Cystic fibrosis Method validated with 72
DYS” transmembrane regulator/ ELISA. Linear range
Duchenne muscular established over 6 orders of
dystrophy magnitude
2017 Human serum ITO, 3-GOPS, anti-MAGE1 Melanoma antigen Voltammetric and 73

This journal is © The Royal Society of Chemistry 2022
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Table 2 (Contd.)
Year Medium Electrode Target Remarks Ref.
2017 Human serum ITO, 3-GOPS, anti-MAGE-1 Melanoma antigen Impedimetric data more 74
promising than
voltammetric and good
shelf life observed
2016 Human serum GCE, GO, EDC/NHS, anti-HSP70 Heat shock protein 70 Detection ranges several 75
orders of magnitude
narrower than commercial
ELISA methods
2016 Aqueous solutions Paper, ZnO nanowires, APTMS, Rabbit IgG or HIV Nyquist plots shows a very 76
(IgG) and human GA, anti-rabbit IgG OR P24 wide but flat profile,
serum (HIV) antibody potentially inferring that
the device shows increased
charge storage
2016 Human serum Au, MHA®, EG;SH’, amine-PEG3- Prostate specific antigen Two time constants on the 37
biotin¥, avidin, " Ab-Agpsa-" " Ab Nyquist plots
2016 Human serum SPE, nitrocellulose membrane, Bovine serum albumin Uses a smart phone 77
anti-BSA detection system -
promising but dataset
seems thin
2015 Human serum GCE, GO, chitosan, thionine, anti- Prostate specific antigen Combined immuno- and 39
PSA aptasensor - applied to
AuNP, PAMA’, GA, HRP, prostate cancer cells
streptavidin, biotin
2015 Human serum Au, MUA”, C60H", anti-NS1 Non-structural dengue CsOH used as a spacer 78
protein
2015 Human serum GCE, MWCNT?, GO?, PyBuNHS", Human cardiac troponin-I 0.94 pg mL ™" detection 79
anti-cTnl limit - use of a low n value
constant phase element
could potentially affect
reliability
2015 Aqueous SPE, dynabeads,?” anti-human Human IgG Detection philosophy uses 80
IgG hydrogen evolution instead
of the typical Fe*"*" couple
2014 Hen serum GCE, proteinA, anti-HisA H5N1 influenza virus Direct grafting of antibody 81
onto the electrode via
generation of carboxylic
acid groups on GCE
2014 Urine Au-SPE, cysteamine, anti-SOHdG 8OHAG* Slightly better linearity for 82
EIS than for DPV
2014 Human serum Au-SPE, cysteamine, anti-oxLDL Lipoprotein Sensor is formed using 83
three monoclonal
antibodies

“ Triethoxysilyl undecanal. ? 4-Aminophenol. ¢ Glutaraldehyde. ¢ Metal organic framework hydrothermally synthesized onto the Ni foam from
Fe,Co, 2-aminoterephthalic acid, dimethylformamide and acetic acid. * Indium tin oxide. Electrodes are activated using a 1:1:5 solution of
NH,OH : H,0, : water. / (3-Aminopropyl)triethoxysilane. ¢ N-(3-Dimethylaminopropyl)-N-ethylcarbodimide hydrochloride/N-hydroxysuccinimide.
" polyethylene terephthalate, 3-glycioxypropyl trimethoxysilane.  Succinic acid. ¥ Gold nanoparticles, graphene oxide. * (3-Glycidyloxypropyl)
triethoxysilane. ! (3-Chloropropyl)trimethoxysilane. ™ Reduced graphene oxide. " Bovine serum albumin, anti-influenza antibody. ° Carbon
black. ¥ SPGMA is ambiguously termed as “star polymer”, polyvinyldenefluoride. ¢ Graphene quantum dots, gold nanorods. " Phenylene
diisothiocyanate. * 16-Mercaptohexadecanoic acid. ‘ Tri(ethyleneglycol)thiol. “ (+)-Biotinyl-3,6,9-trioxaundecanediamine. ” Polyamido amine
dendrimers. ™ 11-Mercaptoundecanoic acid. * 6-Mercaptohexanol. 7 Multi-walled carbon nanotubes. * Graphene oxide. “* 1-Pyrenebutyric acid
N-hydroxysuccinimide. “” Dynabeads M-280. ° 8-Hydroxy-2-deoxyguanosine. “? Graphitic carbon nitride and P-cyclodextrin. * Serum 25-

hydroxyvitamin D.# Dehexadecyl phosphate.

sensing probe. In their work, several sensing probes are used,
the most notable being the SARS-CoV-2 spike protein receptor
binding domain. The spike protein is covalently bonded to the
ZnO NWs through the use of APTMS and glutaraldehyde (GA). ||
Fig. 3 shows how the Rcr of the electrode increases as the

|| Another common cross-linker used for biosensors.

Anal. Methods

concentration of recombinant IgG antibody (CR3022) to SARS-
CoV-2 spike glycoprotein S1 increases within human serum
samples. Concentrations of up to 1 pg mL ™" of recombinant
antibody can be detected using the paper-based approach,
representing a low cost disposable sensor strategy for Covid-19
and many other infectious diseases. In particular the authors
argue that this approach can compliment mass polymerase
chain reaction (PCR) testing by determining asymptomatic

This journal is © The Royal Society of Chemistry 2022
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3-GOPS

3-APTMS

3-CPTMS

Fig. 2 Common silyl-based cross linkers employed for effective linkage of biological species to electrodes.

infection.®® A potential drawback of this approach is the need
for human serum, when a non-invasive fluid, e.g. saliva or nasal
swab, would be more preferable for the patient.

Dual detection approaches are also witnessed for immuno-
sensing, with work by Castafo-Guerrero focusing on surfaced
enhanced Raman spectroscopy (SERS) combined with EIS for the
observation of cancer biomarkers.** Their work focuses on car-
cinoembryonic antigen (CEA), which is a cancer biomarker
employed in a clinical context that is mostly associated with
colon and gastric cancers. The electrode design employs a gold
screen printed electrode (Au-SPE) that is cleaned and drop-casted
with 100 mM cysteamine, which self-assembles onto the surface
via gold-sulfur chemistry, leaving the amine functionality
exposed. Meanwhile, the CEA antibody (Ab-CEA) is activated
using a combination of N-hydroxysuccinimide (NHS) and N-(3-
dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride

This journal is © The Royal Society of Chemistry 2022

(EDC), which is another common approach observed within the
literature for the covalent attachment of antibodies to electrodes
(Fig. 4). EDC activates carboxylic acid groups, that spontaneously
form covalent bonds with amines; in this case, cysteamine. NHS
is used as a protecting group for the reactive intermediate formed
from EDC activation, but it allows spontaneous coupling to
primary amines at physiological pH, which is a process exploited
in many electrode designs. Glycine is used as a blocking agent to
prevent electrochemical signals arising from non-specific
binding sites. After CEA is hybridised to the electrode, the EIS
signal is generated using a Fe*** redox probe. After EIS
measurement the SERS probe is attached, which consisted of
gold nanostars (Au-NS) functionalised with 4-aminothiophenol
(4-ATP) then crosslinked to activated Ab-CEA. The AuNS/4-ATP/
AbCEA is then added to the EIS sensor probe for SERS
measurement after EIS readings are taken. Under conditions of
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Resistance (kQ)
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10 ng mlI*" 100 ng ml!
Spiked CR3022 antibody concentration
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Fig. 3 Experimental results of detecting CR3022 antibody (specific to
SARS-CoV-2 spike glycoprotein S1) in human serum. Error bars
represent standard deviations (n = 5). Reprinted from ref. 30 with
permission from Elsevier via Rightslink.

pH 4.5, alinear correlation between Rcr and CEA concentration is
observed for the sensor between CEA concentrations of 0.25-250
ng mL '* Similarly, the electrode is employed in serum
samples, yielding a similar correlation within the same range,
although sensitivity was slightly perturbed due to matrix effects.
There is also a slight change in sensor performance when in the
presence of common interferents found in serum (e.g. creatinine
and glucose). The SERS procedure is able to detect 10x lesser
concentrations than EIS, to a slightly lesser sensitivity. The
authors argue this is not an issue for the EIS sensor because the
LoD for the EIS sensor is well within the CEA range for a healthy
patient. Hence, the work provides a potential in situ validation
method for EIS analytical testing within a clinical setting.
Examples to this point have focused on human serum as
a medium but other media are also explored for immunosensing.
The focus of work by de Almedia et al. is to discriminate between
cancerous and non-cancerous cells using EIS. Their work employs
an indium tin oxide (ITO) electrode functionalised with APTES,
EDC/NHS and finally anti-Tf (transferrin). The detection philos-
ophy takes advantage of cancer cells over-expressing the Tf anti-
body, which is exploited in this work by immersing the activated
ITO/APTES electrode in cancerous or non-cancerous cells. In this
case, covalent bonds form between the carboxyl groups activated
by EDC/NHS chemistry and anti-Tf, which transfers from the cell
surface to the electrode. Therefore, the cell itself acts as the
immunosensor because, if cancerous, it will over-express the Tf
antibody at the electrode surface. If the antibody is at the surface,
a biorecognition event between anti-Tf and Tf can occur. If
uncancerous, the anti-Tf will not be expressed to the same degree
and this will theoretically reduce the Ry observed upon hybrid-
isation with Tf. A change in Rcy observed towards [Fe(CN)J> /4~
is observed both for healthy any cancerous cells, however the
changes are more significant for cancerous cells. The work shows
a promising method for detection of cancerous cells rather than
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Fig. 4 Chemical structures of N-hydroxysuccinimide (NHS) and N-(3-
dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride (EDC),
which are regularly used in combination to functionalise oxygenated
terminal species on surfaces.

from other media, however further work on exploring a larger
concentration range, using a larger range of cancerous cells
would be required to consolidate this detection philosophy into
something more translatable to clinical practice.

Many research papers utilise voltammetry for immuno-
sensors. However, there are several other cases where voltam-
metric profiles observed for immunosensors are diffuse,** and in
these cases the reliability and reproducibility of the voltammetric
signal may be compromised. EIS might be the favoured tech-
nique in such examples. Immunosensor reports with diffuse
voltammetric waves are provided for interest.*>** One example is
that of Adeniyi and Mashazi, who report the impedimetric
detection of cancer formation. Their work uses voltammetric
cycling to bond phenylethylamine (PEA) to a gold electrode. Then,
succinic anhydride is self-assembled onto the PEA and activated
using EDC/NHS chemistry. Anti-P53 was self-assembled onto the
electrode therein. Their data shows promise but with a caveat of
low recovery in spiked serum experiments. Similarly, Aydin et al.
report their immunosensor targeting P53,* which is based on an
ITO electrode functionalised with chitosan and carbon black, the
former being a common material for electrode layer formation in
electrochemical diagnostics due to its biocompatibility. The
electrode is modified with anti-P53 by cross-linkage with GA. The
sensor shows some promising analytical capability for low
concentrations of P52 in the pg range but suffers from poor
regeneration capability and 25% loss in sensor activity after 3
weeks of storage.

In summary this section on immunosensors finds them to be
the most prevalently researched application of EIS as an
analytical detection method for bioanalysis, and this is achieved
using a range of sensor design strategies. Sensors are frequently
reliant on the existence of -OH terminating species on the
underlying electrode substrate, upon which the electrode is
constructed upon. Cross-linking chemistries are used to cova-
lently attach antibodies to the electrode surfaces, making
modern design strategies appear far more stable than

** Diffuse voltammetric profiles are those that experience increased peak-to-peak
separation relative to the underlying electrode material, as well as a compromised
peak current. These two factors suggest a reduction in the rate constant for
electron transfer and is an indication of a less reliable analytical signal for
electroanalysis.

This journal is © The Royal Society of Chemistry 2022
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traditional drop-casting approaches. EDC/NHS chemistry is
often used to link ~OH to amines, while silyl-based linkers are
also preferred in some cases, as well as the use of self-assembled
monolayers using gold-sulfur interactions. Non-specific
binding sites are commonly filled using blocking agents such
as BSA and ethanolamine. The combination of these elements
allows electrodes to be built that are viable to selectively detect
target species without interference, for use in complex matrices,
and having long lasting storage capability. The advantage of the
cross-linking approaches appears to be that they are applicable
across a wide range of target species, and they can be used on
a range of electrode substrates, both carbon- ITO- and paper-

View Article Online
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based substrates. If multi-layered electrode designs are
required for future analysis, as it appears is the case for complex
media such as human serum, then ensuring lack of interference
from common biologically relevant analytes (e.g., creatinine and
glucose) is key for future designs, as well as ensuring longevity
in storage. The latter is probably the biggest challenge for
immunosensors at this stage.

3.1.2 Sandwich-type sensors. Sandwich-type sensors come
in a variety of forms, using oligonucleotides, antibodies, and
aptamers or a combination thereof. They differentiate from
other sensor types insofar as the sensor signal is not formed
from one singular hybridisation event; rather the target species

>

[Fe(CN)J*

[Fe(CN)J*  [Fe(CN)*

[Fe(CN)g*

*moon YYMWH @ Electroactive label

Fig. 5 Schematic representation of (A) label-free, (B) sandwich, and (C) competitive electrochemical immunosensors (left) and schematic
representation of the mechanism using enzymatic-labels (right): (D) ALP enzymatic-label for production of electrochemically active 1-naphthol,
(E) ALP-catalyzed deposition of electroactive silver, and (F) HRP-catalyzed oxidation of the redox mediator. Reprinted from ref. 36 with

permission from Elsevier via Rightslink.

This journal is © The Royal Society of Chemistry 2022
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is used as a bridge between an electrode substrate and a labelled
sensing element, such as an antibody labelled with ferrocene.
Fig. 5 depicts the basic differences between immunosensors
and sandwich immunosensors.*® Sandwich-type sensors are
more frequently being turned to as a detection strategy in
electrochemical biosensing because they offer advantages such
as improved target selectivity in real samples, although there is
usually a trade-off of increased data acquisition time, while the
electrodes are intrinsically complex relative to, for example,
immunosensors. Nonetheless sandwich-type sensors are re-
ported with EIS as a detection method in several literature
examples since our last review. There are contributions for
sandwich-type sensors that target PSA,**° though perhaps EIS
is unfavoured as an approach for sandwich-type sensors
because most strategies employ electroactive labels that would
more beneficially be used in conjunction with voltammetric or
amperometric techniques.

Nonetheless, Kavosi et al. employ a combined aptamer/
immunosensor approach for PSA detection. First, horseradish
peroxidase (HRP)-functionalised PSA aptamers are grafted onto
dendrimers mounted upon gold nanoparticles, providing
a sensory element towards hydrogen peroxide. Second, a glassy
carbon electrode is functionalised with PSA antibody and thi-
onine, which acts synergistically as a sensing element towards
the HRP-functionalised dendrimer. The aptamer will only
hybridise with the electrode substrate in the presence of PSA,
which acts as a bridge between the PSA antibody and the PSA
aptamer, and this interaction is monitored by observing the
reduction of hydrogen peroxide by HRP, which is itself reduced
by protonated thionine. The interactions are finely balanced but
crucially the whole detection philosophy is reliant upon PSA
presence: in the presence of PSA the antibody and aptamer can
be bridged together, bringing HRP in close proximity to thio-
nine, resulting in the reduction of hydrogen peroxide. In the
absence of PSA during hybridisation, hydrogen peroxide
reduction is observed to a much lesser extent. The approach
uses EIS to detect PSA to a limit of 5 pg mL . It should be noted
that the differential pulse voltammetry approach using the
same electrode had a lower detection limit of 10 fg mL~" and
a wider linear range.

Another example of sandwich-type sensors is reported by
Gutiérrez-Zaniga and Hernandez-Lopez who report an electrode
exploiting avidin/biotin interactions.?” Their electrode design
incorporates two labelled PSA antibodies: the first PSA antibody
is labelled with biotin, which anchors the antibody to the avidin
on the electrode surface, while the second antibody is labelled
with HRP for an ELISA (confirmatory technique). In the pres-
ence of PSA, the two labelled antibodies are bridged by the PSA,
creating more resistance at the electrode surface and thus
resulting in a higher Rcr. This overall electrode design contains
many elements and so it is no surprise that the Rcy reported are
extremely high (in the region of MQ), but despite this an
increase in the resistance is measured using EIS.

There is limited literature using EIS as a quantitative tech-
nique for sandwich-type sensors, so perhaps this is either an
emerging area, or more likely there are more suitable detection
approaches to achieve the best results. Despite this, efforts have
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been witnessed using nanotechnology (dendrimers and gold
nanoparticles) to amplify current signals, while avidin/biotin
interactions are also shown to be successful, despite showing
very high impedances, which could potentially preclude this as
a meaningful analytical approach in combination with EIS.

3.1.3 Aptamer sensors. Aptamer sensors are the second
most common type of sensor found to be reported for EIS-based
applications since our last review. Instead of using antibodies
for the electrolyte-facing component of an aptamer sensor
electrode, an aptamer is used instead. There are many types of
aptamers and defining the full suite of them is beyond the scope
of this review, but summarily aptamers are “small, synthetically
derived, single-stranded oligonucleotides which bind to their
cognate target with high affinity and selectivity”.** Aptamers
cover quite a broad range materials from which they can be
constructed from. A differentiation between oligonucleotide
sensors and aptamer sensors is appropriate for this review
paper, so henceforth this review assumes that, where oligonu-
cleotide sensors rely solely on a base pair hydrogen bonding for
binding, aptamer sensors rely upon more complex non-covalent
interactions,* involving secondary structures such as multi-
branched loops or G-quadruplexes.*® At least, the property of
non-covalent interactions based upon secondary structures of
oligonucleotides or peptides appears to differentiate aptamers
from oligonucleotides (and potentially peptide-based sensors)
themselves. What is certain is that the combination of base pair
and structural recognition makes aptamer sensors highly
selective and are increasingly employed in sensor development.

Similar to immunosensors, if aptamer sensors are to be
employed more widely using EIS as a detection method for
target binding, then the aptamer-based electrodes need to be
selective and exhibit long term stability. Aptamers are widely
considered to be more stable than immunosensors, but still
require complex electrode design to anchor the aptamer to the
electrode surface to ensure effective connection to the electrode
for signal generation, and for long term stability. As will be seen,
the approaches utilised to construct aptamer sensors have
significant crossover with that of immunosensors.

Table 3 lists the selected works found using the systematic
review process. Previously mentioned was a comparative study
between an immunosensor and aptamer sensor for the detec-
tion of PSA.** The authors argue that the aptamer displayed
better characteristics in terms of storage capability. An inter-
esting point to note from their work was the change in EIS
profile between the aptamer and immunosensor. Fig. 6 depicts
EIS profiles for (A, B) an aptamer and (C, D) immunosensor,
which display different characteristics. In the case of the
aptamer sensor (A, B) for PSA, the impedance profile shows
clearly that there are two time constants in the Nyquist plot
within the frequency range 0.1-10 000 Hz, one with a large Rcr
in the high frequency zone, while there is a second time
constant with a small Rcy within the low frequency zone. This is
modelled as two Randles circuits in series, with significantly
differing magnitudes. The authors ascribe the two time
constants observed to two different charge storage phenom-
enon: one time constant reflecting charging between the elec-
trode surface and the electrolyte, and a second time constant

This journal is © The Royal Society of Chemistry 2022
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Table 3 A table of selected examples of aptamer sensors that employ EIS as the recognition technique

Year Medium Electrode Target Remarks Ref.
2020 Human serum Paper, graphene, Carcinoembryonic Authors remark that the paper- 84
PEDOT/PSS,” APTMS, antigens based approach could be useful
SA,” CEA aptamers for early diagnosis and operable
by non-specialists
2019 Human serum, tears, SPE, amino-rGO,° Lysozyme High stability and linearity with 44
urine, egg white, wine aminosilica respect to lysozyme. Compatible
nanoparticles, GLA,? in many matrices and a wider
lysozyme aptamer linear range with EIS compared to
potentiostatic methods
2019 Aqueous solutions Au, ISC,° MCH; PEX-14 Matrix The authors compare the 45
aptamer metalloproteinase-14 unlabelled EIS approach, to
a labelled approach using tagged
ferrocene as a redox probe. The
unlabelled approach is reported to
have a 10x lower limit of
detection
2018 Serum, urine, egg white, GC, rGO, MWCNT, Lysozyme Drop-casted electrode may give 85
wine chitosan, carbon rise to long term stability issues
quantum dots,
lysozyme aptamer
2018 Human serum SPE, GQD, AuNR, anti- Prostate specific Sensor can also be modified into 42
PSA antigen an immunosensor but authors
argue that aptamer sensor offers
advantages in terms of stability
2017 Human serum and plant GC, AuNP, MPA# Vinblastine SEM images show clearly how the 86
extracts tubulin tubulin binds to the AuNP/MPA
scaffold
2016 Aqueous solutions Interdigitated Au, SH- Proteases (e.g. Smartphone controlled 77
PEG-COOH, thrombin) electrochemical measurements
octapeptide, BSA are the unique aspect — BSA also
detected via an immunosensor
approach by housing anti-BSA
within to a nitrocellulose
membrane, casted onto a screen-
printed electrode
2015 Wine SPE, DAZ," LysCOX or Lysozyme Electrode design uses diazonium 46
LysTRANi coupling, which appears to be less
often witnessed than self-
assembly, electrodeposition, drop-
casting or EDC/NHS chemistry
2015 Aqueous solutions Au, thiolated aptamer Peanut allergen Authors note poor stability of 87

a

electrode if pH is higher than 7

(3,4-Ethylenedioxythiophene) : poly(styrenesulfonate). ” Succinic anhydride. © Amine-functionalised reduced graphene oxide synthesized via the

Hummers' method. ¢ Glutaraldehyde. ° ISC is an amino-functionalised peptide called 1S4: (IS4)-(CH,)s~Cys-OH. / Likely to be 6-mercapto-1-

hexanol, though the paper is unspecific. ¢ 3-Mercaptopropionic acid.

" The diazonium coupling reaction occurs through the reaction of 4-

aminobenzoic acid with NaNO, in the presence of 0.5 M HCL.  Two different aptamers for lysozyme.

reflecting charging between the electrode surface and the elec-
trode modification (i.e. the SPE, GQD, AuNR and PSA aptamer,
see Table 3 for definitions). Furthermore, it is evident that the
Rcr of the aptamer sensor overall is twice that of the immuno-
sensor (see x-axis on Fig. 6), while the slight uptick in the semi-
circle in the low frequency zone of the immunosensor Nyquist
plot validates the use of the Warburg element (especially for
lower concentrations, though perhaps diffusional impedance
dissipates thereafter), demonstrating that the immunosensor
electrode modification permits the redox probe to interact with
the underlying electrode (or its connected modifications, e.g.
GQD or AuNR) to a much greater extent than the aptamer

This journal is © The Royal Society of Chemistry 2022

sensor. The phenomenon could provide a telling difference
between aptasensors and immunosensors in terms of permis-
sibility of the electrolyte to the underlying electrode surface: the
larger aptasensors provide a sufficient enough barrier that
eclipses the impedance contributions observed with respect to
diffusional impedance, while immunosensors still show diffu-
sional impedance especially at low concentrations of target
analyte.

As with other electrochemical detection strategies, for them
to be of any real clinical use they should be designed as point-of-
care systems where the measurement can be taken to the
patient. Aptamer sensors are no different, since using
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