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ARTICLE INFO ABSTRACT

Keywords: The growing use of aptamers as target recognition elements in label-free biosensing necessitates corresponding
DNA transducers that can be used in relevant environments. While popular in many fields, capacitive sensors have
RNA seen relatively little, but growing use in conjunction with aptamers for sensing diverse targets. Few reports have
Conformational change . . PP s . .

Non-faradai shown physiologically relevant sensitivity in laboratory conditions and a cohesive picture on how target capture
on-laradaic g . . . . . .
Label-free modifies the measured capacitance has been lacking. In this review, we assess the current state of the field in
Impedance three areas: small molecule, protein, and cell sensing. We critically analyze the proposed hypotheses on how
aptamer-target capture modifies the capacitance, as many mechanistic postulations appear to conflict between
published works. As the field matures, we encourage future works to investigate individual aptamer-target in-
teractions and to interrogate the physical mechanisms leading to measured changes in capacitance. To this point,
we provide recommendations on best practices for developing aptasensors with a particular focus on consider-

ations for biosensing in clinical settings.

1. Introduction

To date, approximately 30 manuscripts have been published on
capacitive aptamer sensors (aptasensors). Capacitive sensors are an
attractive label-free method for many biosensing applications due to
their high sensitivity, relatively simple readout electronics, and poten-
tial scalability (Santos et al., 2015; Tsouti et al., 2011; Berggren et al.,
2001). Aptamers are single-stranded, short oligonucleotides (typically
<100 nucleotides) serving as artificial molecular recognition elements
for specific targets of interest (Zhou and Rossi, 2016). While there has
been success applying capacitive measurements for the detection of
various analytes of interest, in general, an in-depth understanding of the
physics/chemistry is lacking across the published works. Further, we
have observed conflicting hypothesized mechanisms within the capac-
itive aptasensing literature.

For this technology to mature, a deeper understanding of the nature
of capacitance in these systems is necessary. Comprehending this phe-
nomenon is challenging, especially with the variation in target mole-
cules, aptamer sequences, aptamer-target binding mechanisms, and
capacitor electrode size and dimensions. Nevertheless, we attempt to
provide some insight by reviewing the existing literature critically and
emphasize the necessity to perform comprehensive characterizations of
individual aptamer-modified capacitive biosensors.

Introducing aptamers on the surface of electrodes clearly modifies
the thickness, charging, and total charge of the electrical double layer
(EDL) as well as the effective permittivity of the solution. These prop-
erties are further modified when aptamers bind specific targets of in-
terest in sequence-specific mechanisms. When capacitance
measurements are made in complex solutions at voltages above the
thermal potential (~25 mV at 20°C) or at high frequencies, many
equivalent circuit models are insufficient (Kilic et al., 2007). In this re-
view, we first introduce the field of aptamers as molecular recognition
elements, then describe the existing literature in capacitive aptasensing
while evaluating the variability in mechanistic hypotheses. Finally, we
summarize key points that should be taken into careful consideration in
the design and testing of capacitive aptasensors for clinical applications.

2. Aptamers as molecular recognition elements for biosensing

Not all single-stranded oligonucleotides bind to a target of interest
selectively, this instead, is the defining feature of aptamers, which are
isolated by an in vitro combinatorial method termed systematic evolu-
tion of ligands through exponential enrichment (SELEX) (Ellington and
Szostak, 1990; Tuerk and Gold, 1990). This approach circumvents de
novo design necessary for more conventional protein-based recognition
elements such as enzymes and antibodies. Aptamers targeting diverse

Abbreviations: Aptasensor, aptamer sensor; EDL, electrical double layer; SELEX, systematic evolution of ligands by exponential enrichment.
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biomolecules ranging from small molecules to large proteins and cells
(via recognition of specific ligands on cell membranes) have been re-
ported (Darmostuk et al., 2015). Further, advances in SELEX have
facilitated the identification of specific and selective aptamers for
challenging targets (Yang et al., 2012, 2014, 2017). Aptamer specificity
is defined as target recognition with adequate affinity while selectivity
refers to the ability to discriminate structurally similar analytes found in
comparable concentrations in the sensing environment. Such charac-
teristics facilitate the deployment of aptamers for a variety of applica-
tions including biomedical diagnostics, biomarker discovery, and
targeted therapies (Zhou and Rossi, 2016).

The appeal of aptamers lies in minimal batch-to-batch variation and
low production costs due to chemical synthesis of relatively short se-
quences (Baker, 2015). Further, aptamers can be chemically stabilized
via conjugation to carrier molecules, such as polyethylene glycol, or
capped at their 3’- and/or 5’-ends to enhance nuclease resistance for
deployment in biological media (Ni et al., 2017). Being artificial,
aptamers can be tuned by manipulating primary base sequences to
control folding kinetics and binding affinities (Ricci et al., 2016; Bis-
sonnette et al., 2020). The selectivity of aptamers for specific applica-
tions in biological milieu with high concentrations of nonspecific
interferents can be optimized via improved SELEX procedures.
Counter-SELEX or negative selection excludes sequences with high af-
finity for cross-reactive targets and thus improves aptamer selectivity
towards molecules of interest vs. structurally similar nontargets (Yang
et al., 2012, 2014).

A critical aspect of aptasensing relies on the mechanism of detection.
However, the mechanism is target dependent, where binding of large,
highly charged biomolecules to surface-tethered aptamers alters the
surface properties of sensing areas. Instead, for small molecules with
single to a few charges or neutral molecules, the binding of the target
itself may be insufficient to induce a change in capacitance, especially in
low amounts. As an alternative to reducing capacitor dimensions to the
nanoscale (Yi et al., 2005; Mannoor et al., 2010; Ghobaei Namhil et al.,
2019), aptamers undergoing conformational rearrangement upon target
recognition can be harnessed to achieve sensitive neutral and
small-molecule sensing (Nakatsuka et al., 2018a).

Especially in diagnostic electronic biosensing where the sensor must
be deployed in complex environments such as biofluids or clinical
samples, structure-switching aptamers are advantageous (Nakatsuka
et al., 2021a). Many real samples have high ionic content leading to a
limited effective sensing regime within the screening distance (Debye
length) for charge carriers in the solution (Nakatsuka et al., 2018a).
Covalent assembly of aptamers on the electrode alters the surface charge
due to the highly negatively charged phosphodiester backbone rear-
ranging solution ions in close proximity. Upon target recognition,
structural changes driven by intermolecular interactions such as van der
Waals forces, pi-pi stacking of bases, and hydrogen-bonding, lead to
modulation of charge density near or within the Debye length at sensor
surfaces. While a new electrochemical equilibrium will form, often the
thermodynamically minimal state allows for uncompensated charge in
the volume around the aptamer.

Whether this effect has noticeable impact on charge stored by the
electrode depends on aptamer packing and length, buffer concentration,
electrode potential, and applied frequency among other parameters.
Fig. 1a shows a schematic of the double layer formation on a negatively
charged electrode when i) the surface is uncoated ii) a self-assembled
monolayer of short backfill molecules (e.g., 6-mercaptohexanol, MCH)
are covalently attached to the surface iii) aptamers are co-assembled
with backfill molecules and iv) the aptamer undergoes structure
switching due to target capture. Importantly, this mechanism of target
detection does not require labels such as redox reporters or fluorescent
dyes and does not rely on properties of the target molecule (e.g, size,
charge, redox potentials). Conformational rearrangements of aptamers
can be validated through various complementary techniques such as
fluorescence-based strategies (e.g, Forster resonance energy transfer)
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Fig. 1. Mechanisms of detection for capacitive aptasensors. a) Schematic of the
double layer for (i) a bare metal surface where a compact layer of counter ions
forms, (ii) small backfill molecules (6-mercaptohexanol, MCH) covalently
modified on the electrode surface, (iii) negatively charged DNA aptamers
assembled alongside the MCH backfill, and (iv) an aptamer that undergoes
conformational rearrangements upon target capture. b) Schematic demon-
strating the mechanistic hypothesis of changes in interface capacitance upon
aptamers binding to targets. (i) The dielectric layer on the electrode surface is
composed of the thickness of the electrical double layer (EDL) and the assem-
bled aptamers. (ii) Binding of the target analytes result in an increase in the
hight of the dielectric layer.

and spectroscopic methods (e.g, circular dichroism and surface-
enhanced Raman spectroscopy) (Bottari et al., 2020).

However, many aptamers do not undergo significant structural
rearrangements, but rather, similarly to antibodies, have binding
pockets that may exist in distant locations from the sensing surface
(Orava et al, 2010). Most reports reviewed herein, assume this
lock-and-key binding mechanism while neglecting the characterization
of specific aptamers with their targets. In this case, the primary mech-
anism of detection is a change in the effective thickness of the double
layer as shown in Fig. 1b. Care must be taken in determining what
aptamers to integrate into which capacitive platform, depending on the
target of interest and recognition mechanism. Further, the real-world
application of the sensor must be taken into consideration, as aptam-
ers adopt different conformational structures with target-binding affin-
ities dependent on the sensing environment (Nakatsuka et al., 2021b;
Springer et al., 2010). With these important aspects of aptasensing in
mind, we delve into the existing literature of capacitive aptasensing
platforms for various targets ranging from small molecules to whole
cells.

3. Capacitive aptasensors

When searching the literature with aptamers integrated as recogni-
tion elements in capacitive biosensing platforms, the most common
targets are large biomolecules (Fig. 2). The preference for detecting
large targets is due to greater changes in charge redistribution on the
electrode surface upon binding of highly charged, large biomolecules.
Alternatively, there are few studies that targeted small molecules (<0.5
kDa), which are mainly of environmental concern. While occasionally,
peptides used for molecular recognition are also called aptamers
(Reverdatto et al., 2015; Chand et al., 2016) we report solely on
oligonucleotide-based aptamers. Further, we focus our review on
capacitive aptasensors.
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Fig. 2. Distribution of published literature on capacitive aptasensors categorized based on their targets in a tree map. The molecular size differences are illus-

trated below.

Fundamentally, capacitance is defined as the amount of charge
stored on an electrode at a given potential. Capacitance changes in
electrochemical sensors can be divided between three phenomena: po-
larization, EDL capacitance, and pseudocapacitance. While tradition-
ally, pseudocapacitance and EDL capacitance have been considered
separate, the physical distinction between the two is not always well
defined (Fleischmann et al., 2020). Herein, we review reports involving
mechanisms of polarization and EDL capacitance. Pseudocapacitive ef-
fects are typically better described by Faradaic charge transfer between
the electrodes and the solution and as such, are not addressed here. An
overview of redox-mediated and pseudocapacitive aptasensors can be
found in a recently published book on aptamers in biotechnology
(Urmann and Walter, 2020). Each category of target molecules requires
different considerations due to variations in how the aptamer-target
interaction influences signal transduction at the surface of capacitive
platforms. We will begin by addressing examples of each.

3.1. Small molecules

When reviewing the literature for small-molecule detection using
capacitive aptasensors, the trend was a decrease in capacitance upon
binding of the analyte to the aptamer-modified electrodes. Suggested
mechanisms for capacitance decrease include increasing the thickness of
the dielectric layer upon target binding to the aptamer-modified elec-
trodes or aptamer conformational change (albeit, without character-
ization of the dynamics of target-induced structure switching). Analysis
of the existing literature of capacitive aptasensors targeting small mol-
ecules demonstrates a need to bridge the gap between the fundamental
characterization of aptamer-target interactions and electrical aptasensor
responses.

Most reported capacitive aptasensors targeting small molecules have
been developed to detect toxic chemicals in environmental resources or
food. Widespread use of various chemicals in different stages of the food
chain has caused concern as some of those chemicals are toxic at low
concentrations (Rather et al., 2017). For example, organophosphorus
pesticides are widely used in agriculture due to being efficient and
cost-effective, but they can cause severe diseases in humans (Eddleston

et al., 2008). Zhang et al. used a capacitive sensing platform to detect
four different organophosphorus pesticides (profenofos, isocarbophos,
omethoate, and phorate) simultaneously using an aptamer that can bind
to all four targets (Zhang et al., 2020). However, we note that a sequence
that binds to four molecules without differentiation, is not a character-
istic “aptamer”, but rather a sequence with cross-reactivity to multiple
targets (Alvarez-Martos and Ferapontova, 2017). In this work, the au-
thors characterize the dielectric layer on the electrode surface as the sum
of the thicknesses of the electrical double layer and the immobilized
aptamers (Fig. 1bi). Upon binding of organophosphorus molecules to the
aptamers, the authors hypothesize the dielectric layer of the electrode
surface increases due to additional thickness of bound organophosphorus
molecules (Fig. 1bii). This increase in dielectric layer leads to a decrease
in capacitance.

However, without robust characterization of the aptamer-target
recognition mechanism, it is challenging to know how the dielectric
layer of the electrode-buffer interface is altered upon binding. While
possible that target binding does indeed increase the aptamer layer
thickness due to distal binding pockets or conformational rearrange-
ments resulting in elongation of the compley, it is an oversimplification
to assume target binding always leads to a thicker charged layer at the
surface. Some aptamer-target complexes adopt a more compressed
structure compared to the free aptamers (Nakatsuka et al., 2018a).
Hence, it is important to interrogate aptamer-target interactions to form
models of capacitive aptasensors.

Two research teams fabricated capacitive aptasensors to monitor
bisphenol A (BPA), a small molecule commonly used in the production
of food/water containers that has been shown to have adverse effects on
the mammalian endocrine system at low concentrations (Yoon et al.,
2014; Almeida et al., 2018). While Kang et al. attributed decrease in
capacitance to aptamer conformational change, there was no discussion
on how the backbone rearrangement upon BPA recognition resulted in
lower capacitance (Kang et al., 2011). Cui et al. similarly saw capaci-
tance decrease with increasing BPA concentrations but the mechanism
was not postulated (Cui et al., 2016). An important factor to consider is
that two different aptamer sequences were used with varying sequence
lengths (>100 bases for Kang et al., ~60 bases for Cui et al.) likely
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possessing distinctive binding dynamics upon BPA recognition. To this
point, each unique aptamer-capacitive sensor system should be inter-
rogated on a case-by-case basis to decipher the relationship between
recorded capacitance changes and aptamer-small-molecule binding.

An alternative report posited aptamer conformational change as the
driving mechanism for the detection of potassium ion, K'. Interestingly,
the K™ aptamer has been characterized in other reports to structure-
switch from a random-coil structure to G-quadruplexes with a cavity
that fits K™ ions (Radi and O’Sullivan, 2006; Chen et al., 2013). For-
mation of the G-quadruplex increases space charge density compared to
the random coil due to the significantly decreased DNA persistence
length, an indicator for the degree of structural rigidity/flexibility (Radi
and O’Sullivan, 2006). For the K+ aptamer, the persistence length of the
condensed G-quadruplex is ~1 nm vs. ~6 nm for the random coil despite
the same number of negative charges (Zhang et al., 2001; Manning,
1978). Thus, the K" aptamer conformational change that alters the
thickness and dielectric properties of the sensing layer was believed to
modify the interfacial capacitance. While this work used a previously
characterized aptamer, since the charge of the aptamer, target, and
electrode dimensions influences such measurements, each of these
components must be deconstructed for a comprehensive mechanistic
understanding.

Especially for small molecules with small charges and low masses,
aptamer conformational dynamics that rearranges the highly negative
charges at sensor surfaces likely drive the changes observed in measured
capacitance. The importance of clarifying aptamer rearrangements upon
target recognition has been shown using field-effect transistors (FETSs) as
electronic signal transduction platforms (Nakatsuka et al., 2018a,
2021b). While we do not cover aptamer-functionalized transistors in this
review, the surface charge rearrangement of the double layer measured
by FETs can provide insight into how aptamer conformational change
will impact interfacial charge storage in capacitive sensors.

On FET surfaces, the detection of two small-molecule neurotrans-
mitters, serotonin and dopamine, with comparable molecular weights
and the same charge (one positive charge at physiological pH due to the
primary amine), resulted in divergent electronic responses in artificial
brain fluid (Nakatsuka et al., 2018a). On one hand, for dopamine
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aptamer-functionalized FETs, a current decrease followed increasing
concentrations of dopamine (Fig. 3a). On the other hand, serotonin
aptamer-functionalized FETs showed an increase in current upon addi-
tion of serotonin (Fig. 3b). These measurements suggested that the main
mode of signal transduction is the aptamer conformational dynamics
upon target recognition that influences the charge distribution at the
surface of the FETs (Fig. 3c and d).

This study highlights the importance of interrogating how aptamers
interact with small molecules to understand the electronic characteris-
tics observed in the capacitive sensing platforms. Further, insight into
aptamer conformational changes can lead to optimal surface design (e.
g., tailoring aptamer surface densities and chemistries) to maximize the
signal-to-noise ratio between specific and nonspecific binding responses.
Complementary fluorescence-based or spectroscopic experiments to
elucidate binding mechanisms and structural dynamics should be per-
formed in specific environments mimicking the final application of the
sensor (i.e., not in highly diluted buffers or water).

Some reports on small-molecule capacitive aptasensors have claimed
femtomolar detection of small-molecule targets but measurements were
conducted in diluted buffer conditions, which are not representative of
biological samples. In some cases, despite the low detection range tested
to generate the dose-response curves, the linear regime did not corre-
spond to physiologically relevant sensing regimes. Additionally, in some
dose response curves, only the linear regime is recorded without
achieving sensor saturation. Nonspecific binding to surfaces scales lin-
early with ligand concentrations, thus the saturation regime is important
to reach to demonstrate specific binding (Frutiger et al., 2021). It is
crucial to ensure the linear regime (with highest sensor sensitivity) is
within a clinically relevant range to develop a sensor that can be
deployed for real-world applications.

3.2. Peptides and proteins

For targets larger than the small-molecule targets (i.e., >0.5 kDa)
covered in the previous section, in addition to the influence of aptamer
conformational dynamics, the charge and size of the target molecule
likely influence the capacitive sensor responses. The electric permittivity

Fig. 3. Divergent electronic signals obtained on the
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of the active sensing volume may change substantially when larger
targets bind to surface-tethered aptamers and/or the amount of specif-
ically captured charges alters the total charge on the electrode. In some
reports that detect peptides and proteins, the charge storage that occurs
at the sensor interface is governed by pseudocapacitance rather than
double layer capacitance. In some of these scenarios, effective electron
transfer reactions (Faradaic) occur at the electrode surface rather than
physisorption of ions to form double layers (non-Faradaic). We do not
cover these works (Forouzanfar et al., 2020; Ben Aissa et al., 2019;
Qureshi et al., 2012; Piccoli et al., 2018), but rather focus our review on
sensing mechanisms based on changes in the double layer capacitance.

In the literature of capacitive aptasensors to detect peptides and
proteins, there are conflicting, or at least incomplete, mechanistic hy-
potheses. We will start by discussing capacitive aptasensors targeting
thrombin, a large, highly charged blood protein. Thrombin aptamers are
unique in that crystal structures of both the RNA and DNA thrombin
aptamers have been resolved, which allows observations of the molec-
ular interactions and binding surfaces in the aptamer-thrombin com-
plex. Overlapped crystal structures of the RNA and DNA thrombin
aptamers demonstrate that the size of the protein is significantly larger
than the folded oligonucleotide structures (Fig. 4a), (Orava et al., 2010)
which implies that the contribution to the capacitance changes is
dominated by the target rather than the aptamer. With this image of the
thrombin aptamer-target complex in mind, we can compare reports of
thrombin capacitive aptasensors.

In the work of Chen et al., the capacitive aptasensor demonstrated an
increase in capacitance in the pM-nM concentration range of thrombin
in 1x PBS and 50% serum (Fig. 4b). (Chen et al., 2019) The authors
attributed the capacitance increase to the dipole moment of charged
thrombin molecules. Given the size of the thrombin dipole and that the
study was done at low frequencies (<1 kHz), this hypothesis is reason-
able, but it is unlikely a full description of the capacitance change. In
contrast, two other works observed the opposite direction of change in
the capacitance when sensing thrombin with nanogap (40 nm and 20 nm
in respective works) capacitive sensors (Mannoor et al., 2010; Ghobaei
Namhil et al., 2019). The data is presented in terms of relative permit-
tivity; this parameter is proportional to capacitance. Both reports show a
decrease in relative permittivity (i.e., decrease in capacitance) upon
thrombin target exposure (Fig. 4c). This trend is hypothesized due to the
replacement of water molecules (relative permittivity of ~80) by
monolayers with lower permittivity (both the aptamers and subsequent
thrombin molecules). It should be noted that the physics describing
nanoscale electrolytic capacitors is substantially different as both the
mean field assumption and electroneutrality of the bulk solution may no
longer hold. Two papers, one on charge relaxation (Thakore and Hick-
man, 2015) and the other on charge fluctuation (Limmer et al., 2013), of
nanoscale capacitors give some insight into the unique considerations
required at the nanoscale.

While the target molecule and aptamer (albeit there are variations in
polyT tail lengths to extend the aptamer from the surface to minimize
steric hindrance) are the same between these reports, the difference in
the direction of capacitance change demonstrates that the sensor ge-
ometry can significantly influence the mechanisms of detection. The
disparity in sensor responses also highlights that changes in permittivity
for heterogenous substances is not always straightforward and even less
so in ionic solutions. Additionally, the use of different buffers likely
impacts the measured capacitance.

We now delve into other works where different proteins are targeted
with varied hypothesized mechanisms of detection. A capacitive apta-
sensor based on interdigitated gold electrodes functionalized with an
RNA aptamer targeting C-reactive protein (CRP), a critical protein in
inflammation and related disorders (Sproston and Ashworth, 2018),
demonstrated an increase in capacitance upon target capture in two
publications from the same group (Qureshi et al., 2010a, 2010b). The
authors hypothesized that the larger molecular size of the aptamer-CRP
complex leads to a larger permanent dipole moment, which alters

Biosensors and Bioelectronics 224 (2023) 115014

o

Buffer condition
b 50% serum condition

0L °

60 -

e
T
(SR 2

=
T
o

Capacitance change (fF)

L I} A 1 ' " L A " ' L

4 <13 12 11 10 9 8 T -6
Log (Thrombin concentration)

c 260 T r o T T
240

220 0.5xSSC

200 4

180 +

ttivi

160 4 Aptamer
140 4

120 4

ive permi

100 4
80 4
60

Lo 1A 1

Relat

Aptamer + Protein

40

oy r - ~r T
1 10 100 1000 10000 100000

Frequency (Hz)

Fig. 4. (a) Overlapped crystal structure of the RNA (purple) and DNA (blue)
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dielectric properties of the medium above the electrodes, inducing a
change in capacitance. Similarly, Park et al. also observed an increase in
capacitance upon addition of nicotinamide phosphoribosyltransferase
(Nampt), an enzyme in the biosynthesis of nicotinamide adenine dinu-
cleotide, a biomolecule central to metabolism. The malfunction and/or
imbalanced concentration of Nampt has been associated with numerous
diseases such as cardiovascular diseases (Filippatos et al., 2010) and
cancers (Bi and Che, 2010). This change was attributed to the detection
of charges present on peripheral amino acids on protein surfaces that are
introduced upon interactions with the aptamers.

This work observed an interesting effect — applied frequencies
influenced aptamer-target binding (Park et al., 2012). The authors found
that the equilibrium constant (Kq) decreases (stronger aptamer binding)
upon increasing the applied AC frequency, resulting in over 100-fold
higher target affinities at higher frequencies (~1 GHz). Moreover, an
effective frequency range for the dose-dependent response was identi-
fied, which is also dependent on the sensing environment (buffers vs.
complex milieu). While the K4 of the receptors is inherent and un-
changing, the authors hypothesized that surface conductance associated
with movement of charged protein-bound ions at particular frequencies
led to changes in observed binding affinities.

Divergence in capacitance responses was observed from two reports
using similar platforms (gold interdigitated microelectrodes) detecting
the same target molecule: human epidermal growth factor receptor 2
(HER2). The amount of HER2 in blood has been associated with different
cancers especially breast cancer (Ludovini et al., 2008). The first HER2
capacitive aptasensor reported in 2015 sensed HER2 using interdigi-
tated 800 x 40 pm electrodes with a spacing of 40 pm with a total
sensing surface area of 3 mm? and operated in a high frequency region
(50-350 MHz, Fig. 5a). (Qureshi et al., 2015) The second HER2 capac-
itive aptasensor reported in 2018 used 3200 x 5 pm electrodes with 10
pm spacing and a total sensing area of ~15 mm?, and detected HER2 in a
lower frequency range (1-2 Hz, Fig. 5b). (Arya et al., 2018)

In the 2015 sensor, capacitance on the order of pF, increased upon
exposure to higher concentrations of the target (Fig. 5c). Alternatively,
in the 2018 platform, the capacitance in the pF regime, decreased with
higher HER2 amounts (Fig. 5d). This divergent behavior may be due to
various reasons such as the use of different aptamer sequences targeting
HER2, varied aptamer functionalization strategies, the different fre-
quency regimes used for target detection, the use of different sample

40
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matrices (diluted vs. undiluted serum) or blocking agents (bovine serum
albumin, BSA vs. Tween20). Such variations in experimental conditions
despite sensing the same target, render it challenging to associate
sensing mechanisms with specific capacitive aptasensor configurations.

In a 2018 paper, a reduction in capacitance was observed with
increasing concentrations of Plasmodium falciparum glutamate dehy-
drogenase (PfGDH), a biomarker for malaria diagnosis, both in buffer
and whole serum spiked with the analyte (Singh et al., 2018). The au-
thors used a relatively large, 3 mm?, aptamer functionalized gold disk
electrode probed at 2 Hz. The decrease in capacitance was hypothesized
to be due to a decrease in the dielectric constant of the double layer upon
protein interactions with the aptamer layer. While a valid hypothesis, it
neglects the possibility that the changes may be due to differences in the
amount of available charge storage withing the double layer after target
binding. While the paper includes selectivity measurements by evalu-
ating the sensor response to similar target molecules, the binding curve
only showed the linear range, making the reported limit of detection and
dynamic range less conclusive.

To conclude this section, it is challenging to correlate capacitive
aptasensor responses to specific mechanisms of detection due to the
variability in platform, aptamer, target, and experimental design be-
tween reports. Evidently, it is necessary to improve our understanding of
the contributing effects that drive the measurement readout to gain
insight into the optimal design of capacitive aptasensors for specific
protein targets of interest.

3.3. Cells

In addition to increasing the thickness of the EDL upon binding to
sensing surfaces, cells can play the role of small circuit elements, usually
resistors, and thus change the surface impedance/capacitance. Based on
this mechanism, most reports indicate a decrease in measured capaci-
tance (i.e., increased impedance). Wu et al. adapted their previously
reported small-molecule capacitive sensors (BPA and organophosphorus
sensors introduced in section 3.1) to detect lipopolysaccharides (LPS)
(Wu et al., 2018), a ubiquitously found component in the outer mem-
brane of gram-negative bacteria that can be released during bacterial
growth and activate mammalian immune systems (Erridge et al., 2002).
Upon LPS recognition, decreased capacitance was recorded and this
phenomenon was observed when having free LPS molecules as well as

Fig. 5. Divergent behavior observed for two capaci-
tive aptasensors targeting human epidermal growth
factor receptor 2 (HER2). (a) Photograph of capacitor
array chip (top left) with corresponding microscopic
image of interdigitated capacitor (top right). Below,
schematics of capacitive chips functionalized with the
HER2 aptamer are shown where the DNA backbone
contributes negative charges at the capacitor surface.
Formation of the aptamer-HER2 complex induces
charge distribution and influences the measured
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cell membrane-bound LPS.

Capacitance decreases upon cell recognition were observed in other
aptamer-modified capacitive platforms detecting E. coli. (Dua et al.,
2016) and human lung cancer cell line A549 (Nguyen et al., 2018).
Smaller cell derivatives such as exosomes, or extracellular vesicles, also
induced a capacitance decrease upon binding to aptamer-modified
electrodes. Compared to whole cells an order of magnitude larger in
size that modulate the surface capacitance, the signal decrease was
attributed to water molecules or ions with a higher dielectric constant
compared to the large biomolecules being moved away from the sensing
surface upon exosome binding.

Conversely, two articles (Jo et al., 2018; Lee et al., 2020) have re-
ported an increase in capacitance when detecting bacterial cells. For
example, Jo et al. designed a capacitive array for monitoring bacterial
growth (Fig. 6a). (Jo et al., 2018) In this aptasensor, upon bacterial
growth, capacitance increased (Fig. 6b), and this change was hypothe-
sized to be due to addition of parallel capacitors, i.e., bacteria, to the
equivalent circuit. Control measurements were conducted using un-
modified bare electrodes and electrodes modified with aptamers not
specific to E. coli. Even for such large targets (~100 nm ~10 pm), there
are varying hypotheses regarding the mechanism of capacitance change
upon aptamer recognition.

4. Advancing capacitive aptasensors for clinical relevance

Upon reviewing and analyzing the existing literature of capacitive
aptasensing, we now suggest some key aspects that should be considered
when translating capacitive aptasensors towards applications with
clinical relevance (Fig. 7).

4.1. Optimization of aptamer surface chemistry

To ensure robust immobilization of aptamers on the surface,
different approaches are used (Balamurugan et al., 2008) of which two
are the most common: well-established gold-thiol chemistry and amide
bond formation (Oberhaus et al., 2020). In both cases, incubation time
and the concentration of aptamers (White et al., 2008) as well as func-
tionalization condition (e.g., ionic strength and content) (Liu et al.,
2021) should be considered to optimize the surface density and ensure
reproducibility. While gold-thiol chemistry leads to self-assembly of an
aptamer monolayer on the electrode surface without any treatment, for
amide bond formation, the surface usually needs to be activated using
reagents. Therefore, for the latter, the parameters for the activating
conditions (i.e., reaction duration, buffer condition, concentration)
should also be optimized.

Further, validation of the surface functionalization is important for
every sensing platform despite the use of conventional surface chemis-
try. For direct detection on sensing surfaces, fluorescence methods can
be employed to discern whether homogeneous assembly is achieved. A
popular stain to visualize DNA on surfaces is SYBR gold, a highly sen-
sitive dye that shows >1000-fold increase in fluorescence quantum yield
upon interacting with DNA (Tuma et al., 1999). Depending on the sensor
surface material, quenching effects and auto-fluorescence should be
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taken into consideration with sufficient calibration and controls.

For surfaces where quenching is an issue, alternative strategies such
as monitoring monolayer assembly in situ using quartz crystal micro-
balance with dissipation monitoring (QCM-D) can provide comple-
mentary validation of the surface chemistry. This method uses
piezoelectric crystals that undergo vibrational oscillations upon appli-
cation of a voltage (Easley et al., 2022). The changes in frequency and
dissipation of the crystal sensor is related to the mass coated on the
surface and the viscoelastic properties of the assembled material (Dixon,
2008). Through mathematical modeling, the surface-assembled mass
can be converted to changes in layer thickness, which can give insight
into the conformational changes aptamers undergo (compression vs.
elongation of backbone) upon target recognition (Nakatsuka et al.,
2021a; Osypova et al., 2015; Belén Serrano-Santos et al., 2012).

Another crucial player in optimizing aptamer surface density is the
use of backfillers, small molecules that passivate parts of the electrodes
that are exposed to solution and fine tune surface quality. Presence of
backfillers usually improves the sensor performance for two reasons: 1)
By displacing some of the aptamers, more space is given to remaining
aptamers to freely undergo conformational changes to form their func-
tional 3D conformation and/or upon target binding. 2) By passivating
the electrode surface, direct nonspecific binding to the electrode is
minimized. Although most reports typically use either MCH (Herne and
Tarlov, 1997) or ethanolamine based on the surface material, other
backfillers for instance with longer length or branches are also available
that might be more suitable in some cases (Zhu et al., 2011). When
observing the literature, there is high variation in both the backfilling
molecule concentration and incubation time. Moreover, some studies
co-incubate aptamers and backfilling molecules while others backfill
their surface after aptamer functionalization (Herne and Tarlov, 1997).

Alternative to backfilling, one report suggested immobilization of
aptamers while they are in target-bound states to ensure leaving enough
room for each aptamer to form its functional 3D conformation (Liu et al.,
2021). However, this method necessitates strong aptamer-target binding
affinities, as the interaction is governed by equilibrium binding kinetics.
Thus, a mixture of different aptamer states (bound, unbound, interme-
diate structures) will likely co-exist in solution when assembling on the
surface, which may result in surface density variabilities. The afore-
mentioned factors of surface chemistry and density can significantly
affect the reproducibility, sensitivity, and detection range of capacitive
aptasensors but are often not been systematically tested and optimized.

4.2. Characterization of aptamer-target interactions

Reviewing the existing literature on capacitive aptasensors demon-
strated the importance of correlating observed sensor responses to spe-
cific aptamer-target interactions. An in-depth understanding of the
possible structural changes in aptamers upon target recognition is
especially important when detecting small molecules (Section 3.1).
(Bottari et al., 2020) A recent review highlights the need to characterize
aptamer-target interactions with multi-analytical approaches, while
considering the final application of the aptamer (Daems et al., 2021).
Classical analytical methods for studying aptamers (e.g,

Fig. 6. (a) Schematic of aptamer-functionalized
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capacitive sensor arrays. DNA aptamers are immobi-
lized on the sensor surface between the electrodes
and bacteria are captured by the aptamers, which
contributes to an increase in capacitance. (b) Real-
time capacitance measured for capacitive arrays
functionalized with Escherichia coli (E. coli) aptamers.
Control tests were carried out with either bare un-

d A. baumannii aptamer
)| E. Faecalis aptamer
Bare surface

\\ !
zmsezzz¥ 100 nm 1.00
t

modified surfaces or electrodes modified with

0.0 0.5 1.0

Time(h)

aptamers targeting other bacterial species. Adapted
from (Jo et al., 2018), Copyright 2018, with permis-
sion from Elsevier.

15 2.0



S. Weaver et al.

Measurement condition
optimization

Sensor architecture
optimization

Overcoming
nonspecific binding

Real-time continuous /

measurements

Biosensors and Bioelectronics 224 (2023) 115014

Aptamer-target binding
characterization

. Clinically relevant o o~

I environment 5 R
.

Surface chemistry
optimization

Fig. 7. Key factors that should be considered when translating capacitive aptasensors into clinically relevant sensing platforms.

chromatography approaches and gel-based methods) have been previ-
ously reviewed elsewhere (Weaver and Whelan, 2021).

Thermodynamic studies are important for the prediction of sensor
kinetics. Label-free solution-based methods such as isothermal titration
calorimetry are considered a standard characterization method to
determine the binding affinity and reaction stoichiometry between
aptamers and their respective targets ranging from small molecules to
cells (Challier et al., 2016). Alternatively, native electrospray ionization
mass spectrometry not only provides information about the stoichiom-
etry of the aptamer-target binding, but also allows the identification of
multiple species co-existing in equilibrium by tracking the
mass-to-charge ratio of the aptamer vs. target vs. aptamer-target com-
plex (Erba and Petosa, 2015). While not as common, fluorescent-based
methods can also be employed when the aptamer (e.g., fluorescent
nucleobase analogues) (Fadock and Manderville, 2017) or target (e.g,
ciprofloxacin) (Jaeger et al., 2019) have intrinsic fluorescent properties.

In addition to thermodynamic studies of aptamer-target interactions,
structural methods exist to investigate the conformational changes of
aptamers upon target recognition. These methods give insight into the
structural motifs (e.g., loops, hairpins, G-quadruplexes, etc.) that
aptamers adopt both in the free-form and target-bound complex. Cir-
cular dichroism spectroscopy is widely used to study aptamer confor-
mations as specific spectra with defined maxima and minima correspond
to secondary structural elements (e.g., parallel vs. antiparallel G-quad-
ruplex formation) (Kypr et al, 2009; Vorlickova et al, 2012).
Small-angle X-ray scattering is also used as a complementary method to
investigate the spatial distribution of electron density on the aptamer
(Tomilin et al., 2019). Aptamer structures with atomic resolution can be
achieved through nuclear magnetic resonance spectroscopy, X-ray
crystallography, and cryo-electron microscopy (Zhang et al.,, 2021).
However, full structural determination at this resolution is highly
challenging, which renders these techniques non-trivial for mechanistic
investigations.

Since biomolecules free in solution do not necessarily behave the
same when tethered to surfaces due to a loss in degree of freedom
(Nakatsuka et al., 2018b), surface-based characterization techniques are
also powerful ways to mimic the aptamer binding observed at the sur-
face of capacitive sensors. Optical methods such as fluorescence assays,
surface plasmon resonance, and surface-enhanced Raman spectroscopy
can report binding affinities and kinetics of surface interactions.
Depending on the method, the same surface chemistry can be employed
as the sensing platform, which better simulates what is happening at the
capacitive sensor surface.

Beyond experimental techniques, bioinformatics techniques such as
docking programs (Trott and Olson, 2009; Bauke Albada et al., 2015)
and computational models including molecular dynamics simulations
(Bishop et al., 2007) can predict aptamer structural changes and provide

insight into binding sites and intermolecular inteactions with analytes.
Recent developments in molecular dynamics simulations have probed
the induced-fit mechanism of aptamers undergoing structural rear-
rangements to bind the target (Lin et al., 2012; Kakoti and Goswami,
2017). In addition to interrogating aptamer-target interactions, simu-
lations combined with machine learning have been extended towards in
silico rational design and selection of “smart” aptamers with optimal
affinities (Douaki et al., 2022). The validation of theoretical models with
experimental characterization will significantly improve our under-
standing of aptamer-target interactions.

4.3. Sensing in clinically relevant environments

When we observe the conditions in which capacitive aptasensors
have been tested (Tables 1-3), sensors are often characterized in envi-
ronments that do not represent the final application medium. Typically,
highly diluted buffers (10 to 100-fold), or even water is used. However,
capacitive sensors detect changes in relative permittivity and the double
layer formed at electrode surfaces, which are influenced by ionic con-
centrations. Further, aptamer conformational dynamics are strongly
influenced by the ionic milieu, thus the sensing environment can heavily
influence aptamer-target binding (Nakatsuka et al., 2021b). Sensing in
deionized water that lack counterions, impedes highly negatively
charged aptamer backbones from adopting thermodynamically stable
native secondary structures (Springcr et al., 2010).

Aptamers mimic nature’s riboswitches, found mostly in bacteria,
where a regulatory element in messenger RNA binds to a small molecule,
which triggers changes in transcription. Interactions between ribos-
witches and small molecules are regulated by environmental cues such
as divalent cation concentration (e.g.,, Mg?*, Ca®™) (Pontes et al., 2016;
Garcia Véscovi et al., 1996). This dependence on divalent cations for
activity is not limited to riboswitches. DNA-based catalysts (DNAzymes)
were reported to cleave RNA based on the presence of Mg?t or Ca?*
(Breaker and Joyce, 1995; Faulhammer and Famulok, 1996). Divalent
cation-dependent cleavage was shown to be powerful to control the
DNAzyme activity as it is compatible with intracellular conditions.

Recently, the influence of divalent cations on dopamine-specific
DNA aptamers was also demonstrated (Nakatsuka et al., 2021b),
where the presence of Mg?" and Ca?* modulates the magnitude of
conformational change upon target recognition. This finding was
particularly important since the dopamine aptamer was designed for in
vivo sensing in the brain microenvironment, where divalent cations are
present in mM concentrations. If the dopamine sensor had been tested in
water or highly diluted PBS that lacks divalent cations, the high sensi-
tivity achieved in artificial cerebrospinal fluid (that mimics the ionic
content of brain fluid) due to the presence of Mg?* and Ca®", may have
been overlooked. To this end, in addition to thorough characterization
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Table 1
Summary of reported capacitive aptasensors targeting small molecules.
Target Sample matrix Limit of Linear Selectivity Capacitive platform Applied Application Ref.
detection range frequency
K* Tris buffer solution and pre- 200 nM 1M - Na®, Mg?*, and Ca®* Three electrode - Environmental Kazemi
treated serum 0.1 mM system and clinical et al.
(2015)
cu?t 0.1 x PBS, tap water, lake 2.97 fM 5fM - Fe?*, Pb%*, As®Y, Gold interdigitated 1 kHz Environmental Qi et al.
water, and soil (all diluted in 50 pM As®t, Hg?t, Mg?", electrodes (GID) (2021)
0.1 x PBS after required A", ¢r®* and Cr®
treatments)
Bisphenol A 0.1 x PBS and canned food 109.5 aM 1fM- Bisphenol S and 500 Hz Food safety Mirzajani
diluted in water 10 pM bisphenol F et al.
(2022)
0.1 x PBS and highly diluted  152.93 aM 1fM- 500 Hz Mirzajani
canned foods in water (calculated) 10 pM etal.
(2017)
Water, serum, maternal and 1M - Pt interdigitated 20 kHz Clinical Lin et al.
cord blood (diluted 1:1000 in electrodes (2017a)
water)
0.1 x PBS 10 fM 1-100 Bisphenol S 100 kHz Environmental Cui et al.
M (2016)
Water and Tris-HCI binding 100 pM - - Anodized aluminum 100 Hz Kang et al.
buffer oxide (2011)
Isocarbophos 0.1 x PBS, 40% profenofos 0.38 fM 3.46 fM Methamidophos, Al interdigitated 30 kHz Zhang et al.
emulsifiable concentrate, -3.46 triazophos, electrodes (modified (2020)
and mixture of 20% nM quintozene, and BPA surface acoustic wave
Profenofos isocarbophos and 10% 0.24 fM 2.68 fM (SAW) chips
triazophos emulsifiable -2.68
concentrate nM
Omethoate 1.67 ftM 4.69 fM
- 4.69
nM
Phorate 0.34 fM 3.84 fM
-3.84
nM

of aptamer-target interactions, it is important to test the
aptamer-modified sensors in buffers that mimic the ionic environment of
the final application, and validation should be ultimately conducted in
clinically relevant fluids.

4.4. Conducting real-time continuous measurements

In many of the applications mentioned throughout this review,
particularly in tracking clinical biomarkers, acquisition of real-time data
is indispensable to correlating biomolecule flux with treatments, drug
dosage, or disease progression. To date, the goal of deploying real-time
electronic biosensors that monitor physiological conditions, directly
into clinical settings (akin to the glucose sensor) remains unmet (Liu,
2021). Despite advances in the fields of flexible and stretchable elec-
tronics that provide opportunities for interfacing biosensors with spe-
cific locations on bodies (Liu et al., 2017), there are additional aspects
that hinder translation from the lab to the clinic.

Continuous monitoring necessitates devices with reversible signals
that follow the analyte flux while differentiating signals from interferent
molecules in complex environments. To track changes in biomarker
concentration, the receptor must release the bound target and be re-
generated prior to encountering the next analyte. Aptamer-target
binding is based on an equilibrium with a characteristic Kq value,
which correlates to the affinity of the aptamer to its target. According to
equilibrium thermodynamics, the highest sensor sensitivity is expected
within an order of magnitude of either side of the K4 value. Thus, to
detect low target concentrations, low K4 values (higher binding affinity)
are generally preferred.

However, high affinities between aptamers and their targets may
render regeneration of the sensor challenging as aptamers will not
release bound molecules within appropriate time scales. When aptamer-
target binding kinetics are too slow, sensors necessitate external re-
agents, which hinder continuous measurements. For example, Tran et al.

reset their capacitive aptasensors using NaOH/NaCl solutions that
induce aptamer denaturation for target release (Tran et al., 2011).
However, such harsh treatments may not be possible depending on
where the sensor is deployed.

Another important parameter in real-time measurements is the
required time for the aptamer to the release the target (based on rate
constant, ko). This value is critical when high spatiotemporal resolution
is needed, e.g., sub-millisecond timescales. Kinetic measurements where
bound targets are rinsed via medium exchange should be conducted to
demonstrate that the sensor can detect targets in a reasonable timescale
in specific environments. For instance, while in some capacitive apta-
sensors, switching back to target-free media did not result in the original
baseline capacitance within the experimental timeframe (Kang et al.,
2011), alternative electrochemical aptasensors have demonstrated
reversible binding in both pM (Swensen et al., 2009) and nM (Erba and
Petosa, 2015) regimes.

To the best of our knowledge, there have been no reports of capac-
itive aptasensors that have conducted real-time measurements in clini-
cally relevant environments. However, reports in which electrochemical
(Arroyo-Curras et al., 2017) and transistor-based (Zhao et al., 2021)
aptasensors have been successfully used in real-time even in vivo, suggest
that there is potential to realize clinically relevant capacitive apta-
sensors by gleaning a fundamental understanding of the aptamer-target
binding thermodynamics, kinetics, and sensor readout.

4.5. Determining the optimal capacitive device architecture

Choosing the proper geometry for capacitive aptasensors is not
straightforward, as the optimal architecture depends on the target of
interest, specific aptamer conformational dynamics, electrode material,
production cost of a particular design, and the method used for
measuring capacitance. These considerations are not unique to capaci-
tive sensors, rather what is important is having a proper understanding
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Table 2
Summary of reported works targeting proteins and peptides.
Target Sample matrix Limit of Linear Selectivity Capacitive platform Applied Application Ref.
detection range frequency
Thrombin 0.5 x saline sodium aM (calculated) - - Nanogap (SiO, as 10 - 600k Clinical Ghobaei
citrate buffer insulator) Hz Nambhil
et al. (2019)
PBS 1pM - Human serum albumin Gold compact 0.1 Hz - Chen et al.
Mimic serum 10 pM 10 pM - and BSA disctrode 100k Hz (2019)
(coagulated whole blood 1M
enriched with proteins)
0.5 x saline sodium zeptoM - Lysozyme Nanogap 10 - 100k Mannoor
citrate buffer (calculated) Hz et al. (2010)
0.1 x PBS 267 fM 267 fM- - MoS; nanosheet 100 Hz Lin et al.
267 pM deposited Pt (2017b)
1% Serum 53 pM 53 -854 microelectrode
pM
CRP PBS (pH 7.2) - 100 BSA GID 50 - 350 Qureshi
-500 pg/ MHz et al.
mL (2010a)
Qureshi
et al.
(2010b)
NPY Artificial CSF 10 ng/mL 10 - Three electrode 10 - 5M Lopez et al.
-1000 system HZ (2021)
ng/mL (Microelectrode)
Nampt Tris-binding buffer (100 1 ng/mL 1- 50 BSA, vaspin, and retinol GID 450 - 650 Park et al.
mM NacCl, 2 mM MgCl,, ng/mL binding protein 4 MHz (2012)
5 mM KCl, 1 mM CacCl,,
20 mM Tris and 0.02%
Tween 20)
Serum diluted in PBS 700M - 1G
(1:5) Hz
HER2 Diluted serum (10-foldin 0.2 ng/mL 0.2-2 VEGF, EGFR 242 MHz Qureshi
PBS) ng/mL et al. (2015)
PBS 1pM 1pM- PSA, HER4, thrombin 2 Hz Arya et al.
serum 100 nM 1 Hz (2018)
Ranibizumab Phosphate buffer (100 8.5 nM 8.5 - GCSF, GOx, urease, and GID 4.64 Hz Quality Bhardwaj
mM) pH 5.7 and 100 nM BSA control and Jha
fermentation broth (2022)
PDGF-BB Modified PBS (+5 mM 1 pg/mL 1-50 BSA, thrombin, and Three electrode 5 kHz Clinical Liao and Cui
MgCl,, pH 7.2) pg/mL lysozyme system (2007)
PfGDH Binding buffer (50 mM 0.43 pM 100fM -  Pf-lactate dehydrogenase = Two electrode 2 Hz Singh et al.
potassium phosphate 100 nM and -histidine rich system (2018)
buffer, 50 mM NacCl, 5 protein-II, human- GDH
mM KCl, 2.5 mM MgCl,, and human serum
pH 8.0) albumin
Serum 0.77 pM
SARS-CoV-2 0.1 x PBS and tap water, 3.16, 9.62, 1.82, 10 fg/ Peptidoglycan, PDGF-BB, Al interdigitated 100 kHz Qi et al.
Nucleocapsid serum, plasma, and 2.16, and 1.26 mL - 10 IgG, human albumin, electrodes (modified (2022)
Protein saliva (all diluted in 0.1 fg/mL pg/mL recombinant spike SAW chips)
x PBS after required respectively protein, and histone

treatments)

of the physics and chemistry involved and letting that fundamental
insight guide the design. While device architecture is one of the most
important parameters in electrical measurements, the relationship be-
tween the size of sensing components and optimal target sensing is
rarely explored. For instance, while sensor miniaturization leads to a
lower physical limit of detection in that each molecule is responsible for
a larger percentage change in the capacitance, issues such as diffusion-
limited binding, larger noise, increased sensor impedance, and smaller
dynamic range can limit the applicability of these sensors. In the
reviewed literature, most of the reports used a pre-designed platform
without interrogating and verifying whether the dimensions were
optimized for the specific target. Electrodes with dimensions of 800 x
40 pm and inter-electrode distances of 40 pm are used in about 15% of
studies reported herein (Qureshi et al., 2010a, 2010b, 2015; Park et al.,
2012). There is a need to cross-examine the relationship between elec-
trode dimensions such as height, length, width, inter-electrode distance,
electrode materials, and electrode configuration with capacitive re-
sponses upon target recognition.

Depending on the capacitor dimensions and the applied frequency,
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the physics involved in sensing the modulation of capacitance will be
different. Low frequency modulation, where the applied frequency is
much shorter than the characteristic time of ion migration in the
capacitor, measures the change of the charge in the double layer. Such
measurements are better suited for large surface area electrodes where
the impedance of the sensor does not rival that of the instrumentation.
However, electrodes with signals averaged across a larger area comes at
the expense of the limit of detection. At medium and high frequency
modulation, where the applied frequency is on the order of or larger
than the characteristic time of ion migration, the measurement is due in
part to the dielectric properties of the double layer and potentially the
full volume between condenser plates. As the impedance decreases with
increasing frequency, smaller capacitors with lower detection limits are
enabled. Nevertheless, the system involved should not be diffusion
limited and electrochemical noise must be compensated.

4.6. Tackling nonspecific binding by self-referencing

Especially for biosensors with applications in complex environments,
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Table 3
Summary of reported works targeting cells.

Target Sample matrix Limit of Selectivity Capacitive platform Frequency  Application Ref.

detection

E. coli using LPS Culture medium diluted 53 cells/mL - GID 100 kHz Food safety Wu et al.
in PBS (2018)
0.1x PBS 4.9 fg/mL -

(free LPS)
0.1x PBS, and spinach 4.93 fg/mL - Al interdigitated Cheng et al.
sample (free LPS) electrodes (modified (2019)
Diluted culture medium 267 cells/ S. aureus SAW chips) Zhang et al.
(1:100 in water) mL (2018)

E. coli Luria broth (cells were 2x10* - Gap capacitance 1-1MHz Dua et al.
washed before CFU/mL impedimetric sensor (2016)
experiments)

E. coli using outer Highly diluted PBS (100 9 CFU/mL Shigella flexneri GID 10 kHz Food safety and Abdelrasoul

membrane protein Agl o M) environmental et al. (2020)

E. coli, A. baumanii, S. Culture medium 10 CFU/mL E. coli, A. baumanii, S. 1 kHz Clinical Jo et al.

aureus, E. faecalis, aureus, E. faecalis (2018)
ampicillin-resistant
E. coli, and tetracycline-
resistant E. coli
30 clinically relevant Mueller Hinton Broth - - 1 kHz Lee et al.
strains of E. coli, A. (cation-adjusted) (2020)
baumannii, P. aeruginosa,
K. pneumoniae, S. aureus
and E. faecalis
Lung carcinoma cell line Modified PBS (+100 1.5 x 10* Hela (cervical), MKN45 Gold microelectrodes 5 kHz Nguyen et al.
(A549) mg/L tRNA + 1 g/L cells/mL (gastric), and Caco-2 (2018)
BSA + 5 mM MgCl, + (colorectal) cancer cell
4.5 g/L glucose) lines and red blood cells
Exosomes using CD63 Deionized water 67.84 nM IgG, Myoglobin, Ti/Au interdigitated 1 MHz Lee et al.
(free CD63) Calnexin, and Bcl-2 electrodes (with spots (2022)
Serum ~2200 of MoS;)
exosomes/
mL

nonspecific binding is an intrinsic challenge regardless of recognition
elements, platform, or design (Frutiger et al., 2021). There are ways to
minimize nonspecific binding to the sensor surface by using blocking
agents, optimizing surface chemistry, or pre-treating the sample. While
selective recognition elements should be chosen to distinguish the target
of interest, there is inevitable nonspecific binding — for aptamers that are
highly negatively charged, electrostatic interactions are unavoidable.

To circumvent this issue, specific recognition can be discriminated
from nonspecific binding by conducting differential measurements.
Functionalization of two different areas with specific aptamers vs.
scrambled sequences (that do not bind the target) enables filtering of the
nonspecific signal. The critical factor here, is to ensure that the signal
and reference channels have virtually the same degree of nonspecific
binding to the surface (equal area, similar chemical signatures of re-
ceptors). Further, to reduce the effect of environmental noise, a reduc-
tion in distance between the signal and reference channels is important
(Frutiger et al., 2021).

5. Conclusions

Aptamer-based biosensors are continuing to grow in popularity due
to high specificity, selectivity, stability, relative ease of development,
and the various other benefits mentioned above. Diverse transducers
have been developed for sensing aptamer-target interactions. In this
review, we have covered the literature where capacitive aptasensors
were used for measuring different target molecules ranging in size such
as small molecules, proteins, and cells. Despite the demonstration of the
potential of capacitive aptasensors for the detection of diverse targets,
open questions regarding the exact sensing mechanisms, such as the
observed direction of change in capacitance, remain unanswered.

Given the diverse explanations for the concept behind capacitive
aptasensing, rigorous experiments that test these hypotheses are still
necessary to truly advance this field. We have also highlighted key
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aspects that need to be addressed in future sensor development before
capacitive aptasensors would be mature enough for translation outside
of the lab. Despite the challenges involved, we believe capacitive apta-
sensors have the potential to be low cost, label free, parallelizable bio-
sensors that can be used in diverse applications including environmental
monitoring, food safety inspection, and clinical diagnostics.
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