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Abstract

The development of structure-switching, electrochemical, aptamer-based
sensors over the past ~10 years has led to a variety of reagentless sensors
capable of analytical detection in a range of sample matrices. The crux of
this methodology is the coupling of target-induced conformation changes
of a redox-labeled aptamer with electrochemical detection of the result-
ing altered charge transfer rate between the redox molecule and electrode
surface. Using aptamer recognition expands the highly sensitive detection
ability of electrochemistry to a range of previously inaccessible analytes. In
this review, we focus on the methods of sensor fabrication and how sensor
signaling is affected by fabrication parameters. We then discuss recent stud-
ies addressing the fundamentals of sensor signaling as well as quantitative
characterization of the analytical performance of electrochemical aptamer-
based sensors. Although the limits of detection of reported electrochemical
aptamer-based sensors do not often reach that of gold-standard methods
such as enzyme-linked immunosorbent assays, the operational convenience
of the sensor platform enables exciting analytical applications that we ad-
dress. Using illustrative examples, we highlight recent advances in the field
that impact important areas of analytical chemistry. Finally, we discuss the
challenges and prospects for this class of sensors.
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which a biorecognition
element is free from
interference by other
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1. INTRODUCTION

Electrochemical aptamer-based (E-AB) sensors that utilize structure-switching nucleic acid ap-
tamers have garnished the attention of researchers as a result of the specific, reagentless, and
reversible analyte detection abilities of the sensor platform (e.g., see 1-10). Coupling the sensitiv-
ity of electrochemical methods with the specificity afforded by aptamer-based recognition opens
electrochemical detection to a wide expanse of previously unattainable targets. There are a myriad
of electrochemical detection schemes that utilize aptamers as a biorecognition element (11-13). In
this review, we focus specifically on reagentless sensors that rely on structure-switching aptamers
first introduced by Plaxco and coworkers (14) and the advantages provided by this detection
scheme. This aptamer sensor architecture couples a target-induced change in aptamer confor-
mation with a change in electron transfer ability between a distal-appended redox marker and
an electrode surface (Figure 1) much like an electrochemical equivalent to fluorescent aptamer
beacons (15).

Coupling electrochemical signaling to a change in aptamer conformation affords several ad-
vantages in analytical sensing. First, because the redox-active molecule is covalently linked to the
nucleic acid aptamer, the change in electrochemical signal results solely from the target-induced
conformation change of the aptamer. This signaling mechanism is less prone to signals arising
from nonspecific interactions between matrix elements and the electrode surface (1, 4, 7, 8, 10, 16,
17). It is not uncommon to see a signal change resulting from nonspecific adsorption of proteins
or other contaminants when a sensor is employed in a complex matrix; however, this signal typi-
cally equilibrates after ~1 h, thus allowing for specific target quantification (1, 5, 8). Furthermore,
because the redox-active reporter is covalently linked to the nucleic acid aptamer, the sensor is
reagentless and reversible (5, 7, 14, 18). This allows sensor function without the addition of ex-
ogenous reagents, which enables real-time detection of changes in analyte concentration. These
attributes render this class of sensor amenable to the development of field-deployable devices.

In this review, we focus on the fabrication and design of E-AB sensors and the parameters
employed during these processes that affect analytical sensor performance. In addition, we em-
phasize several works that discuss the fundamentals of the electrochemical signaling observed with
this class of sensors and provide a quantitative framework for evaluating sensor performance. We
then highlight several illustrative examples and recent advances that take advantage of the unique
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Reagentless, structure-switching, aptamer-based sensors employ DNA or RNA aptamers for the specific
detection of analytes. To support reagentless sensing, the redox-labeled aptamer undergoes a flexibility
and/or conformation change upon target binding that alters the charge transfer rate (kcT) between a redox
reporter and electrode surface. This change in charge transfer rate can be readily measured using a variety of
different voltammetric methods.

Figure 1
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Figure 2

Electrochemical aptamer-based sensors comprise mixed monolayers of both a sensing aptamer, labeled at the
distal end with a redox-active molecule, and a diluent or spacer thiol on the surface of a gold electrode.
Typical redox marker linkages are either directly to the 3’-phosphate as shown in the Fc example or through
a 3’-modified thymidine as indicated in the MB example. The most prevalent surface chemistries utilized in
the literature include a six-carbon thiol linker at the 5'-phosphate group and 6-mercapto-1-hexanol as the
spacer molecule.

attributes of structure-switching sensors, including some promising alternative strategies using
structure-switching aptamers. Finally, we discuss some of the challenges that impede the progress
of E-AB-type sensors. Despite these challenges, we believe that this class of reagentless and re-
versible detection shows great analytical promise in the fields of chemical, clinical, biomedical,
and environmental sensors.

2. E-AB SENSOR FABRICATION PARAMETERS

2.1. Sensing Self-Assembled Monolayer Chemistry

The fabrication of E-AB sensors is a relatively straightforward process; however, there are a
variety of parameters that can affect the signaling and analytical performance of the resulting
sensor. A typical gold electrode surface comprises a mixed monolayer of a thiol-modified nucleic
acid and a diluent thiol spacer (Figure 2). The most often used spacer is an alcohol-terminated, six-
carbon alkane thiol (6-mercapto-1-hexanol). Early studies by Herne & Tarlov (19) demonstrated
that the deposition of thiolated DNA followed by 6-mercapto-1-hexanol as a diluent lifts any
nonspecifically bound DNA and enables reproducible control over DNA packing density. Using
this backfill method, these authors established that the packing density of the DNA on the surface
affects the hybridization efficiency of complementary DNA, demonstrating the importance of
this parameter on sensor performance. Packing density is likewise an important factor when
considering the performance of aptamer-based sensors, as discussed in detail below. More recently,
Josephs & Ye (20) published a study on mixed monolayer formation using an insertion method
in which the passivating monolayer is deposited followed by the deposition of thiolated DNA.
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Using atomic force microscopy, Josephs & Ye (20) observed that the insertion method resulted in
reproducibly dispersed monolayer surfaces in contrast to the aggregates of DNA observed using
the backfill method. The nature of the sensing monolayer is now an important aspect to consider
when fabricating sensors (21).

The chemistry of the passivating monolayer represents a compromise between sensor signaling
and stability (2, 22). Increasing the number of carbons in an alkane thiol chain results in improved
monolayer packing as a result of increased van der Waals interactions between neighboring thi-
ols (23). Consequently, increasing thiol length also increases monolayer thickness, which results
in a larger separation distance between the redox molecule and electrode surface. An increased
separation distance results in a larger tunneling barrier (23), compromising the magnitude of
measurable faradaic current. Lai et al. (22) explored the difference in stability and signaling of an
electrochemical DNA-based sensor employing either a 6-carbon or 11-carbon passivating thiol.
They demonstrated that sensors fabricated with an 11-carbon thiol exhibited significantly im-
proved lifetimes while maintaining an appreciable single-to-noise ratio. Although these studies
do not employ aptamer sequences, they do use structure-switching nucleic acids to detect com-
plementary nucleic acid, and they serve as a reasonable analog to E-AB sensors. It should also be
noted that in these studies, the number of carbons in the alkane thiol linker at the 5’-end of the
DNA matched that of the passivating layer.

Inaddition to thiol length, the charge on the exposed terminus of the passivating monolayer also
affects the signaling abilities of structure-switching nucleic acid sensors. For example, Ricci et al.
(24) demonstrated that sensor performance improved for both positively (amine-terminated thiols)
and negatively charged (sulfonic acid—terminated thiols) monolayers. Specifically, both monolay-
ers improved the maximum signal (sensor signal observed at saturating target concentrations) for
DNA-based sensors when compared with the sensors fabricated with 6-mercapto-1-hexanol (neu-
tral). The origin of these signal improvements, however, is unclear, and 6-mercapto-1-hexanol
remains the most widely used passivating thiol.

2.2. Aptamer Packing Density

As suggested in the initial study by Herne & Tarlov (19), the packing density of the nucleic acid
aptamer (aptamers/cm?”) on an E-AB sensor surface is a readily controllable parameter to optimize
sensor performance. Aptamer packing density is controlled by the concentration of thiolated ap-
tamer, incubation time, and temperature employed during monolayer formation. Values reported
for aptamer packing density range from ~10!! to 10" aptamers/cm?® (2, 25). These values rep-
resent <10% of the maximum packing density of ~9 x 10"* molecules/cm? assuming a 0.7-nm
cross-sectional radius for fully extended, single-stranded DNA (26). The optimal packing density
for a given aptamer sequence, as determined by sensor performance, is dependent on the aptamer
geometry (tertiary structure) as well as the size and structure of the target analyte (2). In gen-
eral, steric interactions between neighboring aptamers can inhibit target accessibility and aptamer
folding at high aptamer packing densities. The latter can significantly alter the observed binding
affinity (K,) of the sensor (2, 25). When aptamer packing densities become too low, the number
of aptamers on the surface may not produce an appreciable faradaic signal above the background.

2.3. Covalently Attached Redox Molecule

The majority of E-AB sensors employ the reversible redox couples methylene blue (1, 10, 27,
28) or ferrocene (9, 10, 16) as the redox-active tag, and each molecule offers different advan-
tages and disadvantages (10, 16). The covalent coupling of methylene blue is typically achieved
by reacting a 3’-amine-terminated nucleic acid with N-hydroxysuccinimide ester-activated
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methylene blue (29). Ferrocene can be coupled using similar chemistry with a ferrocene car-
boxylic acid N-hydroxysuccinimide ester and has been done both pre- and post-monolayer for-
mation. Ferapontova et al. (16) demonstrated that the latter coupling procedure provides better
coupling efficiency of the redox marker.

The convenience of reversible electrochemical behavior and standard conjugation chemistry
makes both molecules ideal candidates for use as signaling moieties. Methylene blue undergoes a
reversible two-electron, one-proton reduction (29) and has seen the most widespread use. How-
ever, the redox reaction is sensitive to changes in pHj thus, care must be taken when working in
conditions where pH is unknown or varies. Conversely, ferrocene undergoes a reversible, one-
electron oxidation to form ferrocenium. However, ferrocenium is prone to nucleophilic attack
even by mild nucleophiles like chloride, which ultimately can displace the molecule from the nu-
cleic acid (30). This limits the utility of ferrocene labels in physiologically relevant solutions. This
limitation can be avoided by using buffers that do not contain strong nucleophiles (16, 31, 32).
Ferapontova & Gothelf (29) demonstrated that the use of ferrocene as a redox label in physio-
logical matrices is problematic. Specifically, their study demonstrated that the positive potential
at which ferrocene is oxidized with respect to the point of zero charge on the electrode surface
induces nonspecific protein adhesion (10, 29).

The use of these reversible redox couples offers the advantage of reagentless and reusable
sensor signaling. More specifically, because aptamer-target binding and the electrochemistry of
the redox tags are reversible, E-AB sensors report real-time changes in the concentration of target
analyte. However, the sensor response time can be limited by aptamer binding kinetics. Reports
indicate that association rate constants range from ~10° to 10° 1/Ms and dissociation rates range
between ~1072 and 10~* s~! for small-molecule binding (33, 34). The downside to these common
redox markers is the finite amount of charge available for measurement. There is a finite number
of molecules on the surface, and each molecule provides at most either one or two electrons
worth of charge. This ultimately can limit the sensitivity and limit of detection of the E-AB
sensor. As we discuss below, the ability to introduce an amplification strategy that maintains the
reagentless nature of the sensor could prove to be a major advancement in the development of
E-AB sensors and ultimately push limits of detection down toward levels seen with enzyme-linked
immunosorbent assays.

Several other oligonucleotide-bound redox markers have been employed, such as iron oxide
particles (32) and anthraquinones (35), but have seen less widespread use. Introduction of new redox
reporters with different standard reduction potentials enables multiplexed detection. For example,
Revzin and coworkers (35) recently developed sensors with a mixed monolayer of methylene blue—
modified tumor necrosis factor alpha aptamers and anthraquinone-modified interferon gamma
aptamers to detect both targets simultaneously using the same electrode surface (Figure 3). Their
study demonstrated several compelling features of E-AB sensors, including the selective detection
abilities of electrochemical detection, the specificity of aptamer-target interactions, and the ability
to function in complex media (e.g., cell-culture media).

3. FUNDAMENTALS OF SENSOR SIGNALING
3.1. The Electrochemistry of E-AB Sensors

The packing density of nucleic acids on a typical E-AB sensor surface is such that the dynamic
motion of the biopolymer chain becomes important in determining the charge transfer rate be-
tween the redox molecule and the electrode surface. This dependence is the basis for signaling in
structure-switching E-AB sensors.
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The use of multiple aptamers and redox reporters enables the simultaneous detection of multiple analytes
(), highlighting the specificity of aptamer recognition and the selectivity of electrochemical detection. The
difference in the standard reduction potential of methylene blue (—0.15 V versus Ag/AgCl) (b,c) and
anthraquinone (—0.37 V versus Ag/AgCl) is used for simultaneous multiplexed detection of various cytokines
released from various cell types using the same electrode. Specifically, the presence of of IFN-y is signaled
via changes in the peak current corresponding to the reduction of anthraquinone (b) while the presence of
TNF- e is signaled via changes in the peak current corresponding to the reduction of methylene blue (c).
Adapted with permission from Reference 35. Copyright 2015, Elsevier. Abbreviations: IFN, interferon;
TNF, tumor necrosis factor.

There have been several reports of quantitative models to describe the dynamic motion of
end-grafted DNA on an electrode surface (36-41). Several of these, including a model we re-
cently developed, use the electrochemical response of the tethered redox molecules to estimate an
apparent diffusion coefficient for the tethered redox marker as a proxy for the motion of short nu-
cleic acid strands (38—41). This measure is achieved by comparing the measured faradaic currentat
varying voltammetric scan rates. Using redox-labeled DNA, Moiroux and coworkers (40) reported
that the electrochemical reaction exhibits Nernstian behavior at slow scan rates, as indicated by
symmetrical cathodic and anodic peaks and little-to-no peak separation. This observation suggests
that the experimental timescale at slow scan rates allows all the attached redox molecules to reach
the electrode surface and transfer electrons. The authors used the area under the cathodic/anodic
peak in this voltammetric regime to quantify the amount of nucleic acid on the surface. This mea-
surement represents a direct, quantitative method for characterizing aptamer surface coverage.
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It is unclear why this method is not used more commonly in the field. Typically, the preferred
method is to indirectly measure the charge consumed from the electrochemical reduction of
nucleic acid-associated Ru(NH;)®*, as first described by Tarlov and coworkers (42) to quantify
unlabeled DNA on a surface. This method, however, was originally used on electrode-grafted
nucleic acids without covalently attached redox molecules.

Much like a thin-layer electrochemical cell, as the experimental timescale is shortened by
increasing the voltammetric scan rate, a diffusion-dependent electrochemical response emerges for
nucleic acid-tethered redox molecules (similar to those used in E-AB sensors) (38-41). Coupling
this experimental observation with random-walk simulations, we recently reported a quantitative
metric for estimating an apparent diffusion coefficient of a flexibly tethered redox molecule at
the distal end of a surface-bound nucleic acid (38). Typically, in thin-layer electrochemistry, the
electrochemical reaction follows Nernstian behavior when the cell thickness (L, analogous to
nucleic acid tether length) is much less than the diffusion layer thickness [(2Dt)'/?] as determined
by the scan rate (v, '/s) and diffusion coefficient (D, cm?/s) of the molecule. We found that this
criterion is met when the diffusion layer thickness is less than 10 times the tether length: 10L <
(2D¢t)'/2. Using this criteria, we estimated diffusion coefficients of ~7 x 107! cm?/s for redox
molecules tethered to unstructured poly-thymine linkers. These estimated diffusion coefficients
are similar to those reported by Moiroux and coworkers (40) and Ferapontova and coworkers (39).

The dependence of sensor signaling on the voltammetric scan rate leads the way to voltammetric
interrogation methodology optimization. E-AB sensors function on the basis of changes to the
charge transfer rate as a result of target-induced conformation changes that alter the structure
and the apparent diffusion coefficient of the appended redox molecule. Each state—target bound
and unbound—has different charge transfer rates, which are likely limited by aptamer flexibility,
allowing for quantitative determination of the presence of the target (Figure 1). This observation
can be used to further optimize sensor signaling as we discuss in detail below.

3.2. Quantitative Binding Curves and Analytical Figures of Merit

Quantifying the analytical response of E-AB sensors is necessary for benchmark comparison with
existing sensing techniques and strategies. As mentioned above, there are several factors in the
fabrication and analysis of E-AB sensors that can dramatically affect sensor performance. As a base-
line, there are several core analytical figures of merit that can be used to describe the performance
of these sensors, including sensitivity and limit of detection. Often reports on the binding affinity,
specificity, and selectivity are also used for benchmarking. For clarity, specificity is defined as the
degree to which the biorecognition element is free from interference by other species, which is
an intrinsic property of the aptamer sequence. Selectivity is defined by the degree to which the
method (i.e., electrochemical detection) is free from interference by other species in a complex
sample matrix.

When tested at the limit of saturating concentrations, equilibrated E-AB sensor response
follows a Langmuir-like binding isotherm. For a given electrode surface, there is a finite number of
binding sites (aptamers) and a target concentration at which all binding sites are occupied. This type
of binding follows the Langmuir isotherm model with several assumptions, including that target
binding to one aptamer does not affect target binding to a neighboring aptamer or that the binding
sites are noninteracting. This, of course, may not hold true at high packing densities. Moreover,
the assumption is made that target binding does not appreciably alter the free target concentration
in bulk solution. Though this is generally true, when working with low concentration and small
volumes, this can become problematic (43). Starting with an equilibrium expression for the target
(L) to bind a receptor aptamer (R) and using the aforementioned assumptions, the fraction of
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occupied sites (8) can be written as
K,[L]

=11k

where K, and [L] are the association constant ([R:L]/[R][L]) and target concentration, respectively
(21). Rewriting B in terms of K, (the dissociation constant or binding affinity) and the sensor
signal, the expression for sensor signaling becomes

S L4 S
—=——and — =
Smax Kd + [L] Smﬂx

where S and S« (i.e., peak current) are the sensor signal at a given concentration and sensor
signal at saturating concentrations, respectively. When binding data are fit to this model, the
binding affinity is only an apparent affinity and does not necessarily represent the intrinsic binding
affinity between the aptamer and target analyte. This apparent affinity can change according to the
sensitivity of the sensor device, which can be significantly altered by changing the voltammetric
interrogation frequency or scan rate, or the aptamer geometry as discussed below in more detail.
The Langmuir-type isotherm described above can be expanded by using multiple aptamers
that bind the same target but with different affinities. We recently reported that a bi-Langmuir
isotherm accurately predicts the E-AB sensor response as a result of the ratio of the different
aptamers employed on the sensor surface, the individual observed binding affinities, and S and
Smax (Figure 4) (44). Creating heterogeneously covered sensor surfaces with multiple aptamers
represents a method to rationally tune the sensitivity and dynamic range of the resulting sensor.

3.3. Tuning Analytical Figures of Merit

A compelling aspect of E-AB sensors is the ability to tune the analytical figures of merit. As men-
tioned above, sensor fabrication parameters can affect the analytical performance of the resulting
aptamer sensor. However, control over performance is typically minimal in magnitude. Fortu-
nately, there are a variety of other methods to optimize sensor response that have large effects on
analytical performance.

3.3.1. Voltammetric methods of interrogation. Given that the motional dynamics and change
in the dynamics of the sensing aptamer are important factors in signaling, it is not surprising that
the timescale of the voltammetric interrogation is an important parameter in sensor function.
Cyclic, alternating-current (ACV), square-wave (SWV), and differential-pulse voltammetry are
all suitable methods for monitoring aptamer conformation change and the resulting change in
charge transfer rates. The latter three are particularly well suited for monitoring surface-confined
reactions, as they reduce nonfaradaic background charging currents. The experimental timescale
in each method is dictated by the scan rate or frequency used and can have profound effects on
signaling—especially in the differential technique of SWV.

The frequency of the excitation potential waveform employed in ACV, SWV, and differential-
pulse voltammetry affects sensor sensitivity, signal change magnitude, polarity, and observed bind-
ing affinity (2, 28, 45, 46). Signal polarity refers to either the increase (signal-on sensor) or decrease
(signal-off sensor) in faradaic current upon target addition. In the specific case of SWV, the mag-
nitude of signal change at saturating conditions and the signal polarity of a given sensor can be
dramatically altered (2, 28, 45, 46). The dependence of sensor performance on the square-wave
frequency employed is attributed to the timescale of the voltammetric measurement (frequency)
with respect to differences in the apparent rate between the target-bound and -unbound states
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Figure 4

Use of multiple aptamers with different binding affinities on the same surface enables tunable sensor
response with respect to the aptamer ratio used. The ratio of the aptamers on the sensor surface dictates the
sensor response and alters the maximum signal change observed at saturating target concentrations. The
sensor response of heterogeneously coated surfaces follow a bi-Langmuir binding isotherm. Figure adapted
with permission from Reference 44. Copyright 2015, American Chemical Society. Abbreviation: Mut,
mutated aptamer.

(Figure 5) (28, 46). In SWV, the current is sampled near the end of each square-wave pulse; thus,
the magnitude of current measured is related to the rate of the charge transfer reaction. Because
the target-bound and -unbound states have different charge transfer rates, the magnitude of cur-
rent measured for a fixed pulse width (frequency) is different. For example, as an approximation, a
sensor in the unbound state with a charge transfer rate of 100 s~! gives a higher measurable current
using a frequency of 100 Hz than that of the bound state with a charge transfer rate of 6 s! (45).
Conversely, if using a square-wave frequency of 5 Hz, the sensor in the bound state gives a larger
measurable current than that of the unbound state. This leads to a signaling polarity switch from
a signal-on to a signal off-sensor. Furthermore, maximizing the difference in measured current
between the two states enables tuning of the sensor sensitivity. The interrogation frequency can
be optimized for a given aptamer geometry. White et al. (2) and Ricci et al. (46), respectively, have
shown the frequency dependency of sensor signaling abilities for E-AB sensors employing ACV
and for E-DNA sensors employing ACV.
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Electrochemical aptamer-based sensor signaling is dependent on the nature of the voltammetric
interrogation methodology employed. A compelling demonstration of this phenomenon is seen when using
the differential voltammetric technique of square-wave voltammetry. White & Plaxco (45) demonstrated
that sensor sensitivity and signaling polarity are controlled via the frequency of the square-wave potential
waveform (#) used during voltammetric interrogation. Specifically, because sensor measurements compare
the charge transfer rate in the bound and unbound state (4), each state can provide more faradaic current
than the other depending on the width of each pulse in the potential waveform. At high frequencies, the
faster charge transfer process provides more current. Conversely, at low frequencies, the slower charge
transfer rate provides more current. This observation results in a switch in signaling polarity—from signal
off to signal on—in sensor performance (¢,4). Furthermore, maximizing the difference in current observed in
each state leads to improvements in sensitivity. Figure adapted with permission from Reference 45.
Copyright 2010, American Chemical Society.

3.3.2. Designing aptamer conformation for sensor signaling. Structure-switching aptamer-
based sensors rely on a target-induced conformation change in the electrode-bound aptamer.
The difference in charge transfer rate between the target-free state and the target-bound state is
important in determining the signaling abilities of E-AB sensors. Unfortunately, current aptamer
selection strategies do no select for functionality beyond target binding (i.e., there is no selection
pressure for structure-switching aptamer). However, the base-pair programming language of
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nucleic acids along with the aid of secondary structure prediction software [Mfold (47, 48)] enable
the design of altered aptamer sequences to support reagentless electrochemical signaling (3, 18,
28,45, 49-52).

Beyond creating aptamer sequences to support reagentless signaling, altering the aptamer se-
quence to modify the magnitude of the conformation change can have dramatic effects on the an-
alytical performance of E-AB sensors. There are several strategies for creating alternative aptamer
structures. Typical strategies include the destabilization of any secondary structure, generation of
alternative folds of the aptamer, and introduction of the aptamer into a scaffold (3, 28, 45, 49, 52).
Design can be further aided through the use of solution-phase three-dimensional structures of
aptamer-target complexes. For example, we recently published a report that utilized a combina-
tion of secondary structure predictions and the nuclear magnetic resonance (NMR) structure of
the aminoglycoside-binding RNA aptamer (53) to rationally design sequences to undergo larger
conformation changes in the presence of tobramycin (28, 54). The NMR structure of the aptamer
enabled careful conservation of nucleotides and portions of the RNA backbone postulated to bind
tobramycin to maintain a specific binding ability (28). The aptamer sequence was altered outside
of the binding site by removing base pairs to destabilize the secondary structure in the unbound
state. Disrupting the stem-loop secondary structure of the parent aptamer forced the aptamer to
undergo a larger conformation change upon target addition, significantly improving E-AB sensor
sensitivity (28). Interestingly, given the similarities between the target-bound structure and the
predicted secondary structure, it was surprising to find an improvement in the observed bind-
ing affinity of all new constructs. This observation indicates that the reported affinity for E-AB
sensors is convoluted by the amount of signal the sensor can produce and is not necessarily a
direct indication of the intrinsic binding affinity. We are currently investigating this observation
to determine a quantitative relationship between signal and apparent affinity. As an alternative
strategy, Bonham and coworkers (52) recently published a potentially universal approach to cre-
ate reagentless structure-switching E-AB sensors by incorporating an aptamer sequence into a
DNA scaffold. Their approach divides the aptamer into sections and incorporates each fragment
into a structure-switching DNA scaffold. They demonstrated the universality of their approach
by developing E-AB sensors using a ricin-binding and botulism toxin—binding aptamer. As a final
note, care should be taken when altering aptamer sequences because alterations to the sequence
can detrimentally affect target-binding ability (3).

3.4. Function in Complex Media

One of the most compelling attributes of E-AB sensors is the ability to function in complex media.
This attribute is a result of specific aptamer-target interactions and selective electrochemical
detection of specific redox markers. To date, aptamer-based sensors have been tested in a variety
of complex media, including foodstuffs (55), undiluted serum (1, 4, 7), saliva (18, 55), whole blood
(8, 50), and in the circulating blood of living animals measured in real time (17). Although detection
can be performed, complications can still arise from nonspecific binding, as described in a recent
report by Ferguson et al. (17) in which a sensing device is coupled with a microfluidic filter to
perform in vivo detection (see below). Conversely, E-AB sensors fabricated with RNA aptamers
are less able to function in complex media as a result of the inherent instability of RNA and
susceptibility to nuclease degradation. RNA-based sensors will function in serum only after the
serum has been filtered (using a 3,000 molecular weight cutoff filter) or treated with an RNase
inhibitor. For example, Ferapontova et al. (16) compared RNA E-AB sensor function in buffer
and RNase inhibitor-treated serum: They found RINA sensors did not function at all in untreated
serum, further indicating nucleases are the main cause of RNA sensor instability (7, 16).
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4. ILLUSTRATIVE EXAMPLES OF APTAMER-BASED SENSING

The growing analytical detection capabilities of E-AB sensors are a direct consequence of their
sensitive signaling mechanism as well as the specific recognition abilities of aptamers. Recent
advances in the field have shown the significant utility of these unique attributes of structure-
switching E-AB sensors. Though not all-encompassing, the illustrative reports we discuss below
highlight some of the major breakthroughs achieved thus far in the field, which attest to the
analytical promise of this class of sensor.

4.1. Ion and Small-Molecule Detection

One advantage of conformation-switching aptamers is realized in the detection of low-molecular-
weight targets, including inorganic ions and small molecules. Radi & O’Sullivan (56) first demon-
strated a conformation-switching aptamer sensor for the detection of potassium (K*) ions via the
use of guanine-rich (G-rich) DNA aptamers appended to a gold electrode surface. The G-quartet
structure is particularly well suited to recognize monovalent cations, specifically K* ions (56). The
G-rich aptamers undergo recognition-induced conformation changes that promote conversion of
loose random-coil sequences into a more compact G-quadruplex form. This method was highly
selective for K* ions when tested against other mono- or divalent cations (e.g., Na*, Mg?*, Ca’")
and achieved a limit of detection of ~0.015 mM (56). As a point of comparison for sensor per-
formance, state-of-the-art all-solid-state ion selective electrodes are capable of limits of detection
for K* in the nanomolar range (57-59), which far exceeds the abilities of the E-AB sensor ana-
log. However, the detection limit and dynamic range of the E-AB sensor for K* is amenable to
physiological concentrations (low mM) of potassium. In addition, the study by Radi & O’Sullivan
validates the potential of coupling nucleic acid structure-switching for the development of E-AB
sensors to detect small targets with good sensitivity and selectivity, however, their study also high-
lights an issue that may plague E-AB sensors—structural sensitivity to ion composition—because
several DNA and RNA structural motifs rely on a specific ion composition. Examples include the
dependence of the G-quadruplex motif on K* ions (51) as well as the K-turn (kink turn) motif on
Mg?* ions (60).

E-AB sensors have made excellent progress beyond the benchtop in the detection of small
molecules. Notable publications from Baker et al. (18), Zayats et al. (61), Wu et al. (62), and
Zhang et al. (63) demonstrate the utility of these sensors in the detection of small molecules, such
as purine nucleosides (61-63) and small drugs (18). As mentioned above, work by the groups of
Plaxco and Soh (17) introduced rapid, reusable, and label-free electrochemical detection of circu-
lating therapeutic agents directly into the flowing blood of a living animal. The microfluidic-based
electrochemical sensing platform, termed as MEDIC (microfluidic electrochemical detector for
in vivo continuous monitoring), detected therapeutic in vivo concentrations of doxorubicin and
kanamycin in live rats and in human whole blood with high sensitivity and subminute temporal
resolution (17). As a point of comparison, the in vivo electrochemical detection of catechol
amines at carbon fiber microelectrodes offer ms time resolution, but this method can only be
used to detect molecules that have intrinsic electrochemical activity (64). To expand the scope
of targets that can be measured in vivo to nonelectrochemically active molecules, several reports
have investigated the use of enzyme-modified electrodes. For example, a report by Sombers and
coworkers demonstrated in vivo detection of glucose with a low pM detection limit and ~100 ms
time resolution (65). The example reported by the groups of Plaxco and Soh represents a clear
indication of the translational abilities of E-AB sensors and is the first demonstration of in vivo
detection abilities of non-electrochemically active small molecules with comparable analytical
abilities to that of state-of-the-art enzyme-modified electrodes. A clear advantage of the E-AB
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platform is the potential ability to artificially generate aptamers for virtually any target expanding
beyond the scope of of targets with amenable enzymatic reactions.

4.2. Protein Detection

Proteins are yet another type of target successfully studied via structure-switching E-AB sensors.
For example, the groups of Plaxco, Heeger, and Revzin each reported a general electrochemical-
sensing platform for the detection of the proteins thrombin (14), platelet-derived growth factor
(1), interferon gamma (66), and botulism toxin (52) in buffer and in serum. In the presence of the
target proteins, the methylene blue-tagged DNA aptamers undergo target-induced conforma-
tional changes from partially unfolded states to more rigid folded states and/or vice versa, which
alters the efficiency of the electron transfer between the methylene blue redox molecule and the
gold surface. In some cases, notably the detection of platelet-derived growth factor, Lai et al. (1)
report a limit of detection of 50 pM. By comparison, enzyme-linked immunosorbent assays (the
gold standard for protein detection) for the same target boast low pM detection thresholds (67; in
this reference a DNA ligation assay achieves zM detection of the same protein). While the E-AB
detection limit is not as low, the operational convenience of a one-step E-AB sensor should be
noted in comparison to the multiple step, equipment intensive enzyme-linked immunosorbent
assay. Interestingly, as mentioned above, the Revzin group (35, 68, 69) introduced a way to carry
out simultaneous, multiplexed detection of cytokines (tumor necrosis factor alpha, interferon
gamma, and transforming growth factor 1) via fabrication of micropatterned gold electrode
arrays functionalized with redox-active DNA aptamers specific for their respective targets and
integration with a microfluidic device. Once again, the detection limit of the reported aptamer
sensors (~10 ng/ml) does not match that of the gold standard enzyme-linked immunosorbent as-
say (~15 pg/ml) (70), however the ability to perform such detection in near real time as the target
is released from cells demonstrates the analytical capabilities of the E-AB sensor approach. This
emerging microfluidic-based sensing approach that utilizes the specific recognition mechanism of
structure-switching E-AB sensors offers advantages of rapid, simultaneous, sensitive, and highly
specific detection of immune cell-secreted cytokines.

These studies demonstrate the tunability and highly flexible sensing capabilities of structure-
switching E-AB sensors that make these sensors adaptable to the development of transportable
sensing devices. These reports also compellingly demonstrate the powerful sensing abilities of this
class of sensor and, thus, may very well present a means to detect a broader range of targets in
vitro and particularly in vivo.

5. ALTERNATIVE STRATEGIES: NANOPORE-BASED SENSING

Integration of specific aptamers with single-molecule detection techniques, particularly stochastic
nanopore-based sensing, is now being explored as an alternative strategy to further improve
sensitivity and detection limit. Stochastic nanopore sensing has emerged as a powerful resistive-
pulse, single-molecule detection technology that measures the electrical current carried by ions
flowing through a resistive nanopore. Single-binding events in the nanopore cause an increase
in resistance that impedes ionic current flow and that can readily be measured and used to
identify and quantify target analytes (71-73). Termed aptamer-based nanopores, studies to date
demonstrate the detection of various targets such as proteins (74) and biomarkers (75, 76). For
example, Rotem et al. (74) demonstrated nanomolar sensitivity of an aptamer-based nanopore
sensor via the utility of staphylococcal a-hemolysin modified with a 15-mer DNA aptamer that
specifically binds thrombin. In this approach, binding of thrombin to the aptamer hybridized
to the a-hemolysinpore produced a cation-stabilized quadruplex that resulted in a modulation
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in the ionic current flowing through the pore, allowing sensitive and specific quantification of
thrombin in the nanomolar concentration range (20-350 nM) (74).

6. PERSPECTIVES: CHALLENGES OF E-AB SENSORS

Although structure-switching E-AB sensors hold a lot of promise as a detection strategy, there
are several challenges that need to be considered when designing and employing new sensors.

6.1. Aptamer Performance Depends on Environmental Factors

An inherent limitation to using biomolecules as a recognition element, such as nucleic acids, is
that structure and function depend on environmental factors such as pH, temperature, and ionic
strength. In the body, these factors are tightly regulated homeostatically; however, on the bench
or in the field, sensor response can be altered based on changes in environmental conditions. Cho
et al. (77) directly address these caveats by providing a list of suggested standards when working
with and publishing work using aptamers. The authors cite buffer conditions and temperature,
among others, as important factors that need to be considered when working with aptamer se-
quences. A clear example of matrix effects is seen with an E-AB sensor fabricated with the thrombin
binding aptamer (14). The thrombin binding aptamer forms a G-quadruplex structure, which re-
quires potassium ions to fold to bind an exo binding site on human «-thrombin. Xiao et al. (78)
investigated the dependence of signal change of thrombin E-AB sensors on the ionic strength and
composition. They determined that at a high ionic strength (300-mM Tris base, 420-mM NaCl,
60-mM KClI, and 60-mM MgCl,) the apparent binding affinity of an E-AB sensor for thrombin is
50 nM. Conversely, at low ionic strength, without the presence of potassium (100-mM TTis base),
the sensor exhibits an apparent binding affinity of 21 nM with an increase in sensitivity as well (78).
Without potassium, the aptamer is unfolded and thus likely exhibits a larger conformation change
in the presence of thrombin, which leads to better sensitivity. There are several other reports
that address the affects of pH and temperature on nucleic acid-based sensors (79, 80). Because
matrix effects can affect the performance of a sensor, it is prudent to calibrate sensors in the matrix
in which they will be employed. In addition to environmental conditions, the performance of a
given aptamer sequence is dramatically altered as a result of the signal transduction methodology
employed. A study recently published by McKeague et al. (81) highlights inconsistencies in quan-
tification of aptamer binding parameters resulting from the different assays used to perform the
characterization.

6.2. Improving Aptamer Selection

The performance of E-AB sensors is ultimately linked to the quality of the aptamer that is used
to fabricate the sensor. Whereas protein-binding aptamers can be extremely specific, aptamers
selected for small-molecule binding targets, with only a few exceptions, often lack specificity. For
example, protein-binding aptamers including thrombin, interferon gamma, and tumor necrosis
factor alpha exemplify target specificity in complex media and when challenged by similar pro-
teins (8, 14, 68). In contrast, the aminoglycoside RNA aptamer will bind several aminoglycoside
antibiotics, including tobramycin, kanamycin, neomycin B, gentamycin C, erythromycin, and to-
bramycin analogs (54). In addition, the cocaine aptamer will bind cocaine, ecgonine methyl ester,
lidocaine, and procaine (82). There are counter examples such as RNA theophylline aptamer that
binds theophylline with a 500-fold better affinity than caffeine, even though the targets differ by
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only a single methyl group (16). As selection procedures improve, the field will greatly benefit
from increased specificity and affinity, particularly for low-molecular-weight targets.

6.3. Signal Amplification

The signaling of E-AB sensors is currently limited to only a handful of demonstrated redox markers
that can provide approximately one to two electrons worth of charge at most. This limitation in
total charge amount ultimately limits the sensitivity and limit of detection of structure-switching
aptamer-based sensors. This signaling limitation can be dramatically improved by adding a signal
amplification technique that regenerates the redox molecule for amplified currents. Although there
are a several of examples of amplification coupled with aptamer recognition (83-86), these examples
eliminate one of the most compelling attributes of E-AB sensors—their reagentless nature. An
even more difficult task is to apply the amplification to one of the two sensor states—target bound
or unbound. We postulate that the introduction of signal amplification that retains the reagentless
nature of E-AB sensors would be a major breakthrough in this class of promising biosensors.

6.4. Electrode Miniaturization

Coupling E-AB sensors to micro- and nanoelectrodes may bring the promising attributes of small
electrodes—low IR drop, small background capacitive charging current, rapid steady-state equi-
libration, high current density, and minimal sample requirement (87)—to aptamer recognition
to further expand potential sensor applications. These advantages open up E-AB sensor applica-
tions to new areas of biological and chemical sensing (5, 88), such as scanning electrochemical
microscopy for spatially resolved measurements (89). Furthermore, miniaturization of electrodes
allows their integration with devices for minimally invasive in vivo measurements and point-of-care
diagnosis. This transition, however, has met many challenges, including limited current signal re-
sulting from the small size and low number of aptamers on the sensor surface. Liu etal. (5) reported
the first reversible and reproducible use of microelectrodes for E-AB sensing to detect adenosine
triphosphate and tobramycin quantification directly in 100% undiluted serum. This report used
deposition of gold nanoparticles to overcome the inherently low signal-to-noise ratio. The intro-
duction of an amplification technique would greatly facilitate the transition to small electrodes.

7. SUMMARY

Advances in the field of structure-switching E-AB have continued to expand over the past 10 years.
The ability to select aptamers for virtually any target analyte coupled with the reagentless detection
abilities of E-AB sensors make these sensors appealing in a broad range of applications. In this
review, we cover several of the important aspects of E-AB sensor design, fabrication, and use. We
also highlight several illustrations of the utility of E-AB sensors in the direct detection of target
molecules in complex environments, including in vivo measurements, owing to their reagentless,
reusable, and specific nature. Although E-AB sensors show promise for the future of analytical
detection, there are several hurdles that impede translational progress. However, it is likely that
several of these hurdles will be overcome in the coming years.

The translation of E-AB sensors into areas such as clinical diagnostics and field-portable de-
vices is a compelling frontier for this class of reagentless sensor. The field of E-AB sensors will
continue to grow with the benefit of ever-improving aptamer selection strategies that will further
expand the range of accessible targets. New selection strategies to improve specificity of target-
aptamer interactions are crucial to this progress. The coupling of small electrode-based sensors
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can expand the utility of aptamer sensors to enable the study of new realms of biological processes
and to provide minimally invasive tools for the biomedical field. Progress in these areas will also
benefit from the introduction of a signal amplification strategy that keeps the reagentless nature of
E-AB sensors. In summary, E-AB sensors are poised to impact analytical chemistry beyond the
well-controlled laboratory benchtop. Investigators are at the brink of exciting new demonstrated
applications of E-AB sensors.
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