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Abstract
Electrochemical aptamer-based (E-AB) sensors have emerged as a promising and versatile new
biosensor platform. Combining the generality and specificity of aptamer–ligand interactions with
the selectivity and convenience of electrochemical readouts, this approach affords the detection of
a wide variety of targets directly in complex, contaminant-ridden samples, such as whole blood,
foodstuffs and crude soil extracts, without the need for exogenous reagents or washing steps.
Signaling in this class of sensors is predicated on target-induced changes in the conformation of an
electrode-bound probe aptamer that, in turn, changes the efficiency with which a covalently
attached redox tag exchanges electrons with the interrogating electrode. Aptamer selection
strategies, however, typically do not select for the conformation-switching architectures, and as
such several approaches have been reported to date by which aptamers can be re-engineered such
that they undergo the binding-induced switching required to support efficient E-AB signaling.
Here, we systematically compare the merits of these re-engineering approaches using
representative aptamers specific to the small molecule adenosine triphosphate and the protein
human immunoglobulin E. We find that, while many aptamer architectures support E-AB
signaling, the observed signal gain (relative change in signal upon target binding) varies by more
than two orders of magnitude across the various constructs we have investigated (e.g., ranging
from −10% to 200% for our ATP sensors). Optimization of the switching architecture is thus an
important element in achieving maximum E-AB signal gain and we find that this optimal
geometry is specific to the aptamer sequence upon which the sensor is built.

Introduction
Recent years have seen the emergence of a large number of reagentless, electrochemical
sensors based on the binding-induced “folding” of aptamers;1 DNA or RNA sequences
selected in vitro to bind specific molecular targets.2 These electrochemical, aptamer-based
(E-AB) sensors are versatile, with examples reported to date against a range of protein,3–9

small molecule,3–9 and inorganic ion10,11 targets. They are also quite convenient. For
example, because all of the components in an E-AB sensor are physically attached to the
electrode, the platform is self-reporting, reagentless, and readily reusable. Moreover, given
the specificity of aptamer-based recognition, and the relative paucity of electroactive
contaminants in even the most complex clinical or environmental samples, E-AB sensors are
readily employed in blood and blood serum,5,12 saliva,3 foodstuffs,3 cellular extracts,9 and
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other highly complex sample matrices. These attributes render E-AB sensors a potentially
promising platform for, for example, point-of-care and developing-world applications.13

E-AB sensors comprise a redox-tagged aptamer that is bound to an interrogating electrode.
8,10–12,17,20–22 As such, E-AB signaling occurs when target binding induces a change in the
efficiency with which the redox tag exchanges electrons with the electrode because of
changes in aptamer conformation and/or flexibility.14 Unfortunately, however, while
traditional aptamer selection methods have yielded a variety of aptamer structures directed
against a wide range of molecular targets (see, e.g., ref. 15 and 16), they generally produce
well-folded aptamers that fail to undergo any significant conformational change upon target
binding. And while some aptamers support E-AB signaling even in the absence of any
binding-induced conformational change (Fig. 1A), robust E-AB signaling generally requires
that binding be coupled to a large-scale change in aptamer geometry.14 Fortunately, several
approaches are available by which normally well-folded aptamers can be re-engineered to
undergo a large-scale, binding-induced conformational change. These include: (1)
destabilization of the native aptamer fold by truncation or the introduction of point
mutations, which couples binding to the folding of the aptamer3,12,17 (Fig. 1B); (2) the
introduction of an antisense sequence, which couples binding with a shift from a double-
stranded aptamer-antisense duplex to the native fold8,18 (Fig. 1C); and (3) the addition of a
long, unstructured DNA sequence that separates the aptamer into two domains that associate
upon target binding forming a “pseudosandwich”19 (Fig. 1D).

The availability of several mechanisms by which binding-induced conformational change
can be engineered into an aptamer has significant implications for the optimization of E-AB
sensors. Specifically, recent studies suggest that the manner in which an aptamer is re-
engineered to generate a binding-induced conformational change can significantly alter the
signal gain (relative change in signal upon target binding, and thus the detection limit and
sensitivity) of the resulting sensor. An illustrative example of this is provided by the several
E-AB sensors that have been fabricated to date starting from the 15-nucleotide thrombin
aptamer of Bock and co-workers.20 For example, Xiao et al. demonstrated that the fully
folded aptamer supports E-AB signaling in a signal-off format (target binding reduces the
observed current), albeit with only modest −20% gain.14 In contrast, under conditions in
which the aptamer undergoes binding-induced folding it can, depending on the details,
produce either a higher gain signal-off21 or signal-on22 sensor. Finally, Xiao et al. have
described a strand-displacement architecture employing an antisense strand that produces a
high gain, signal-on sensor.18 Motivated by the extent to which these studies suggest that
aptamer architecture affects E-AB signaling we have investigated this question in systematic
detail by performing side-by-side comparisons of several strategies for engineering binding-
induced conformation change, and thus E-AB signaling, into two representative aptamers.

Results
As our first test-bed we employed the 26-base adenosine triphosphate (ATP) binding
aptamer of Huizenga et al.,23 which simultaneously binds two ATP molecules.24 Previous
studies have adapted this aptamer to a number of optical25–29 and electrochemical8,9,30,31

sensors but prior to this work no reagentless (self-reporting) E-AB sensor had yet been
reported. In our first attempt to convert this aptamer into an E-AB sensor we employed the
full-length sequence of Huizenga modified only with a reporting methylene blue redox tag
and a thiol for surface attachment. We find that, although previous fluorescence-based
assays suggested that this aptamer does not undergo any significant binding-induced
conformational change,28 this construct supports efficient E-AB sensing, achieving 130%
gain at the highest target concentrations we have investigated (Fig. 2). The dynamic range of
this sensor spans ~5 orders of magnitude, including the physiological range of 0.1–3 mM.32
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Indeed, the dynamic range of the sensor is limited at the upper end by the solubility of ATP;
the sensor does not appear to saturate at the highest ATP concentrations (250 mM) we have
tested.

Whereas the full-length aptamer supports efficient E-AB signaling, a construct destabilized
by the removal of two bases from both termini (and the introduction of a point mutation at
the new 5′-end to prevent the formation of an alternative secondary structure) produces
slightly greater gain of 190 ± 45% (Fig. 2). That is, destabilization of the full-length
sequence such that, in the absence of its target, the unfolded state dominates the
conformational equilibrium increases the signal change observed upon the addition of target.
Urea denaturation studies (Fig. 2) support this mechanism: whereas the folding free energy
of the full-length aptamer is 20 kJ mol−1 (indicating that >99.6% of the chains are folded
even in the absence of target), the truncated, destabilized aptamer shows no change in
signaling upon addition of this denaturant, indicating that it is largely unfolded in the
absence of target. By analogy to most other E-AB sensors (e.g., see ref. 14), this unfolded
construct presumably undergoes binding-induced folding, leading to an increase in the
observed signal gain. Of note, neither destabilization nor any of the other modifications we
have performed (below) affect the specificity of the sensor (Fig. 3).

Applying the antisense method to generate the thrombin-detecting E-AB sensor produces a
particularly high gain sensor18 and thus we have also explored this approach for creating
alternate, non-target-binding conformations in the anti-ATP aptamer. Specially, we have
added different sequences to the 3′-terminus that are complementary to the full-length
aptamer to shift the folding equilibrium from the target-binding state to an alternative fold.
We find, however, that at 146 ± 22% the gain of even the best of these constructs (construct
AS2 in Fig. 4) falls short of that observed for the destabilized construct. The other two
antisense constructs we have characterized signal more poorly still: the longest antisense
sequence signals the presence of ATP with a modest decrease in signal of ~15% and the
shortest sequence achieves a positive gain of ~100%, both at the highest ATP concentration
we have employed.

In our final approach to engineering a binding-induced conformational change into the anti-
ATP aptamer we separated the aptamer into two “domains” via the introduction of a 60 base
polythymine linker such that target binding causes the association of the two halves (by
analogy to ref. 19). This “pseudosandwich” construct, however, does not support efficient E-
AB signaling (Fig. 4). Moreover, for reasons that remain unclear, the sensor-to-sensor
variation for this construct (calculated as the standard deviations for at least three
independently fabricated sensors) is very high, precluding the quantitative determination of
ATP concentrations.

While destabilization yields the highest gain ATP sensor (Fig. 2), this result is not universal
for all aptamers. For example, the highest gain of the several thrombin sensors we have
previously reported involves an antisense approach, which yields a gain several-fold greater
than that observed via destabilization.18 These observations suggest that the optimal
approach to aptamer re-engineering will vary from aptamer to aptamer. In order to more
fully explore this issue we have employed the same engineering strategies employed above
with an aptamer directed against the protein immunoglobulin E (IgE). This aptamer, first
described by Wiegand et al.,33 is predicted by the well-established mfold algorithm34 to
adopt a stem-loop type structure with a 5-base pair (4 GC) stem joining the 3′ and 5′ termini
and a 26-base loop region (see Fig. 5). Starting from this full-length sequence we have
generated aptamer geometries analogous to all of the ATP constructs described above.
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Given the high molecular weight and relatively large steric bulk of IgEs, we originally
predicted that the binding of this target to even the full-length aptamer would alter the
efficiency with which the attached redox tag strikes the electrode, and thus, we assumed the
full-length aptamer would support E-AB signaling.14 However, despite numerous
observations indicating that the surface-attached aptamer retains its ability to bind IgEs (see,
e.g., Fischer et al.35 and Xiao et al.14) we see no significant signal change in the presence of
this target (Fig. 5). This holds true even if we insert a flexible, 10-base polythymine linker
between the full-length sequence and its surface attachment site, which we assumed would
amplify any binding-induced change in collision efficiency (Fig. 5). In contrast,
destabilization of the full-length stem-loop aptamer supports E-AB sensing, albeit with
modest gain. Specifically, by introducing a G to T substitution at position 30 in the aptamer
produces a destabilized variant that supports E-AB signaling with 22 ± 6% signal gain at the
highest target concentrations (Fig. 5) and a binding affinity, 18 ± 3 nM, only slightly poorer
than the 10 nM reported for the full-length aptamer.35 The sensor likewise remains as
specific as the parent aptamer from which it was fabricated (Fig. 6).

While destabilization of the anti-IgE aptamer leads to modest E-AB signal gain, neither the
introduction of antisense sequences nor the creation of a pseudosandwich construct supports
efficient E-AB signaling. For example, a probe modified via the addition of a 12-base
antisense extension to the 3′-terminus of the full-length aptamer (via a 4-thymine linker)
exhibits effectively no signal change in the presence of IgE (Fig. S1†). Likewise, the
inclusion of a flexible 60-base polythymine linkers in the middle or at the 5′ side of the
aptamer’s loop region to form pseudosandwich constructs produces sensors in which the
current decreases (i.e., the gain is negative) in the presence of IgE (Fig. S1†). This effect,
however, appears to arise due to non-specific binding as the addition of human
immunoglobulin Gs (IgGs), a negative control target (Fig. 6).

Discussion
Here we presented a side-by-side comparison of various strategies by which large-scale,
binding-induced conformational changes can be re-engineered into normally well-folded
aptamers such that they support E-AB signaling. Using aptamers directed against the small
molecule adenosine triphosphate and the large protein immunoglobulin E we find that
several of the approaches addressed in this study lead to signaling aptamer constructs.
However, the gains of the constructs differ over orders of magnitude, further suggesting that
aptamer architecture is a key parameter in the optimization of this class of sensors.

While destabilization of the native aptamer fold leads to the highest gain for both the ATP-
and IgE-binding aptamers, a review of the literature suggests that this observation may not
be universally true and that the optimal architecture may differ significantly from aptamer to
aptamer. For example, a cocaine E-AB sensor employing the pseudosandwich approach to
create a large-scale conformational change in the cocaine aptamer structure leads to a 4-fold
increase in signal gain over the original destabilized cocaine construct.3,19 The effects of
aptamer geometry are similarly illustrated by studies of the anti-thrombin aptamer: not only
can the signal gain be significantly improved by varying the aptamer geometry, but the sign
of the signal gain can be flipped from signal-off to signal-on as well. That is, by using a
longer construct, the presence of thrombin is signaled by a decrease in faradaic current (e.g.,
see ref. 21). However, if the sequence is shortened to only include the binding region of the
aptamer, or if an antisense approach is adopted, the presence of thrombin produces an
increase in signal, as shown by Xiao et al.18 and Radi et al.22

†Electronic supplementary information (ESI) available: Schematics and binding curves of non-signaling anti-IgE aptamer geometries.
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Combining our findings with these previous reports of aptamer engineering to create
signaling E-AB sensors, it is clear that identifying the right aptamer architecture is a ready
means of optimizing E-AB signaling. Moreover, although the optimal architecture clearly
differs among aptamer probes, the approaches presented within nevertheless provide a
general guideline for the creation of future E-AB sensors.

Experimental
Reagents and DNA probes

Casein, urea, 6-mercapto-1-hexanol, adenosine-5′-triphosphate (ATP) disodium salt and
guanosine-3′-triphosphate (GTP) disodium salt (Sigma Aldrich) were used as received.
Solutions containing the appropriate molar concentrations of ATP and GTP were prepared
using 1.0 M NaCl, 0.1 M Tris buffer and carefully adjusted to a final pH of 7.0.
Immunoglobulin E–human myeloma plasma (Athens Research, Athens, GA) was used as
received and stored at −20 °C until needed. Human immunoglobulin Gs (Equitech-Bio Inc,
Kerrville, TX) were used as received. All aptamer-DNA sequences, as seen in Table 1 and 2,
were used as received without further purification (HPLC-purified, Biosearch Technologies,
Inc. Novato, CA). All solutions were prepared using ultrapure water (18 MΩ cm, Milli-Q
Ultrapure Water Purification, Millipore, Billerica, MA).

E-AB sensor fabrication
E-AB sensors were fabricated using a previously well-documented procedure.36 Briefly,
gold disk electrodes (CH Instruments, Austin TX) were first mechanically polished in a 1
micron diamond suspension (Buehler, Lake Bluff, IL) in oil followed by a 5 min sonication
in ethanol. This was followed by mechanical polishing in a slurry of 50 nM alumina oxide
particles (Buehler, Lake Bluff, IL) in water followed by sonication for 5 min in water. The
electrodes were then subjected to an electrochemical cleaning protocol through successive
scans in sulfuric acid solutions.36 All DNA solutions were reduced in 10 mM tris-(2-
carboxyethyl)phosphine hydrochloride (Molecular Probes, Carlsbad, CA) for 1 h prior to
immobilization onto the electrode surface. For ATP sensors, the gold electrodes were
incubated for 30 min in 1 μM DNA in 1.0 M NaCl, 0.1 M Tris buffer (pH 7.0) followed by
incubation in 3 mM 6-mercapto-1-hexanol for 2 h (in same buffer). The IgE sensors were
incubated in respective DNA solutions at 0.2 μM (in a IgE buffer consisting of 20 mM Tris
at a pH of 7.5, 100 mM NaCl and 5 mM MgCl2) for 1 h followed by a 1 h incubation in 3
mM 6-mercapto-1-hexanol for 1 h (same buffer solution). All sensors were used
immediately after fabrication.

Electrochemical measurements
Electrochemical measurements were performed using a CH Instruments 630B
electrochemical workstation. Sensors were interrogated using square wave voltammetry at a
frequency of 60 Hz and peak amplitude of 25 mV. Prior to titrations with IgE (or IgG), IgE-
aptamer sensors were incubated for 90 min in blocking buffer (IgE buffer with 10 mg ml−1

casein and 0.1% Tween-20) to passivate the electrode surface from non-specific adsorption
effects.35 Prior to measurements, IgE sensors were allowed to sit in target solutions for 60
min. Signal gain in all of the data presented is calculated as the relative change in square-
wave voltammetric (SWV) peak current with respect to the baseline peak current (i.e., 100%
× (current with target–current without target)/(current without target)). Reported error bars
reported in the figures represent the standard deviation of measurements taken from at least
three sensors that were independently fabricated and tested.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Full-length, folded aptamers sometimes support E-AB signaling, albeit typically with
only rather modest changes in signaling upon target binding.9,22 Several approaches have
been reported, however, by which aptamers can be engineered to undergo large-scale,
binding-induced conformational changes that significantly improve E-AB signaling.26,27

These approaches include (B) the destabilization of the wild type aptamer via introduction of
sequence truncations or point mutations, (C) the introduction of antisense sequences, or (D)
the introduction of long unstructured sequences internal to the aptamer. The overarching
goal of each of these approaches is to create an alternative structure in equilibrium with the
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“native”, target-binding fold such that the presence of the target pushes the equilibrium back
to this native fold.

White et al. Page 9

Analyst. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Both the full-length anti-ATP aptamer (top left) and a destabilized sequence (top right)
support efficient E-AB signaling (middle). The destabilized sequence produces a gain
(relative signal change in the presence of target) of 190%, which is slightly greater than the
130% observed for the full-length aptamer. Urea denaturation curves (bottom) performed on
electrode-bound aptamers indicate that the full-length sequence is folded in the absence of
ATP. The destabilized construct, in contrast, appears to be unstructured in the absence of
target. Reported error bars reported here in and in the following figures represent the
standard deviation of measurements taken from at least three independently fabricated
sensors.

White et al. Page 10

Analyst. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
The E-AB signal response to ATP is specific for all of the ATP-binding architectures we
have explored. Shown are responses of each sensor to ATP (dark grey) and GTP (light
grey), both at 25 mM. The signal drop (negative gain) observed for the first antisense
sequence presumably results from binding-induced changes causing a decrease in electron
transfer efficiency.
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Fig. 4.
The addition of antisense and unstructured sequences internal to the anti-ATP aptamer
sequence also generates constructs that support E-AB signaling, albeit with varying levels of
success. The introduction of a 60 base polythymine sequence (pseudosandwich) is the
poorest performing sequence and exhibits very significant sensor-to-sensor variability.
Introducing antisense sequences of varying length produce both signal-on and signal-off
architectures. Antisense #1, the longest sequence at 28 bases (forming 11 base pairs)
produces a modest, but very reproducible, signal-off signal. The shorter antisense sequences
(AS2 and AS3) both produce greater signal changes upon ATP addition.
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Fig. 5.
Neither the full-length anti-IgE aptamer nor a construct modified via the addition of a 10-
base polythymine linker to increase flexibility supports efficient E-AB signaling. In contrast,
a destabilized sequence (through point mutation) supports at least modest E-AB gain. The
destabilized aptamer produces a signal change of 20% at saturating IgE concentrations (200
nM) with an apparent affinity of 18 ± 3 nM.
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Fig. 6.
Only the destabilized anti-IgE aptamer architecture exhibits a specific response to target.
Shown are the responses of all IgE aptamer architectures tested for both 200 nM IgE (dark
grey) and for 200 nM IgG (light grey).
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Table 1

ATP aptamer constructs

Sequence (5′→3′)

Full length HSC6-ACCTGGGGGAGTATTGCGGAGGAAGGT-MB

Destabilized HSC6-CTGGGGGAGTATTGCGGAGGAAA-MB

Antisense #1 (AS1) HSC6-ACCTGGGGGAGTATTGCGGAGGAAGGTTTTTTTCT TCTTTTTTTTTTTCCAGGTG-MB

Antisense #2 (AS2) HSC6-ACCTGGGGGAGTATTGCGGAGGAAGGTTTTTTTCTTC-MB

Antisense #3 (AS3) HSC6-ACCTGGGGGAGTATTGCGGAGGAAGGTTTTTTCCT-MB

Pseudosandwich HSC6-ACCTGGGGGAGTAT-T60-TGCGGAGGAAGGT-MB
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Table 2

IgE aptamer constructs

Sequence (5′→3′)

Full length HSC6-AGCCCATTTATCCGTTCCTCCTAGTGGTGGGC-MB

Destabilized HSC6-AGCCCATTTATCCGTTCCTCCTAGTGGTGTGC-MB

Collision-based HSC6-TTTTTTTTTTAGCCCATTTATCCGTTCCTCCTAGTGGTGGGC-MB

Antisense HSC6-AGCCCATTTATCCGTTCCTCCTAGTGGTGGGCTT(T-MB)TTGCCCACCACTAG

Pseudosandwich #1 HSC6-AGCCCA-T60-TTTATCCGTTCCTCCTAGTGGTGGGC-MB

Pseudosandwich #2 HSC6-AGCCCATTTATCCGTTC-T60-CTCCTAGTGGTGGGC-MB
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