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Abstract: Electrochemical aptamer-based (E-AB) biosensors
have demonstrated capabilities in monitoring molecules
directly in undiluted complex matrices and in the body with
the hopes of addressing personalized medicine challenges.
This sensing platform relies on an electrode-bound, redox-
reporter-modified aptamer. The electrochemical signal is
thought to originate from the aptamer undergoing a binding-
induced conformational change capable of moving the redox
reporter closer to the electrode surface. While this is the
generally accepted mechanism, it is notable that there is
limited evidence demonstrating conformational change or
distance-dependent change in electron transfer rates in E-AB
sensors. In response, we investigate here the signal trans-

duction of the well-studied cocaine-binding aptamer with
different analytical methods and found that this sensor relies
on a redox-reporter - ligand competition mechanism rather
than a ligand-induced structure formation mechanism. Our
results show that the covalently bound redox reporter,
methylene blue, binds at or near the ligand binding site on
the aptamer resulting in a folded conformation of the
cocaine-binding aptamer. Addition of ligand then competes
with the redox reporter for binding, altering its electron
transfer rate. While we show this for the cocaine-binding
aptamer, given the prevalence of methylene blue in E-AB
sensors, a similar competition-based may occur in other
systems.

Introduction

Introduced in 2005, aptamer-based electrochemical (E-AB)
biosensors have become ubiquitous in the literature to a point
where they are now presented in widely used introductory
textbooks.[1,2] E-AB biosensors are comprised of a ligand-specific,
redox-reporter-modified aptamer sequence anchored on a gold
electrode using thiol chemistry.[3] Upon ligand recognition, the
aptamer is thought to undergo a binding-induced conforma-
tional change that alters the relative distance of the redox
reporter with respect to the electrode surface.[3,4] This change
alters the electron transfer rate of the redox reporter which can
easily be measured using various electrochemical techniques to

quantitatively report on the concentration of different mole-
cules (i. e., antibiotics, chemotherapeutics, amino acids, drugs of
abuse, etc.).[5] Given the scope of measurable ligands, E-AB
sensors have been proposed to be generalizable thanks to the
ease with which one aptamer recognition element can be
swapped by another.[5] The electrochemical signal transduction
scheme of E-AB sensors enables the direct deployment in
undiluted whole blood and in the body,[6] which thus offers
unprecedented and convenient measurement capabilities to
transform our understanding of pharmacology and serve as
personalized medicine tools.

While the conformational change mechanism for E-AB
sensors has been postulated to be generalizable to several
aptamers, little direct evidence is known about it. To start,
evidence of aptamers used for E-AB sensing capable of under-
going conformational switching remain variable. To date, half of
the studies have looked at aptamers using circular dichroism
(CD)[6b,7] but this technique can only inform on a general
structural change that is not necessarily the same as the one
proposed for signal transduction in E-AB sensors. To circumvent
this, others have attached a fluorophore/quencher pair to
monitor conformational change in an aptamer.[8] However,
modification has been shown to result in aptamer stabilization
on the order of an additional base pair (~4 kJmol�1)[9] which
alters the conformational equilibrium it is designed to monitor.
Other studies have looked at the cocaine-binding,[10] adenosine
triphosphate-binding[11] and ampicillin-binding[12] aptamers us-
ing nuclear magnetic resonance (NMR) spectroscopy. While
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informative about the structural changes incurred by aptamers,
these NMR studies have not used modified DNA sequences
thus not offering a complete understanding of the changes
incurred by the redox reporter and its ability to transduce a
conformational rearrangement. Although these approaches are
close solution equivalents to what happens on a surface, it
remains unclear how target binding to aptamers in E-AB sensors
can be transduced electrochemically.

The signaling mechanism of E-AB sensors is thought to rely
on a distance-dependent change in the electron transfer of a
redox reporter induced by a change in the conformation of the
aptamer.[3,7e] To our knowledge, evidence of the generalizability
of this mechanism toward other redox reporters remains scarce.
Aside from a few publications discussing the stability of other
redox reporters when attached to DNA,[13] the use of anthraqui-
none or exTTF to calibrate and correct E-AB sensor’s drift,[14] a
pH-independent osmium complex,[15] methylene blue remains
the redox reporter of choice.[5] The widespread use of meth-
ylene blue stems from a redox potential that is conveniently
positioned in a potential window devoid of other parasitic
electrochemical processes (i. e., oxygen reduction and gold
oxidation) on gold electrodes coated with an alkanethiol self-
assembled monolayer. Though undergoing a complex proton-
coupled electron transfer mechanism,[16] methylene blue strik-
ingly shows, in contrast to other well-known outer-sphere redox
reporters like ferrocene, reversible and stable electrochemical
behavior when attached to DNA.[13] E-AB sensors relying on
methylene blue, however, show dissociation constants several
order of magnitudes greater than values determined using
solution-based techniques (i. e., isothermal titration calorimetry
(ITC), fluorescence, etc.)[11b,17] further raising questions to its
implications in the signaling mechanism.

Here, we use a combinatorial approach of biophysical
methods (i. e., ITC, NMR, fluorescence spectroscopy and electro-
chemistry) to investigate the structure and binding of the well-
studied cocaine-binding aptamer in the presence of methylene
blue either free or when covalently bound to mimic when
adapted in its corresponding E-AB sensor. In doing so, we reveal
an alternate mechanism through which signal is generated
when methylene blue competes with the ligand at the ligand-
binding site in the aptamer. We envision that unearthing this
mechanism will prove useful in improving our understanding of
E-AB sensors and facilitate a more rational approach in aptamer
design and improve their translatability for biomedical use.

Results and Discussion

Assuming that signaling in E-AB sensors is driven by a distance-
dependent change induced by the conformational state of an
aptamer (Figure 1A), signaling should be independent of the
redox reporter used. To investigate this, we decided to modify
the termini of the well-characterized, structure-switching co-
caine-and-quinine binding aptamer initially reported by
Stojanovic[18] and further modified by Neves[10] into the MN19
variant with methylene blue or ferrocene. We then attached
these aptamers onto gold electrodes using thiol chemistry and
determined, using square-wave voltammetry and Lovric’s
formalism,[19] methylene blue and ferrocene electron transfer
rates in the absence and presence of saturating amounts of
quinine to determine the optimal square-wave frequencies for
interrogation. Given its slower electrochemical reaction, we
observed that differences in methylene blue transferred charge
were maximized at a square-wave frequency <300 Hz (Fig-
ure S1A). Ferrocene, in contrast, required a square-wave

Figure 1. A) E-AB sensors are comprised of a redox-reporter-modified aptamer sequence attached on a gold electrode surface functionalized with a self-
assembled monolayer, typically made of 6-mercaptohexanol. Signaling in this class of sensors is said to rely on a binding-induced change in electron transfer
rates of the attached redox reporter induced by the aptamer’s conformational change which displaces the redox reporter in closer vicinity to the electrode
surface.[3] This can be easily monitored using square-wave voltammetry. Considering the proposed generalizability of the signaling mechanism to several
aptamers, any redox reporter covalently attached to the aptamer should produce a measurable response with the proposed signaling mechanism. B) We
investigated this with the cocaine-and-quinine binding aptamer’s variant, MN19,[10] when modified with methylene blue (blue) or ferrocene (black). In doing
so, we observed that the methylene blue-modified MN19 aptamer produced a maximal signal change of ~3200% when challenged with increasing amounts
of quinine with a KD value of 2 mM. The ferrocene-modified MN19 aptamer, in contrast, only produced ~130% at higher quinine concentrations (>5 mM).
These results highlight the necessity of methylene blue for signaling in the quinine-and-cocaine E-AB sensor especially at the lower concentrations and
suggest for an alternate mechanism that does not solely involve a distance-dependent change of the redox reporter.
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frequency of >500 Hz to produce a discernable square-wave
voltammogram peak (Figure S1B). Having identified the opti-
mized square-wave frequency, we then interrogated both
modified aptamers over an increasing amount of quinine and
observed signal change of ~3200% in the case of the meth-
ylene blue modified aptamer in contrast to 132% for the
ferrocene-modified aptamer (Figure 1B). While the ferrocene-
modified aptamer did respond to quinine additions, it only did
at high concentrations (>5 mM), values far exceeding the range
at which this molecule should be detected[20] as opposed to the
methylene-blue modified aptamer (>10 μM). Similar to the
cocaine-and-quinine binding aptamer, we found that this
observation also held when looking at an aptamer binding
vancomycin when modified with methylene blue or ferrocene
(Figure S1C). We thus concluded that, in contrast to ferrocene,
methylene blue modification appeared essential to support
strong E-AB signaling at low ligand concentrations and that the
response produced had more to do with its molecular
attributes.

We hypothesize that to produce such a high E-AB sensor
response at low ligand concentrations, methylene blue, in
contrast to ferrocene, may bind the aptamer and then be
displaced by the ligand. The nucleic acid-binding property of
methylene blue is well documented and has been reported to
favorably occur with micromolar affinities via intercalation with
GC-rich portions of DNA duplexes located in minor and major
grooves.[21] This attribute has, for example, been utilized by
Biniuri and co-workers to develop a fluorescent ATP switch
aptamer-based sensor that is dependent on the oxidation state
of methylene blue.[22] To support that this held with the MN19
aptamer, we performed ITC and fluorescence spectroscopy
experiments to detect binding with methylene blue. ITC
revealed at least two exothermic binding events (Figure 2A).

While we were not able to accurately fit the data to either an
independent or cooperative multisite binding model as we did
previously with the ATP-binding DNA aptamer[11b] or the MN19
aptamer in low NaCl concentration,[23] we envision that these
binding events could originate from two methylene blue
molecules interacting with MN19. We confirmed via a control
experiment of methylene blue titrated into a fixed concen-
tration of methylene blue that dimerization of methylene blue
molecules at concentrations past saturation of the aptamer was
negligeable as we observe no binding signal for methylene
blue binding methylene blue (Figure S2). We confirmed, using
fluorescence spectroscopy, that methylene blue binds to the
MN19 aptamer by using its emission properties. For this, we
illuminated a methylene blue solution at 620 nm and moni-
tored its emission at 683 nm while increasing the concentration
of the MN19 aptamer. We observed that methylene blue
fluorescence is quenched when in presence of the aptamer
with an apparent KD value of (7⌃2) μM. (Figure 2B). As
previously discussed by Vardevanyan and co-workers,[24] this is
in part associated to a change in the methylene blue environ-
ment resulting from intercalation. While we cannot account for
methylene blue binding to a single or to two distinct sites on
the MN19 aptamer, methylene blue fluorescence is altered due
to its interaction with this aptamer. Together, both the
fluorescence and ITC results support our proposal that meth-
ylene blue binds to the MN19 cocaine-and-quinine binding
aptamer.

The binding of methylene blue folds the MN19 cocaine-and-
quinine binding aptamer. We observed this in solution when
monitoring imino 1H signals in the NMR spectrum of MN19
while increasing methylene blue concentration (Figure 3A). As
previously reported, the NMR spectrum of unbound MN19 is
missing a number of resonances expected if the aptamer was

Figure 2. Methylene blue binds to the MN19 cocaine-and-quinine binding aptamer. A) We observed this using ITC methods when we titrated a fixed
concentration of the MN19 aptamer with increasing amounts of methylene blue. In doing so, we observed multiple exothermic binding events that originate
from methylene blue binding to the MN19 aptamer (see additional control in Figure S2). B) We further confirmed this using methylene blue fluorescence. In
exciting a solution of methylene blue at 620 nm when at a fixed concentration while measuring its relative mean fluorescence intensity at 683 nm as a
function of increasing amounts of the MN19 aptamer, we observed a drop in the fluorescence intensity. We thus concluded from our ITC and fluorescence
results that methylene blue binds the MN19 aptamer.
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fully folded.[10,25] As methylene blue is added, the imino proton
peaks, initially very broad or not visible, sharpen (Figure 3A).
This process is indicative of ligand-induced folding of the MN19
aptamer upon methylene blue binding where the most notable
resonances to appear are those of G29, G30 and G31 (see
resonance assignment with 2D NOESY in Figure S3). These
nucleotides lie in stem 1 and at the three-way junction of the
aptamer which, according to our previous reports, appear only
in the ligand-bound (cocaine, quinine, quinine-based antima-
larial compounds or hemicyanine-based dyes) NMR spectra of
the MN19 aptamer.[10,17b,25a,26]

Covalent attachment of methylene blue also folds the MN19
cocaine-and-quinine binding aptamer when in solution. We

investigated this in solution by looking at the imino 1H signals
in the NMR spectrum of the 3’-modified methylene blue MN19,
the same modification typically used in E-AB sensors (Fig-
ure 3C). In doing so, we measured sharper signals than what we
initially measured when no methylene blue is present (Fig-
ure 3A) and observed distinct peaks of G4, G29, G30 and G31
(Figure 3B and C). We presume that the addition of methylene
blue leads to the presence of the G4 signal due to a reduction
in the stems breathing motions and thus the disappearance of
the signals associated with the terminal base pairs. This
indicates that the covalently attached methylene blue induces
the folding of the MN19 aptamer to that of its ligand-bound
state.

Figure 3. The binding of methylene blue folds the MN19 cocaine-and-quinine binding aptamer. A) We determined this by titrating the MN19 aptamer with
increasing amounts of methylene blue and recorded its 1D 1H NMR spectrum. In the free state, MN19 shows the spectrum of a partially folded, or dynamic
molecule. Upon addition of methylene blue, binding occurs and the full complement of imino 1H signals appear. B) The appearance of imino 1H signals is
particularly noticeable for G29, G30 and G31 (see Figure S3 for assignment). We did not observe these signals prior to addition of methylene blue. We
presume that this is because, in absence of methylene blue, the MN19 aptamer is in a partially unstructured form and that those guanines are not involved or
only weakly involved in base pairing. C) Covalent modification of the MN19 at the 3’ extremity with methylene blue also folds its structure. We observed this
when looking at the imino 1H peak of G4, G29, G30 and G31. The presence of all peaks indicates base pairing that we envisioned can only form upon the
MN19 aptamer folding and forming stem 1. D) Methylene blue-induced aptamer folding holds when attached on electrodes. We observed this when
performing an electrochemical urea denaturation curve of the surface-attached, methylene-blue-modified MN19 aptamer. Our results show that more than
98% of surface-attached MN19 aptamers are folded and that more than 4 M of urea is required to fully unfold its structure.
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We confirmed that folding induced by the covalent attach-
ment of methylene blue also holds when the aptamer is
attached to electrodes. For this, we performed a denaturation
experiment in which we subject MN19 E-AB sensors to
increasing amounts of the chemical denaturant urea.[27] By
monitoring the methylene blue peak current in square-wave
voltammetry of the MN19-modified gold electrodes, we
observed a decrease in peak current that we attribute to the
unfolding of the aptamer. Such a decrease in peak current
required more than 4 M of urea to fully unfold the aptamers
and thus we found that more than 98% of aptamers attached
on electrodes were initially in their folded forms (Figure 3D).
Together, both solution and surface measurements indicate
that in addition to binding to the MN19 aptamer, methylene
blue appears to stabilize its structure and act as an additional
ligand through which the MN19 cocaine-and-quinine binding
aptamer undergoes folding.

Cocaine competes with methylene blue for binding to the
MN19 aptamer. We investigated this by titrating fixed molar
equivalents of cocaine into the methylene blue-bound MN19
aptamer complex using fluorescence, ITC and NMR spectro-
scopy. Our fluorescence results revealed that the emission,
initially quenched due to methylene blue binding to the
aptamer, is in part restored as we increased the cocaine
concentration (Figure 4A). Our ITC results of the same system
also show displacement of methylene blue as cocaine is added
since we measure a single exothermic event that we attribute
to the displacement of methylene blue by cocaine (Figure 4B).
We hypothesize that these observations are a result of cocaine
competing with methylene blue to bind a common site on the
aptamer. Given the KD value of methylene blue to the MN19
aptamer (from fluorescence of (7⌃2) μM) and cocaine to MN19
(26 μM),[10] we envision that ligand binding to MN19 occurs
competitively with methylene blue. We observed this compet-
itive behavior between ligand and methylene blue when

looking at the imino 1H NMR spectrum. Addition of cocaine to
the methylene blue-MN19 complex, for example, revealed that
imino 1H-associated peaks initially sharp, become broadened as
cocaine is added and the aptamer is in exchange between the
methylene blue- and cocaine-bound states, with no single state
predominating (Figure 4C). Indicative of this, we observe that
the resonance of G31 in MN19 was initially sharp then
separated into two broad peaks, one for each of the two
complexes. This indicates the formation of two states that
coexist due to the similarity of methylene blue and cocaine KD

values. Given the proximity of G31 to the ligand binding site of
MN19, we think that both methylene blue and cocaine compete
for the same aptamer binding site. In support of this
competition model, we note that the SS1 DNA sequence that
we have previously used as a negative control for cocaine and
quinine binding to the cocaine-binding aptamer,[28] due to a
mutation in the ligand binding site, does not bind methylene
blue (Figure S4). This indicates that both methylene blue and
MN19’s ligands cocaine and quinine share a common binding
site.

Covalently attached methylene blue also competes with
cocaine for binding in the MN19 aptamer. We investigated this
with the MN19 aptamer modified at its 3’ end with methylene
blue using fluorescence, ITC and NMR spectroscopy. In agree-
ment with our observations for the free in solution methylene
blue (Figure 4A), our fluorescence results showed that when
covalently modified methylene blue MN19 is challenged with
increasing amounts of cocaine, emission increased (Figure 5A)
following a Langmuir-Hill type behavior with an apparent KD

value of 3.64 μM. This apparent affinity constant is tighter than
for the unconjugated methylene blue displacement by cocaine
(i. e., 7⌃2 μM as shown in Figure 4A). We attributed the
increase in fluorescence to methylene blue being displaced
from the MN19 aptamer which changes its environment and its
emission properties.[24] ITC experiments also showed that the

Figure 4. Cocaine competes with methylene blue binding in the MN19 cocaine-and-quinine binding aptamer. A) We measured this by exposing the
methylene blue MN19 complex to increasing amounts of cocaine. The fluorescence of methylene blue, initially quenched as it is bound to the aptamer,
started to increase, indicative of displacement. B) We likewise observed methylene blue displacement from the aptamer when subjecting the methylene blue-
MN19 complex with increasing amounts of cocaine in ITC. Doing so resulted in a single exothermic event. While smaller than what we observed for methylene
blue binding to the aptamer in Figure 2(A), we envision that this is due to simultaneous competitive binding of cocaine and methylene blue to the aptamer.
(C) NMR spectroscopy confirmed this ligand-methylene blue competition when looking at the imino 1H peaks of the methylene blue-MN19 complex. Peaks,
initially sharp, started to broaden as the concentration of cocaine increased. The peak associated with G31, located near the presumed ligand binding site of
MN19 started to appear as two signals as we added increasing amounts of cocaine. We hypothesize that this is because both cocaine and methylene blue
compete as ligands for the same binding site on the aptamer with the cocaine not fully displacing the methylene blue.
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methylene blue-conjugated aptamer still allowed for cocaine
binding. When exposing the methylene blue-labelled aptamer
to increasing amounts of cocaine using ITC, we measured an
exothermic binding event (Figure 5B). We measure a more
exothermic binding event when cocaine displaces the con-
jugated methylene blue than the bound methylene blue
(Figure 5B vs. 4B) and a less exothermic binding event than
previous measurements for the unlabeled MN19 aptamer.[29] We
hypothesize that this likely arises as the conjugated methylene
blue is more easily displaced due to intramolecular constraints
(see above fluorescence results) and must bind in a less
exothermic manner than the unconjugated methylene blue.
When we investigated the methylene blue-conjugated aptamer
using NMR, we observed that it still was subject to a
competitive ligand binding mechanism. Aside from a small
upfield shift and a broadening of peaks associated with G4 and
G31, respectively, exposure of the MN19 aptamer to increasing
amounts of cocaine, produced little discernable imino 1H
signatures changes (Figure 5C). This likely is because for the
conjugated methylene blue aptamer, methylene blue is dis-
placed more easily than the unconjugated methylene blue and
the resulting complex in the NMR sample predominantly shows
one species, resulting in less line broadening. Together our
results support that methylene blue competes with ligand
binding and that the structure of the aptamer remains folded
only allowing for exchange between both the cocaine and
methylene blue-bound states to occur.

Surface-attachment of methylene blue modified aptamers
also reveal redox-reporter - ligand competition. We observed
this when we investigated MN19 E-AB biosensors using electro-
chemical impedance spectroscopy with increasing amounts of
cocaine. While applying a fixed sinusoidally oscillating potential
centered around the methylene blue redox potential, we

measured the phase shift of the AC current response from
10 kHz to 0.1 Hz (Figure S5). Upon addition of increasing
amounts of cocaine, the phase peak initially centered <1 Hz
started to incrementally shift toward higher interrogating
frequencies. Such results support the formation of different
electron transfer states at each ligand concentration. In contrast
to the vastly accepted two-state model (Figure 1A), which
would result in the formation of two distinct states (i. e.,
unbound and bound conformations) with peaks at fixed
frequencies, instead we measure concentration-dependent
phase peaks. This supports that the electron transfer rate of
methylene blue changes following a Langmuir-Hill type model
upon addition of ligand. We likewise observed that when
titrating MN19 E-AB biosensors with different ligands (chlor-
oquine, quinine, primaquine and cocaine) of varying
affinities,[17b] that the maximal electrochemical response
changed accordingly. In looking at the highest affinity ligand
(chloroquine), we measured the largest decrease in the charge
transfer resistance of the E-AB biosensor. We measured the
lowest decrease in charge transfer, in contrast, for the ligand
with the lowest affinity for MN19 (cocaine). We presume that
those results indicate that ligands showcasing higher affinities
for the aptamer compete with methylene blue allowing for an
increased displacement. We thus think that our electrochemical
impedance spectroscopy results again support for a redox-
reporter - ligand competition model.

Discussion

Given the results we obtained here with fluorescence spectro-
scopy, ITC, NMR, and electrochemistry, we propose an alter-
native signal transduction mechanism for the MN19 quinine-

Figure 5. Redox reporter - ligand-competition still holds when methylene blue is covalently attached to the MN19 aptamer. A) We observed this when
monitoring methylene blue fluorescence emission as a function of increasing amounts of cocaine to the methylene blue-labelled MN19 aptamer. In doing so,
we measured an increase in methylene blue fluorescence because of its displacement from the aptamer following a Langmuir-Hill-type behavior with a KD

value of 3.64 μM. B) Our ITC results also support cocaine binding to the methylene blue-labelled MN19 aptamer. When titrating increasing amounts of cocaine
to the conjugated aptamer, we measured an exothermic reaction that we associated with aptamer binding. C) NMR results support ligand competition with
the methylene blue conjugated aptamer. Aside from a small upfield shift and a small broadening of peaks assigned to G4 and G31, respectively, as we
increased cocaine concentrations, we do not observe significant changes in imino 1H resonances. We hypothesize that this is because, as ligand concentration
is increased, the MN19 aptamer maintains its structure and only competition between the two ligands binding at a common site is observed. D) Binding of
the redox reporter to the aptamer also occurs competitively with ligands when attached onto electrodes. We observed this by looking at the relative E-AB
sensor response’s when challenged with chloroquine, quinine, primaquine and cocaine, which possess different aptamer affinity.[17b] We measured the largest
decrease in normalized charge transfer resistance for chloroquine, the molecule that has the highest affinity for this class of aptamer.
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and-cocaine E-AB sensor that we refer as “redox-reporter –
ligand competition” (Figure 6). Our proposed mechanism, in
contrast to the widely accepted “binding-induced conforma-
tional change” mechanism (Figure 1A), which implies that the
aptamer follows a “two-state system” (i. e., unbound and
bound), first involves methylene blue binding the MN19
aptamer resulting in aptamer folding. Our results indicate that
the proximity of methylene blue with the ligand binding site
supports E-AB sensor signaling because the redox reporter
competes with ligand binding. Upon ligand binding, methylene
blue is displaced which allows it to support optical and
electrochemical signaling. While we present our proposed
mechanism as an intramolecular binding event of methylene
blue with the aptamer, we cannot dismiss the possibility that
methylene blue binds with neighboring aptamers once on the
electrode.[30] In resorting to methylene blue, we foresee that our
proposed redox-reporter - ligand competition mechanism will
limit the ability of the MN19 E-AB sensor to detect ligands that:
1) have affinities similar or tighter for the aptamer than the
aptamer has for methylene blue; and 2) bind in the vicinity of
methylene blue. Achieving both feats is essential to support
signaling for the MN19 E-AB sensor. We presume that because
methylene blue binds in the vicinity of the ligand binding site
and folds the MN19 aptamer explains the large and unprece-
dented 3200% signal response of the sensor we measured for
quinine in contrast to the ferrocene-modified aptamer, a
molecule that does not possess the same aptamer-binding
attributes.

We think that with our proposed redox-reporter - ligand
competition mechanism and the broad analytical methodology
used here provides alternatives to improve the design of
aptamers and their use in electrochemical biosensors. To start,
with a deeper understanding of the structure-function of other
aptamers and the role of the redox reporter in signal trans-
duction, we foresee that this can, in turn, improve the high

attrition rate in the translation of aptamers into electrochemical
biosensors.[5] For example, by identifying the DNA binding
motifs for a redox reporter, it may be possible to insert that
motif in the vicinity of the conserved regions (i. e., the binding
motif found in multiple aptamer candidates following selection)
of an aptamer to systematically create a redox reporter – ligand
competition mechanism. Similarly, one can foresee that instead
of directly attaching methylene blue at the 3’-end of the
aptamer that this extremity could be further extended to
enhance its flexibility and influence the ability of methylene
blue to bind with the aptamer. While we studied a single
aptamer here, we anticipate that our proposed mechanism
could be broadly applicable to other aptamer systems given the
prevalence of methylene blue in all reported E-AB sensors. One
could, for instance, build on the large literature of redox
intercalative dyes[31] and introduce other redox reporters that
have DNA binding attributes to support E-AB signaling. Doing
so would not only provide alternatives within the scanned
potential window, it would also help tune the dynamic range of
an E-AB sensor due to competition for the ligand binding site.
Finally, given the implication of methylene blue in the MN19 E-
AB sensor signal transduction, we propose that this should be
taken into consideration when developing the systematic
evolution of ligand by exponential enrichment (SELEX) schemes
for aptamers intentionally tailored for E-AB sensing. Together,
we foresee that these various principles will improve how
aptamers should be designed to support E-AB sensor signaling
and in turn help for their translation into “real-world”
applications.

Conclusions

We have explored the signal transduction mechanism of the
cocaine-and-quinine E-AB sensor. In doing so, we have found
that the commonly used redox reporter methylene blue in this
class of sensors folds the cocaine-and-quinine binding MN19
aptamer and that it competes with ligand binding. As a result
of this competition, methylene blue is displaced from the
aptamer binding pocket and this change alters its fluorescence
and electrochemical properties which are used to transduce
ligand binding into a measurable signal. We thus propose that,
in contrast to the widely accepted “conformational change”,
signal transduction by this E-AB sensor is supported by a “redox
reporter – ligand competition” mechanism. In having this
alternate mechanism in mind, new aptamer-design guidelines
can be developed which we hope will help improve the
translation of aptamers into the E-AB sensing platform to
further expand the number of molecules these sensors can
measure in complex matrices and in the body.

Experimental Section
Surface measurements: E-AB sensors were fabricated following an
established protocol (see Supporting Information for more
details).[32] We interrogated E-AB sensors with square-wave voltam-
metry using a 1 mV increment, 25 mV amplitude, the appropriate

Figure 6. The ability of the redox reporter to bind in the vicinity of the ligand
binding site of the MN19 aptamer is pivotal in generating signal change in
the cocaine-and-quinine binding E-AB sensor. In this case, methylene blue
binds in the vicinity of the cocaine and quinine ligand binding site, allowing
for its structure to fold. The addition of ligand displaces the methylene blue
from this site and alters either its proximity with the electrode or its
environment ultimately changing its electron transfer rate. Our results thus
show that instead of the broadly accepted mechanism through which
aptamers undergo a binding-induced conformational change, signaling in
the MN19 E-AB sensor is rather supported by a “redox reporter – ligand
competition” mechanism.
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frequency depending on the electron transfer rate determined for
the redox reporter when in absence or presence of target (i. e.,
quinine hydrochloride or urea (Sigma Aldrich, Ontario, Canada)),
and an adjusted potential window depending on the redox
reporter (i. e., �0.1 to �0.5 V for methylene blue and 0 to 0.4 V for
ferrocene). In doing so, we made sure sensors fabricated using each
reporter were independently optimized. We then exposed E-AB
sensors to increasing amounts of target and verified that addition
did not influence the pH of our buffer. Given the limited solubility
of quinine in buffer, we prepared the highest concentration stock
of quinine at 20 mM using 2 mL of ethanol that we then diluted
with 4 mL of 1X phosphate buffered saline (PBS) solution. Only the
last point of our titration experiment surpassed 10% of ethanol in
the electrochemical cell. For the chemical denaturation experiment,
we prepared urea (Sigma Aldrich, Ontario, Canada) solution using
1X PBS at a stock concentration of 9.8 M which we then add in the
electrochemical cell depending on the desired concentration. We
interrogated sensors at a 5 Hz square-wave frequency while
increasing the concentration of urea. We normalized the resulting
measured peak current at each urea concentration prior to deriving
fraction folded by subtracting the dependency of the electro-
chemical signal at high and low concentrations of urea as per past
literature.[27b]

We interrogated E-AB sensors with electrochemical impedance
spectroscopy via a potentiostatic measurement which consisted in
varying a sinusoidally oscillating potential between 10 kHz and
0.1 Hz with a 10 mV amplitude while fixing the potential halfway
between the oxidation and reduction waves of methylene blue as
determined by a cyclic voltammogram acquired between 0 and
�0.5 V vs Ag jAgCl. We degassed our electrochemical cell using a
constant flow of Ar given the lower charge transfer rate of MN19.
We repeated this measurement at each concentration of target
(i. e., chloroquine, primaquine and cocaine, which we all acquired
from Sigma Aldrich and prepared stocks of the molecules either
directly in 1X PBS or in 100% DMSO that we then dilute to the
desired concentrations in 1X PBS). We then perform a non-linear fit
of our impedimetric trace using BioLogic algorithms to a previously
reported equivalent circuit diagram[33] to determine the interfacial
charge transfer resistance, a parameter inversely associated with
the electron transfer reaction of the redox reporter. We then
plotted these values as a function of target concentration which we
fitted to a Langmuir-Hill equation KD.

Isothermal titration calorimetry experiments: Isothermal titration
calorimetry experiments were performed using a MicroCal VP-ITC
instrument in a manner similar as described previously (see
Supporting Information for more details).[34] All experiments were
acquired at 15 °C and corrected for the heat of dilution of the
titrant. Titrations were performed with a 60 μM aptamer sample in
the cell and a 936 μM solution of the ligand, the titrant, in the
needle.

The displacement ITC experiment was performed using a 1 :1 molar
solution of MN19 and methylene blue prepared with a concen-
tration of 60 μM of each in 1X PBS and placed in the cell, while a
936 μM solution of cocaine in 1X PBS was prepared and placed in
the syringe. Cocaine was titrated into the MN19 and methylene
blue solution to measure the heat of cocaine displacing the bound
methylene blue from the MN19 aptamer. All ITC binding experi-
ments consisted of 35 successive 8 μL injections spaced every
300 s, where the first injection was 2 μL. When possible, data were
fit to a one-site binding model using Origin 7 software.

Fluorescence spectroscopy experiments: Fluorescence experi-
ments were carried out using a Cary Eclipse fluorescence spectro-
fluorometer in a manner as described previously.[35] We titrated the
MN19 aptamer into 0.13 μM methylene blue dissolved in 1X PBS at

20 °C. We then excited methylene blue at 620 nm while we
measured the steady-state fluorescence at an emission wavelength
range of 630–800 nm in four 10-mm quartz cuvettes (where one is
a blank PBS sample for a negative control). We incrementally
increased the MN19 aptamer aliquots to 54.5 μM as methylene blue
emission was recorded. Then, the obtained integrated emission
intensities for each titration point were averaged and plotted as a
function of methylene blue concentration. To quantify the apparent
dissociation constant (KD) and compare the interaction affinities, we
fitted the obtained curves to a nonlinear binding function as
described previously using OriginPro software package (OriginLab
2016, Northampton, USA).[29]

To displace methylene blue from the aptamer, we titrated cocaine
into the bound methylene blue-MN19 complex sample. We then
averaged the observed methylene blue emission results from four
independent trials and plotted those as a function of cocaine
concentration values. Since the studied aptamers and cocaine had
no light absorbance at or beyond 620 nm, the inner-filter effect for
the loss of excitation and emission light intensities was not
calculated.

We studied the covalently-attached methylene blue MN19 aptamer
(MB-MN19) by measuring the steady-state fluorescence emission of
0.1 μM of the conjugated aptamer prepared in 1X PBS to a final
cocaine concentration of 8.7 μM in PBS at 20 °C. We excited
methylene blue at 620 nm. Then, the obtained integrated emission
intensities for each titration point from four independent trials
were averaged and analyzed as a function of cocaine concentration
as described above.

NMR spectroscopy experiments: We acquired 1H NMR spectra of
MN19 and covalently-labelled methylene blue MN19 in 140 mM
NaCl, 10 mM NaxHyPO4 at pH 6.8 in 10% 2H2O/90% 1H2O at 5 °C with
concentrations of 160–500 μM DNA in a manner generally
described previously.[36] We prepared a methylene blue stock
solution by dissolving methylene blue in the above buffer. We first
titrated methylene blue into MN19 to a final molar ratio of 3 : 1
methylene blue:MN19 aptamer. We then titrated cocaine into this
sample to a final molar ratio of 11 :1 cocaine:MN19 aptamer. We
performed a two-dimensional 1H-1H NOESY experiment on meth-
ylene blue-bound MN19 with a mixing time (τm) of 200 ms. For the
2D experiment, we used an aptamer concentration of 1.2 mM with
a molar ratio of aptamer:methylene blue of 1 :2. For the competi-
tion experiment of covalently labelled methylene blue MN19 we
used a concentration of 160 μM of the modified aptamer and
added cocaine to a final molar ratio of 1 : 8 modified aptamer:
cocaine. Water suppression for all experiments was achieved using
excitation sculpting.
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Electrochemical aptamer-based (E-AB)
biosensors: Here we show that
methylene blue-modified E-AB
sensors designed with the cocaine-
binding aptamer, in contrast to the
widely accepted binding-induced con-
formational change mechanism,
rather undergoes a “redox reporter-
ligand competition” mechanism. We
foresee that our proposed mechanism
will open new avenues in designing
aptamers and E-AB sensors.
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