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Switching the aptamer attachment geometry can dramatically
alter the signalling and performance of electrochemical aptamer-

based sensors
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Electrochemical Aptamer-Based (EAB) sensors, comprised of an
electrode bound DNA aptamer with a redox reporter on the distal
end, offer the promise of high-frequency, real-time molecular
measurements in complex sample matrices and even in vivo. Here
we assess the extent to which switching the aptamer terminus that
is electrode bound and the one redox reporter modified affects the
performance of these sensors. Using sensors against doxorubicin,
cocaine, and vancomycin as our test beds, we find that both signal
gain and the frequency dependence of gain depend strongly on the
attachment orientation, with 5’-anchored aptamers always
exhibiting improved performance.

Because they are reagentless, single step, and able to work
directly in highly complex sample matrices, electrochemical
aptamer-based (EAB) sensors! support the convenient, high-
frequency measurement of specific molecular targets both ex
vivo in unprocessed clinical samples? and in situ in the living
body3. Consisting of a redox-reporter-modified aptamer
attached to an interrogating electrode surface, EAB sensors
produce a signal when binding induces a conformational change
in their target-recognizing aptamer. This in turn alters the
electron transfer kinetics of the redox reporter, most often
methylene blue (MB), which can be monitored
electrochemically?. Given that this signalling mechanism is
independent of the chemical or enzymatic reactivity of the
sensor’s target, EAB sensors are also generalizable®, and can be
adapted to new targets via the simple expedient of switching
out their recognition aptamer. Consistent with this, EAB sensors
have been reported for detection of a wide range of targets,
including many proteins®, inorganic ions’, and small molecules?.
Finally, due to their conformation-linked signalling, EAB sensors
are highly selective and thus, as noted above, even support
seconds-resolved, real-time molecular measurements in situ in
A number of design and
“interrogation” (voltammetry) parameters have been described
to date that affect the performance of EAB sensorsl®. For
example, because EAB signalling is driven by binding-induced
changes in electron transfer rate, their signal gain (relative
signal change at saturating target) under square wave
voltammetry (SWV) interrogation depends sensitively on the
amplitude and frequency of the potential pulse employed!!. We
thus routinely tune both to achieve optimal sensor
performance. Gain and, sometimes, affinity are
functions of the density with which the target-recognizing
aptamer is packed onto its surface and thus we tune this
parameter, too, in order to achieve optimal sensor
performance?2. Finally, to support either calibration free in vitro
performance or drift-free in vivo performance we employ
approaches that are reliant on the frequency-dependence of

the veins of living animals3?°.

likewise

signal-gain, with this dependence also being a property that can
also be optimized!3. In addition to the above-described
parameters, recent studies have also shown that the placement
of the redox tag in an EAB sensor can significantly alter sensor
performancel4. In one study, for example, placement of the
redox reporter at an internal position on the chain (i.e., not, as
has most often been employed, at the distal terminus) was
shown to decrease the gain of a sensor!s for the detection of
tumour necrosis factor alpha (TNF-a) by a factor of 2.
Conversely, internal placement of the reporter in the aptamer
sequence increased the gain of an insulin-detecting sensorl® by
afactor of 1.5. It is thus clear that redox-reporter placement can
alter EAB sensor performance, albeit with the magnitude of any
effects likely varying depending on the aptamer’s structure and
the details of the reporter’s placement. Building on these
observations, here we explored the extent to which switching
which end of the aptamer is attached to the electrode and
which is modified with the reporter alters the magnitude and
frequency dependence of a sensor’s gain. To do so we
compared the performance of pairs of sensors in which the thiol
group for anchoring the aptamer to the electrode is placed at
the 5° terminus and the redox reporter at the 3" terminus with
those in which this had been reversed (Fig. 1).
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Figure 1. (A) Electrochemical aptamer-based (EAB) sensors are
comprised of a target-binding aptamer attached via a thiol on one
terminus to an interrogating electrode and modified, typically at the
terminus distal to the electrode, with a redox reporter (here
methylene blue: MB). Most reports of EAB sensors to date have
anchored the aptamer to its interrogating electrode via its 5/, with
the redox reporter being situated on the 3’ end. Here, however, we
explore the extent to which the signalling properties of EAB sensors
depend on this attachment orientation. (B) That is, we have explored
the extent to which gain, the frequency dependence of gain, and
target affinity vary when we switch the aptamer’s attachment from
its 3’ end (left panel) to its 5’ end (right panel).

As representative examples to explore the importance of this
design parameter we have employed EAB sensors directed
against the chemotherapeutic doxorubicin, the drug of abuse
cocaine, and antibiotic vancomycin, all of which have previously
been described using the commonly employed 5’-anchor (and
thus 3’ methylene blue) orientation?’. Indeed, using this 5’
attachment orientation, two of these sensors have been shown
to support continuous, real-time measurements in situ in the
living body!8. Here, we explore the signal gain and affinity of
these sensors as a function of the attachment orientation of
their recognition aptamers and of the square-wave frequency
employed in their interrogation. Please refer to supporting

information for materials and methods and detailed description
of the experimental procedures followed. Of note, the gain of
EAB sensors is so strongly dependent on that latter parameter!!
that, at some frequencies, they exhibit signal-on behaviour
(binding increases the signalling current), whereas at others
they are signal-off. This simultaneous signal-on and signal-off
behaviour serves as the basis for the most commonly employed
drift correction algorithm used to ensure good EAB signal
stability in vivo, and thus both behaviours are of importance.
The signalling characteristics of the doxorubicin-detecting
sensor change quite significantly upon switching the aptamer’s
orientation. To see this, we characterized the gain of 3’ and 5’-
anchored sensors as a function of square wave frequency (Fig.
2A), finding that, while the highest signal-on gain we observe
for the 5’-anchor orientation is 280+30% (unless otherwise
noted, the confidence intervals here and elsewhere reflect the
standard deviation of 4 replicates from independently
fabricated sensors), at 700 Hz, the highest signal-on gain we
obtained for the 3’-anchor orientation is only 85+13% (at 1,000
Hz). The highest magnitude signal-off gain we observed for the
two constructs likewise differs, but to a lesser extent, being -
35+10% for the 5’-anchor orientation (at 5 Hz) and -51+3% for
the 3’-anchor orientation (at 10 Hz).

To ascertain whether the orientation effects on gain observed
for the doxorubicin-binding aptamer hold for other aptamers,
we next investigated sensors for the detection of either the
drug-of-abuse cocaine (Fig. 2B) or the antibiotic vancomycin
(Fig. 2C). Once again, we find that the attachment orientation
affects signal gain of both. Specifically, while we observe
820+80% gain for the 5’-anchor orientation (at 900 Hz) of the
cocaine-binding aptamer, the largest magnitude signal-on gain
we observe for its 3’-anchor orientation is only 169+33% (at 430
Hz). For this sensor, neither orientation produced a signal-off
response at any of the frequencies we investigated. Likewise,
the vancomycin-detecting sensor reaches 61+4% signal-on gain
(at 60 Hz) in its 5’-anchor orientation, but only 15+5% (at 50 Hz)
in its 3’-anchor orientation, with signal-off gains of -38+2% (at 5
Hz) for the 5’-anchor orientation and -20+1% (at 5 Hz) for the
3’-anchor orientation. Thus, for all three of the sensors we have
explored here, we observe significantly better gain (mainly in
the signal-on frequency regime, but also to some extent in the
signal-off frequency regime, see Figure S1 in supplementary
information) for the 5’-anchor orientation. The generally strong
frequency dependence of EAB signal gain has been used to
perform drift correction for in vivo applications3, and for
producing calibration-free sensors!®. This point is sufficiently
important that, for those rare EAB sensors for which the gain is
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Figure 2. The signalling of electrochemical aptamer-based (EAB) sensors can be a strong function of the attachment orientation of their

aptamers, but the extent to which it does varies depending on the aptamer. As shown here, for example, the signal gain of various EAB
sensors, which is defined as the relative signal change between the absence of target and saturating target, varies strongly with the

attachment orientation. Shown are plots of signal gain as a function of the square-wave interrogation frequency for (A) a doxorubicin-
detecting sensor, (B) a cocaine-detecting sensor and (C) a vancomycin-detecting sensor. The error bars here and elsewhere in this paper
denote the standard deviation of replicates collected using independently fabricated sensors. As saturating target concentrations we
employed 100 uM, 7 mM or 100 uM in panels A, B, and C, respectively.

only weakly frequency dependent, we have developed new
approaches to increasing the frequency dependence of EAB
gain to ensure their good in vivo performance?°. Given this, we
note that, for the three sensors we have investigated here, the
frequency dependence of their gain is, like their gain itself, also
greater for their 5" anchor orientations (Fig. 3).

In contrast to the effects of attachment geometry on signal gain,
we do not a priori expect the affinity of the sensor (the mid-
point of its binding response curve) to vary with the attachment
geometry, as the aptamer’s dissociation constant should not
depend on which of its ends is attached to the surface.
Consistent with this, we measured their binding curves (Fig. 4)
and found that the affinity of each sensor remains effectively
unchanged upon switching the anchoring orientation. The
affinities’ consistency allows us to foresee no discrepancies in
selectivity or affinity in complex matrixes. However, this is an
issue that needs to be addressed independently in each sensor’s
case and the specific scenario to be applied of application.

All three of the sensors explored here exhibit greater signal gain
and stronger frequency-dependent gain when their aptamers
are anchored via their 5’ termini. Consistent with this, previous
studies employing electrode-bound, linear DNA strands to
detect DNA hybridization likewise report greater gain for the 5’

anchor orientation?!. Given this, we are tempted to speculate
regarding the possible mechanistic origins of such an effect.
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Figure 3. The more commonly used 5’ anchor orientation achieves
notably higher gain (relative signal change in the presence of
saturating target) for all three of sensor pairs we have investigated
here. Shown here, for example, are the largest magnitude signal-on

gains we observe for each sensor.
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Figure 4: The affinities of the aptamers we have employed are independent of their attachment orientation. Specifically, in the 5’ -anchor
versus 3’-anchor orientations, we observe binding curve midpoints of 942 uM and 14+3 pM, respectively, for doxorubicin, (B) 2.4+0.2 mM
and 2.2+0.4 mM for cocaine, and (C) 2212 uM and 23+2 uM for vancomycin. Each curve employs the frequency at which the highest signal-
on gain was recorded.




Specifically, it has previously been shown that short, double-
stranded DNAs attached to a surface using a 5” linkage adopt a
more vertical orientation (relative to the surface) than those
anchored via a 3’ linkage, leading to more rapid electron
transfer from a reporter on the distal end of the latter?2. This
presumably arises due to subtle changes in the specific
geometry of linkages to 3’ versus 5’ hydroxyl groups which, of
course, are not equivalent. As all three of the aptamers we have
explored here are thought to bring their two termini together in
their bound, folded states, the portion of them closest to the
electrode is likely also a double helix and thus likely also subject
to this attachment-site orientation effect. This speculation
aside, however, it is quite possible that, were we to characterize
additional aptamers, we would find some that behave in the
inverse manner, with the 3’ anchor orientation exhibiting higher
gain and stronger frequency dependence. Fortunately, checking
this empirically is simple and convenient.

Optimization of many of the parameters that define the
fabrication and interrogation of EAB sensors have seen
extensive study. The orientation with which the aptamer is
anchored to the sensor surface, however, has not. Here we
describe the effects and consequences of switching the
attachment orientation using 3 well-established EAB sensors.
Doing this we find that, while affinity remains unchanged for all
three sensors, we observe significant differences in both their
signal gain and its frequency dependence. In light of these
observations, our “take-home message” is that: (1) attachment
orientation can alter sensor function and (2) is a relatively easy
parameter to investigate, suggesting that it should be explored
in the optimization of new EAB sensors.
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