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Abstract

Electrochemical aptamer-based (EAB) sensors are the only high-frequency, real-time molecular
measurement approach reported to date that is simultaneously both (1) selective enough to deploy
in situ in the body and (2) independent of the chemical reactivity of its target, rendering it
generalizable to the measurement of a wide range of analytes. To date, for example, a half

dozen research groups have demonstrated the ability of EAB sensors to support few-second to
sub-second resolved, multi-hour measurements of drugs and biomarkers in the veins, brains, and
solid peripheral tissues of live rats. Motivated by the scientific and clinical applications these
real-time, highly-time-resolved in vivo measurements enable, significant literature has explored
methods for improving the design, fabrication, and operation of EAB sensors. Here we critically
review this literature in an effort to identify what we believe are the most promising of these
approaches and which are the areas of EAB sensor design, fabrication, and operation that remain
to be profitably explored.
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The extraordinary versatility, specificity, and affinity with which biomolecules recognize
their target ligands have motivated more than 60 years of research into harnessing such
receptors into analytical technologies?. Despite these efforts, however, the continuous
glucose monitor employed in the monitoring and treatment of diabetes? the only
commercially and clinically successful, single-step device (as opposed to multistep
processes, such as ELISAs and lateral flow assays) to emerge from these decades’ worth
of effort. And because the glucose monitor relies on the ability of enzymes (glucose oxidase
or glucose dehydrogenase) to convert its target into electrochemically-detectable product,
this approach to molecular monitoring has proven difficult to adapt to any but a handful of
other targets3. In short, the dream of developing a platform technology able to perform the
high-frequency, real-time measurement of almost any arbitrary molecule, irrespective of its
chemical reactivity, in situ in the body remains a major aim of the biosensor field?.

Towards achieving the long-sought goal of generalizable, in vivo molecular measurements,
we>10 and others!1-14 are developing Electrochemical aptamer-based (EAB) sensors

(Fig. 1A-B). Signal generation in this class of sensors occurs when an electrode-bound,
redox-reporter-modified aptamer undergoes a binding-induced conformational change, such
as binding-induced folding or binding-induced displacement of the redox reporter from

the target-binding cleft!®, or when the bound target sterically blocks the reporter from
approaching the surfacel8. This causes a change in the rate of electron transfer to and

from the reporter, producing in turn an easily measurable electrochemical output when
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such sensors are interrogated via any of a number of transfer-rate-sensitive electrochemical
techniques. This signal transduction mechanism underlies the two important advantages
EAB sensors have over other biosensor architectures. First, because it does not rely

on the chemical transformation of the target, EAB sensors can be generalized to the
detection of many targets, with existing examples including sensors against a wide range

of metabolites10-17.18 therapeutic drugs'217:19, abused drugs620-21 toxins?2, proteins®23.24
and hormones!3. Second, because it mimics the conformation-linked signaling of naturally
occurring chemoperception systems, EAB sensors are selective enough to deploy in
unprocessed biological fluids and other, equally complex samples, including undiluted
saliva®, foodstuffs22, urine?4, blood serum’-8:23 and whole blood?>26, Indeed, EAB sensors
even support real-time, high-temporal-resolution (to sub-second?”) molecular monitoring in
situ in the living body (Fig. 1C, D)%14.19.21.28-30 an ability that, in turn, supports such
advances as closed-loop, feed-back controlled drug delivery®28:30,

Given the potential clinical and scientific advances that could be enabled by real-time, high-
frequency, in vivo molecular measurements, significant effort has gone into optimization

of the design, fabrication, and operation of EAB sensors. The community of researchers
working on these sensors have shown, for example, that their performance depends upon
such design properties as the manner in which the aptamer is modified to produce a
binding-induced signal change, the redox reporter used to generate the electrochemical
signal, the chemistry of monolayer employed to attach the aptamer to the electrode, and

the morphology of the electrode surface. Not surprisingly, EAB sensor performance is also
a function of the conditions employed during sensor fabrication and the electrochemical
approach used in sensor interrogation. Here we provide a critical review of much of these
literatures, describe the optimization steps we employ in our group when creating new EAB
sensors, and highlight additional areas of exploration that we believe could further enhance
the performance of this potentially transformative measurement technology.

A. The signal transduction mechanism

Produced via an in vitro molecular evolution method (known as systematic evolution of
ligands by exponential enrichment: SELEX), aptamers were first described in 19903132
and have since been reported for hundreds of molecular targets®3 (Fig. 2A). Many of

these, however, do not undergo any significant conformational change upon target binding
(since this is not generally a selection criterion), rendering them unsuitable for use in EAB
sensorst0:35, To overcome this, several approaches have been described by which newly
selected aptamers can be systematically re-engineered such that they produce a robust signal
change when employed in such sensors.

While some aptamers produce an EAB signal change without any modification following
their selection, most do not, thus requiring additional modifications to produce this
necessary condition. This involves destabilizing the aptamer’s folded, target-binding
conformation, either by truncation (Fig. 3A), the insertion of a long, flexible loop (Fig.

3B), or the introduction of a complementary strand (Fig. 3C). This coupling of binding to

an unfavorable conformational change produces a tradeoff between affinity and signal gain
(the relative change in signal upon target binding). This is because, the more unfavorable the
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conformational change, the more aptamers that are poised to change and, thus, the higher
the gain. Conversely, however, the more unfavorable the conformational change, the poorer
the affinity, since binding is competing with the unfavorable conformational change3®. For
example, the binding affinities of a systematic series of truncations of a vancomycin aptamer
range from 0.14 to 52 uM, with the signal gain of the resulting EAB sensors concomitantly
increasing from 50% to 150%37. Given the confounding relationship between affinity and
gain, we typically explore a number of different truncations of each aptamer to identify

the sequence that achieves the best trade-off between the twol0. Because the fabrication of
redox-reporter-and-thiol modified aptamers can be expensive, spectroscopic or calorimetric
methods, which can be performed using unmodified oligonucleotides, are often used as

a rough guide to such truncation10-38:39, As a more systematic means of improving the

ease of identifying appropriate truncations, however, Alkhamis et al. have used nuclease
digestion to identify structure-switching aptamers*0. Specifically, they identify the minimum
length construct that is resistant to exonucleases in the presence of target, finding that these
often undergo large conformational changes upon binding, producing in turn high-gain EAB
sensors*L,

A second method of introducing a binding-induced conformational change into aptamers is
via the introduction of long, unstructured loop, the unfavorable closure entropy of which
renders the aptamer unfolded in the absence of target (Fig. 3B). In an early example of

this, we inserted an unstructured, 60-base polythymine linker into the middle of a cocaine-
binding aptamer#L. The 175% gain of the resulting sensor is notably higher than the 50%
gain of an otherwise equivalent sensor for which binding-induced folding was introduced via
truncation, suggesting to us that further exploration of this design approach is in order.

A third method of generating a binding-induced conformational change is to introduce an
antisense sequence, such that target binding shifts the aptamer-plus-antisense pair from

a helical duplex to the aptamer’s target-binding conformation (Fig. 3C), with the above-
described trade-off between affinity and gain being tuned by adjusting the hybridization
potential of the introduced antisense sequence3®. In the first example of this, Xiao et al.
demonstrated a thrombin-detecting sensor that achieves an impressive, 270% signal gain®. In
this and other reported examples3®, the antisense strand was attached to the aptamer via a
region of complementarity that is not disrupted by binding, likely rendering the architecture
reversible. By employing a complementary strand that dissociates entirely upon target
binding, however, Zuo et al. produced up to 10-fold gain in an ATP-detecting EAB sensor,
albeit at the cost of losing reversibility*2. And while the strand displacement mechanism
does not always produce higher gain than other EAB signal transduction mechanisms3®,
given the impressively high gain it may produces, we believe that the approach likewise
deserves rather more study than it has seen to date. Particularly given that it is possible to
build such constructs from a single, fully-covalent strand*3 (see, by analogy, ref43), which
would render such sensors more stable.

Finally, we must note that EAB signal generation need not require a binding-induced
conformational change in the aptamer itself. Early on, for example, we showed that a
thrombin-detecting sensor performs acceptably well under solution conditions in which its
target-binding-aptamer is folded in the absence of target!®, suggesting that, because of steric
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effects, the binding of this modestly large protein is sufficient to reduce the efficiency

with which the redox reporter approaches the electrode surface. The gain of this sensor,
however, is only half that seen under solution conditions in which the aptamer undergoes
binding-induced folding. More recently, Dauphin-Ducharme et al. have argued that signal
generation in some aptamers arises due to target-induced displacement of the redox reporter
from the target-binding-cleft®. We believe that we have likewise seen such behavior in

a phenylalanine-detecting sensorl9. We note, however, that, unlike conformation-linked
mechanisms, which can be introduced into any aptamer, it is unclear how this signal
transduction mechanism can be rationally introduced into new aptamers, thus raising
questions regarding its generality.

B. Thiol and reporter placement

Most of the reported EAB sensors employ a thiol group on their 3’ terminus to anchor

the aptamer to the electrode surface, placing the redox reporter on the 5" terminus. Having
reversed this for several EAB sensors, however, we found that gain is a strong function of
the attachment site location#4. Specifically, we tested three different aptamers, and found
that the gain of all of the resulting sensors is higher when their aptamer is anchored via its 5’
terminus. Perhaps not coincidentally, the aptamers employed in this study are all thought to
bring their termini together to form a double helix, and double-stranded DNAs attached to a
surface viaa’5” anchor are said to adopt a more vertical orientation than those anchored via
their 3" end*>. Nevertheless, given the broad structural diversity of aptamers, we suspect that
some aptamers may behave in the inverse manner. Given this and given that it is relatively
easy to test the two orientations empirically, we believe that such characterization can be
profitably added to the EAB sensor design workflow.

The significant impact that switching the termini that are modified with the anchoring thiol
and the redox reporter has on gain leads us to suspect that placing the redox reporter or

the anchoring thiol at positions within the chain could also enhance performance. To date,
however, exploration of this remains limited. Despite the fact that the requisite internal-thiols
are commercially available#3, for example, we have not seen any exploration of EAB
sensors employing internal anchoring site. And we have seen only 3 examples in which
internal redox reporter sites have been employed, likewise despite their ready commercial
availability. In the first of these, Mayer et al. placed redox reporter at the distal end, on

an internal base, and on a base near the electrode-attachment site of a TNF-a aptamer,
finding found that the construct with the distally-situated reporter produced the highest
gain?®. In contrast, in the second Gerasimov et al. found that the gain of an insulin-detecting
sensor with an internally placed reporter is 1.5-fold greater than that of an equivalent

sensor employing a redox reporter on the distal terminus. Finally, Bakhshandeh et al.
employed internal methylene blue reporters in a lactate sensor and a glucose sensor, though
they did not report any comparison with the performance of the equivalent, terminally
modified sensors*’. Reviewing this still-sparse literature, our suspicion is that exploration of
alternative anchor and reporter placements may prove fruitful.
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C. Theredox reporter

In an early effort to identify redox reporters suitable for use in EAB-type sensors (i.e.,
sensors that, like EAB sensors, are comprised of a redox-reporter-modified DNA attached
via a thiol-on-gold SAM to a gold electrode), we characterized E-DNA sensors employing
a range of redox moieties that are commercially available in forms easily conjugatable

to DNA“8. To our surprise at the time, the performance of the resulting sensors varied
enormously. Many, for example, failed to produce clear, single oxidation and reduction
peaks and some proved difficult to conjugate to DNA or exhibited unacceptably large
changes in redox potential upon conjugation. And only the sensor employing methylene blue
exhibited good stability against repeated electrochemical interrogations. Specifically, while
methylene blue lost only 2% of its initial current after 100 square-wave voltametric scans,
the signaling current of sensors employing anthraquinone, Nile blue, or 5’-linked ferrocene
fell by 50% under these conditions, and that of sensors fabricated using 3’-linked ferrocene,
ferrocene-C5, or penta-methyl ferrocene fell even more dramatically. In short, the stability
of sensors fabricated using methylene blue stands out among all of the reporters we have
investigated. Given that the redox potential of methylene blue lies almost exactly in the
middle of the potential window over which alkane-thiols-on-gold are stable*?, we believe
this is due to electrochemical desorption of the monolayer at the redox potentials of the
other reporters we have characterized. With this in mind, the recently described ATTO 700
reporter, the redox potential of which lies near the center of the stability window for these
monolayers, may be of interest>8.

Despite its near universal application to date, and its significant positive attributes,
methylene blue as an EAB reporter is not without limitations. First, because it is a
2-electron, 1-proton redox couple, the reporting properties of methylene blue are pH
dependent. This harms sensor calibration in pH-variable sample matrices, such as sweat
or saliva. Thus motivated, Li et al. have explored a r-extended tetrathiafulvalene called
exTTF as a reporter®0, This pro-aromatic electron donor undergoes a single, two-electron
oxidation process that, because it does not involve proton transfer, is insensitive to pH. And,
conveniently, its redox potential is also reasonably near the middle of the potential range
over which thiol-on-gold SAMs are stable. Following this, Pellitero et al. have described
a similarly pH-insensitive Os(11/111) complex that, in head-to-head comparisons, exhibits
better stability than methylene blue>L. Specifically, when serially interrogated in a simple
buffer every 8 s for 48 h, a sensor employing the osmium complex lost only 25% signal,
versus the 60% signal loss seen for the equivalent, methylene blue-functionalized sensor.
A second limitation of methylene blue as a reporter is its rather sluggish intrinsic electron
transfer rate, which limits the rate at which EAB sensors can be interrogated and, as
discussed below, likely also limits the thickness (and thus stability) of the self-assembled
monolayers they can employ. In this light, the more rapid transfer rate of the osmium
complex and of the above-mentioned ATTO-700 reporter may also prove of value.

D. Alternative monolayers

Almost all of the EAB sensors reported to date have attached their aptamer to the
interrogating electrode using an alkane-thiol-on-gold self-assembled monolayer (SAM),
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with most of these employing a hydroxyl-terminated, 6-carbon thiol. Increasing the
number of thiols2 or the monolayer thickness (by extending the length of the alkane-
thiol)°3, however, is known to improve monolayer stability. Thus motivated, Watkins et al.
compared the performance of EAB sensors fabricated using either 6-mercapto-1-hexanol
or 8-mercapto-1-octanol (using a methylene blue reporter), finding that the latter produce
similar gain, but are more stable when challenged for 7 days in 37 °C a simple buffer®4.

In our experience, however, going to still thicker monolayers can lead to unacceptably slow
electron transfer rates (unpublished results).

While it is clear that EAB sensor performance is also sensitive to the chemistry of the
monolayer surface, this parameter has seen relatively little exploration. In one example,
however, a phosphatidylcholine-terminated monolayer, which mimics the head-groups

seen in the cell membrane, reduces the drift seen in 37°C whole blood by an order of
magnitude®. Indeed, drift is reduced so much that, when the resulting sensors achieved
fairly good (to within a few percent) return to baseline after more than 6 h in situ in the veins
of live animals without the use of drift-correction algorithms (see below). More recently,

the Arroyo-Currés group reported that a methyl-terminated monolayer (i.e., presenting

a hydrophobic surface) enhances EAB sensor stability in undiluted serum held at room
temperatureS2. Specifically, while the signal of sensors employing a methyl-terminated
monolayer remains virtually unchanged after 2 days of continuous interrogation in 37 °C
whole blood, that of a sensor employing the traditional, hydroxy-terminated monolayer lost
almost all of its signal. This methyl-terminated surface, however, reduced overall signal
gain, and its effect on aptamer affinity varies with from sensor to sensor. For example, the
affinity of a vancomycin-detecting sensor does not change much (from 151 + 9 uM for the
hydroxyl-terminated surface to 187 + 18 uM for the methyl), worsens for a doxorubicin
sensor (from 1.63 + 0.05 uM to 15.8 £ 0.8 pM), and improves for a tobramycin sensor (from
154 + 2 yM t0 9.8 £ 0.3 pM).

Recently, Kesler et al. report that the use of a homogeneously carboxylate-terminated
monolayer simultaneously increases both the gain of a doxorubicin-detecting sensor and its
affinity for its target>6. We have found, however, that such monolayers can prove unstable,
presumably due to unfavorable charge-charge interactions between the carboxylic acid
head groups®’. Thus motivated, we have explored mix monolayers comprised of 6-carbon
hydroxyl terminated thiols, and either 6- or 8-carbon, carboxylate-terminated monolayers.
Doing so, we found that the addition of order 50% carboxylate head groups increased the
gain of all 3 of the sensors we characterized without significantly reducing their stability.
These promising results aside, we encourage researchers to explore this “space” further, as
we suspect that, given the enormous range of possible surface chemistries accessible, the
optimal surface has likely not yet been identified.

E. Alternative electrode materials and attachment chemistries

Given the convenience and reasonable performance of the chemistry, almost most every
EAB sensor described to date has been fabricated using alkane-thiol-on-gold monolayers.
This chemistry, however, is not without a potentially important limitation. Specifically, the
potential window over which such monolayers are stable (e.g., >80% of the peak current
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remains after 1500 scans) only spans of order 0.5 V (from about +0.05 V to about —0.40 V
versus Ag/AgCI49), which limits, for example, the extent to which we can “multiplex” such
sensors via the use of multiple reporters each reporting at distinct redox potentials#8-8, In
response, we are aware of a number of groups (ourselves included) who have tried but failed
to adapt EAB sensors to carbon electrodes (unpublished observations). And while Shaver

et al. successfully used amide-formation to site-specifically attach a redox-reporter-modified
aptamer onto conductive polymers, the resulting sensor was unstable and quite sensitive

to nonspecific interferents®®. Indeed, the only successful example we know of in which
EAB sensors were fabricated using chemistry other than alkane-thiols on gold was a recent
study in which an alkyne-gold bond was employed®0. The results of this chemistry were
mixed, however: while the stability of sensors employing this chemistry appears to be
slightly better than that of sensors fabricated using alkane-thiols-on-gold, and the gain of

a tobramycin-detecting sensor doubled on the alkyne-on-gold surface (50% versus 25%),
the gain of an ATP-detecting sensor collapsed when this new chemistry was employed. We
note, too, that it is unclear whether the potential window over which this alkyne chemistry is
stable against EAB sensor interrogation is any broader than that of alkane-thiols-on-gold.

F. Protection from electrode fouling and aptamer degradation

EAB sensors exhibit significant time-dependent signal loss when deployed in bodily fluids,
particularly at physiological temperatures. This is caused by both fouling and the enzymatic
degradation of the target-recognizing aptamer, with the former seeming to dominate in body-
temperature whole blood in vitro? and the latter in blood in vivo®L. Fortunately, there are

a number of electrochemical methods by which this drift can be corrected or circumvented
(described in detail in section 111), thus ensuring that good measurement accuracy is retained
even in the presence of drift. Nevertheless, the associated loss in peak current reduces
signal-to-noise ratios, ultimately limiting the duration of in vivo measurements. This has
motivated a number of groups to study methods of reducing this drift.

To date, a handful of papers have appeared in which hydrogel coatings have been used to
reduce EAB sensor drift, presumably by reducing the rate with which nucleases and other
blood components reach the electrode surface>462.63.64 |n the most detailed of these, the
Li group employed an agarose gel to significantly reduce the drift seen when the sensor

is deployed both in vitro in undiluted whole blood at room temperature and in vivo in

the veins (Fig. 4A), bladder, and solid tissues of live rats®4. Indeed, the signal drift was
reduced so much that the gel-protected in vivo sensors achieve clinically relevant accuracy
without employing drift correction algorithms. The gel-protected sensors also exhibit good
biocompatibility: intravenously or intramuscularly implanted sensors produce no detectable
impact on blood counts or histology (this said, though, we note that the biocompatibility
of unprotected sensors has not been reported and could be similarly good). Of note, the
use of the hydrogel did not significantly reduce the sensor’s equilibration time against a
low-molecular-weight target.

More recently, the Heikenfield group has described the use of a zwitterionic polybetaine
hydrogel to protect EAB sensors against fouling®*. This improved the drift properties of
sensors employing both mercaptohexanol and mercaptooctanol monolayers in 37 °C bovine
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serum in vitro. Oddly, however, this protective layer reduced the gain of sensors using

the latter monolayer while leaving the gain of sensors employing the latter monolayer
unchanged. Finally, Santos-Cancel et al. report that hydrogels containing entrapped
ribonuclease inhibitors improve the stability of an EAB sensor employing an RNA-aptamer
when it is challenged in nuclease-containing bodily fluids, including serum and whole
blood®2. Specifically, the authors coated an EAB sensor employing an RNA aptamer against
the aminoglycoside antibiotics with a collagen | hydrogel pretreated with ribonuclease
inhibitors, finding that the resulting sensor maintained good performance in undiluted serum
for at least 6 h. The signal of an unprotected sensor, in contrast, fell by 98% under the same
conditions. In general, we view such hydrogels as a promising approach to reducing the drift
of in vivo EAB sensors, though we must note that such protection is likely incompatible
with sensors against proteins or other larger analytes due to the slow diffusion of such
targets through the hydrogel.

As an alternative to preventing the approach of nucleases to the sensor surface, we have
recently explored the feasibility of rendering the aptamer itself nuclease resistant®l. We

did so by fabricating the aptamer from xenonucleic acids (XNA), synthetic nucleic acid
analogues employing a polymer backbone that differs from either ribose or deoxyribose®.
Many of the altered backbones used in XNASs are resistant to nuclease digestion, suggesting
their use might reduce the signal drift seen when EAB sensors are deployed in vivo. Thus
motivated, we fabricated a tobramycin-detecting EAB sensor employing a 2’-methoxy-RNA
aptamer®l, When deployed in the jugular of a live rat, this sensor exhibited only a few
percent loss in signal over the course of several hours (Fig. 4C). In contrast, under the same
conditions the signal from a sensor employing the equivalent DNA aptamer fell by nearly
half. This, obviously, is only a single example, but given the increasing ease with which
XNA aptamers can be selected®6-68 we believe that they will prove a valuable addition to
the EAB platform.

[I. Sensor fabrication

Two elements of the EAB sensor fabrication process —increasing the microscopic surface
area of the gold (i.e., the atomic-scale surface area) and regulating conditions under which
the aptamer-decorated monolayer is formed— have proven important elements in optimizing
EAB sensor performance.

A. Electrode morphology

The signaling current of an EAB sensor, which is proportional to the number of redox-
reporter-modified aptamers on its surface, can be increased by using larger electrodes. For
size-limited applications, however, such as placements in vivo, this approach to improving
signal-to-noise ratios is often sub-optimal. Given this, we have instead focused on improving
EAB signaling currents by increasing the microscopic surface areas of our electrodes. In our
first approach to this end, we used “electroroughening” via chronoamperometric pulsing to
increase the microscopic surface area of gold-wire electrodes, leading to ~2-fold increases

in signal-to-noise ratios for sensors deployed in the rat jugular® (Fig. 5). Following this, Li
et al. demonstrated the use of shrink-wrinkled gold-coating polyolefin film to increase the
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microscopic surface area of gold electrodes up to 10-fold’C. This approach, however, has not
yet been applied in vivo. Finally, in 2021, we applied an electrochemical de-alloying process
to create nanoporous gold, thus increasing the microscopic surface area up to 100-fold and
EAB signaling current by up to 30-fold”1. This was sufficient to enable miniaturization of a
75 um-diameter and 0.5 mm long EAB sensor that retained excellent signal-to-noise ratios
when deployed in the rat jugular.

B. Optimizing aptamer deposition

The density with which the target-recognizing aptamers are packed onto the sensor surface
strongly affects the gain of EAB sensors, with the optimal packing density varying

from aptamer to aptamer. For example, optimal packing density increases the signal

gain of a cocaine-detecting sensor more than 3-fold relative to the poorest performing
packing density’2 (Fig. 6A). Given its importance, we regard the optimization of aptamer
packing density (which we perform by varying the aptamer concentration employed during
deposition) a high priority in our sensor fabrication workflow.

Although not yet well explored, we suspect that the solution conditions under which the
aptamers are immobilized on the electrode surface also affect sensor performance. Across
multiple sensors, for example, Liu et al. have found that performing aptamer deposition

at pH 6.0 yields noticeably lower gain than fabrication at pH 7.474. And for 2 sensors

they found that fabrication at lower ionic strength improves gain by 1.2- and 1.5-fold.
Surprisingly to us, the latter occurs despite the higher ionic strength having little effect on
packing density. To the best of our knowledge, however, the effects of pH and ionic strength
on EAB sensor fabrication have not yet been described by others.

The formation of alkane-thiol-on-gold monolayers in general is sensitive to temperature,
and thus altering the deposition temperature could impact sensor performance. Liu et al.
report, for example, that freezing facilitates the assembly of high-density DNA-modified
monolayers on gold nanoparticles’®, which they attribute to the freezing-induced stretching
and alignment of the DNA. Applying this observation to the fabrication of a doxorubicin
sensor (by dropping aptamer solution on a freshly cleaned gold surface and then freezing
the surface for 15 min at =20 °C), they report that it improves stability. For example, after

4 h of interrogation in fetal bovine serum, the signal of cold-fabricated sensors fell by only
25%, versus the 45% loss seen for the equivalent sensor fabricated at room temperature’®.
The authors also report improved sensor-to-sensor reproducibility (3% versus 14% relative
standard deviation of the peak current) and significantly enhanced target affinity. To the best
of our knowledge, however, this perhaps surprising result has not yet been repeated for other
sensors or by other groups.

EAB sensors are most often prepared via “sequential” deposition, in which the electrode
is incubated in a solution of thiol-modified aptamer for 1 h and then “backfilled” via an
overnight incubation in dilute mercaptohexanol. There have also been reports, however, of
EAB sensors fabricated via a “codeposition” method employing a single-step incubation
in a mixture of mercaptohexanol and thiol-modified aptamer®2:77.78.79_ Recently we have
compared the performance of sensors fabricated using these two approaches, finding that
the latter typically improves gain by 1.2 to 1.7-fold”3 (Fig. 6B). Moreover, as a single-step
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process, codeposition can be completed in 1 h, rendering it somewhat more convenient than
the traditional, overnight sequential method. This said, this approach does not work for all
aptamers. For example, it leaves the gain of a phenylalanine-detecting sensor unchanged.
Given how easy it is to explore this alternative fabrication approach, however, we now
include characterization of this when fabricating a new type of EAB sensor.

Finally, it appears that EAB sensor gain is significantly improved by performing the aptamer
deposition in the presence of the target molecule (Fig. 6B). Specifically, the Xiao group
reported that target-assisted deposition improved the signal gain of a cocaine-detecting
sensor by 1.2-fold, and sensors against methylenedioxypyrovalerone and adenosine by 1.5-
fold’. This presumably occurs because target binding folds the aptamer prior to deposition,
thus reducing the number of aptamers that bind to the surface in a manner that precludes
their binding-induced folding. Building on their work, we have found that target-assisted
deposition similarly improves the gains of vancomycin- and tryptophan- detecting sensors
and does so in a manner that is additive with the gains associated with the co-deposition
method described above’3. Curiously, neither target-assisted deposition nor co-deposition
had any significant effect on the gain of a phenylalanine-detecting sensor. Spectroscopic
studies suggest, however, that the aptamer employed in the latter sensor remains folded
even in the absence of target, thus perhaps explaining why both deposition in the presence
of target and co-deposition failed to increase this sensor’s gain. We now employ this
target-assisted method in the fabrication of all of our sensors, save for those few (e.g.,
methotrexate; unpublished) for which the binding of target to the bare gold electrode
interferes with monolayer formation.

[ll. Sensor operation

A number of electrochemical approaches have been used to transduce the binding-induced
conformational change underlying EAB sensor operation into an easily measurable output,
including both voltametric (cyclic, square wave, alternating current, differential pulse)

and non-voltametric (chronoamperometry, intermittent pulse amperometry, electrochemical
impedance spectroscopy) methods, all of which are sensitive to the binding-induce change in
electron transfer rate that underlies signal transduction in the EAB platform. But not all of
these approaches are equally well suited to perform EAB sensor interrogation.

A. Voltametric interrogation

The first reported DNA-based electrochemical sensors employed cyclic voltammetry in their
interrogation89. This approach, however, is less sensitive to transfer rate than many other
voltametric methods, it has largely fallen out of favor, being replaced first by alternating
current voltammetry®:81 and differential pulse voltammetry® before these were all largely
supplanted by square wave voltammetry82, We have recently compared the performance of
the latter 3 methods, finding that square wave voltammetry generally produces the largest
signal gain and the best signal-to-noise ratios83. Consistent with this, we use square wave
voltammetry for the large majority of our in vivo EAB sensor studies. Before doing so, we
always optimize the square-wave frequency’2 and amplitude®* employed.

ACS Sens. Author manuscript; available in PMC 2026 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Plaxco

Page 12

In addition to the generally higher gain and improved signal-to-noise ratios it produces,
square wave voltammetry also delivers another important advantage: it provides an accurate
means of correcting the drift seen when unprotected EAB sensors are deployed in the body.
Specifically, gain is such a strong function of square-wave frequency that most sensors
exhibit “signal-on” behavior (i.e., target binding increases current) at some frequencies and
signal-off behavior at others. By finding pairs of signal-on and signal-off frequencies that
drift in concert, we can remove the drift by using an approach termed “kinetic differential
measurements”29:85 where the KDM signal is generally given by:

S =2

KDM = 0.5(s1 + 52)

Eq. 1

where s; and sorepresent the normalized signal recorded at “signal-on” and “signal-off”
frequencies, respectively. Using this approach, we see good sensor accuracy even under
such high-drift conditions as days-long measurements in undiluted, whole blood held in
vitro at 37°C81 (Fig. 7A). A limitation of traditional kinetic differential measurements,
however, is that it employs relative signal change. That is, the signals observed relative
to the signals observed in the absence of target, with the latter being measured for each
individual sensor prior to use. Recently, however, we have described a “ratiometric” kinetic
differential measurement drift correction approach that avoids the need to perform this
zero-target calibration measurement for each, individual sensor.86 To do so it employs a
modified version of KDM:

Rij—ip

rKDM = 55 Ri + 1)

Eq. 2

Here Ris the ratio of the currents measured in the absence of target at the signal-on and
signal-off frequencies for all sensors in the fabrication batch, and /; and 7, are the peak
currents measured at the two square-wave frequencies employed. That is, this approach uses
calibration parameters derived from a subset of the sensors in a batch to calibrate all of the
sensors in that batch, with little loss in accuracy.

B. Non-voltametric interrogation

Non-voltametric methods have also been used to interrogate EAB sensors, some of which
may provide advantages over voltammetry. The first reported of these, chronoamperometry,
measures electron transfer kinetics directly by determining the lifetimes of current transients
generated in response to stepping the potential to values at which the redox reporter is fully
oxidized or reduced. This produces an exponential current response, the lifetime of which

is monotonically related to target concentration2’. The length of this transient is rather short
and thus, using chronoamperometry to measure plasma tobramycin concentrations in the rat
jugular, we have achieved a time resolution of 300 ms (Fig. 7C). And because the lifetime
of an exponential decay is independent of its amplitude (i.e., independent of the number

of reporter-modified-aptamers on the electrode), chronoamperometric interrogation is both
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calibration-free and drift resistant. This said, to date the approach has seen relatively little
investigation as a means of interrogating EAB sensors; we suspect that this merits more
detailed exploration.

The use of intermittent pulse amperometry (IPA) also supports high-frequency EAB

sensor interrogation. That is, by alternating between a negative overpotential to reduce the
methylene blue reporter and a potential that re-oxidizes it, Santos-Cancel demonstrate that
absolute current values at a defined times after the application of the pulse are quantitatively
related to the concentration of target analyte87. Using this method, the authors were able to
interrogate an EAB sensor in less than 5 ms per measurement. This said, we suspect that,
under these conditions, the equilibration time of the sensor likely becomes limiting, and thus
the sensor’s true temporal resolution is probably rather poorer than this impressive, 5 ms
interrogation time. We note, too, that this approach has not yet been demonstrated in in vivo
applications.

Electrochemical impedance spectroscopy (EIS) has also proven a potentially powerful
means of EAB sensor interrogation. EIS measures changes in interfacial surface properties
(i.e., charge transfer and electric double layer formation) by applying a sinusoidally
oscillating, AC potential wave and measuring the resulting sinusoidal current response.

In our first attempt to exploit this for EAB sensor interrogation8 we used changes in

the phase of the current response to monitor target binding, thus achieving sub-second
temporal resolution (from 6 to 350 ms, depending on the required AC frequency) and
multi-hour stability for measurements performed in vitro in undiluted, whole blood held at
37 °C. Building on this, we next applied fast Fourier transform electrochemical impedance
spectroscopy to the problem of interrogating EAB sensors36. This method measures the
electron transfer rate associated with EAB sensors and thereby determines the concentration
of their molecular targets with time resolution of 2 s or better. Since this approach uses
electron transfer rate directly to monitor target concentration, rather than absolute current,
it is independent of the number of aptamers on the surface, rendering it calibration-free.

It has also proven resistant to the drift seen in body temperature biological fluids. Using
this to interrogate vancomycin and phenylalanine sensors, for example, we have performed
real-time, 1.8 s resolved, calibration-free molecular measurements in situ in the veins of live
rats (Fig. 7D). As is true with chronoamperometry, however, we have not yet conducted
head-to-head comparison of this approach with square wave voltammetry, and thus, other
than time resolution (for which chronoamperometry is better than EIS, which is better than
voltammetry), the relative merits of these approaches remain undefined.

Conclusions.

In the nearly 20 years since the first was reported, EAB sensors have been the focus of
hundreds of studies by dozens of research groups. Reviewing the data through the prism of
our own experience, here we have described the various design, fabrication, and operational
parameters that we currently believe are important -or has the potential to be important-
elements in achieving the highest possible EAB sensor performance. Our goal in doing

so is to facilitate the application of EAB sensors. And while we have focused primarily

on in vivo measurements in this work (as that is our primary area of interest), we close
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by noting that, in addition to application to pharmacokinetics performed in live animals,
clinical applications focused on ex vivo samples (urine, serum, sweat, saliva, etc.) are likely
a valuable potential application for those targets for which daily monitoring, rather than
real-time, seconds-resolved data, capture the majority of the clinical value. We note, too, that
there are many other potentially valuable applications of the technology, such as performing
feed-back control in fermentation and cell culture, and monitoring the response of organoids
and organ-on-a-chip to drugs for drug screening and evaluation. We look forward to seeing
further developments in these exciting areas.

Vocabulary

Drift
The loss in raw signal seen when EAB sensors are interrogated in vivo using voltametric
methods.

Electrochemical, aptamer-based (EAB) sensor

A platform molecular sensing technology that utilizes a binding-induced conformational
change in an electrode-bound, redox-reporter-modified aptamer to produce an easily
measurable electrochemical signal.

Gain
The relative change in signal seen between the absence of target and saturating (or some
other high, well-defined) target concentration.

Kinetic differential measurements (KDM)

An electrochemical that method that removes the drift seen when EAB sensors are deployed
in vivo by taking the difference between the relative signals seen at “signal-on” (i.e., target
binding increases current) and “signal-off” square wave voltammetry frequencies.

Self-assembled monolayer (SAM)
Single-molecule-thick molecular assemblies spontaneously formed on surfaces. The work
described here employs those formed by alkane thiols on gold surfaces.

Sensor interrogation

Measurement of target by applying an electrochemical method, such as voltammetry,
chronoamperometry, or electrochemical impedance spectroscopy, to an electrochemical
sensor.

Stability
The ability of an EAB sensor to retain consistent signaling properties after prolonged,
repeated interrogation.
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(A, B) Electrochemical, aptamer-based sensors are comprised of a redox-reporter-modified,

electrode-bound aptamer. The binding of the target molecule to this receptor induces a

conformational change that, in turn, reduces the efficiency with which the redox reporter
approaches the electrode to transfer electrons. The resulting change in electron transfer
kinetics is easily measured using a variety of electrochemical methods. (C) The biomimetic
nature of this conformation-linked signaling ensures that EAB sensors perform well even
when deployed in situ in the body2”. (D) We regularly use intravenous EAB sensors, for
example, to monitor plasma drug and metabolite kinetics in the rat>2.
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Figure2.
(A) Aptamers are produced via an in vitro selection approach termed SELEX (systematic

evolution of ligands by exponential enrichment)31-32, (B) To incorporate them into

EAB sensors, they often must be modified such that they undergo a binding-induced
conformational changel®. (C) The aptamer is then further modified by the addition of a
redox reporter (typically methylene blue -MB) and an alkane thiol, with the latter serving

to anchor it to a gold electrode. Known and potential methods of improving EAB sensor
performance include altering the mechanism underlying the binding-induced conformational
change, the use of new redox reporters, altering the conditions employed during aptamer
deposition, changing the chemistry of the electrode surface, and changing the structural
morphology of the electrode.
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Figure 3.
Aptamers have been re-engineered to undergo a binding-induced conformational change via:

(A) destabilization (using truncation or other mutations), (B) the introduction of a long,
unstructured loop, or (C) the introduction of a complementary oligonucleotide strand.
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Figure 4.

Three methods of reducing the drift seen when EAB sensors are employed in complex
biological matrices: (A) protection using a hydrogel that greatly reduces the speed with
which macromolecules diffuse to the sensor surface®®, (B) the use of fouling-resistant
phosphatidy! choline-terminated monolayers®, and (C) the use of DNA molecules with
nuclease-resistant, non-natural “xenonucleic acid” (shown is 2’-methoxyRNA versus DNA).
The data in panels A and B were collected in vitro in 37°C whole blood, and in panel

C in vivo in the rat jugular. Panel A adapted with permission from ref54. Copyright

2023 American Chemical Society. Panel B adapted with permission from ref>°. Copyright
2017 Angewandte Chemie. Panel C adapted with permission from refé1. Copyright 2024
Angewandte Chemie.
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By increasing the microscopic, active surface area of gold wire electrodes, electrochemical
roughening increases the signal-to-noise ratios of EAB sensors of a given macroscopic
size. (A) A scanning-electron micrographs taken at the location of the air-liquid interface
illustrates the morphological effects of this “electroroughening”’1. A comparison of
intravenous tobramycin measurements performed in the rat jugular using (B) a smooth
electrode or (C) an electroroughened electrode illustrates the resulting improvement in
signal-to-noise ratios’*. Figures adapted with permission from ref’1. Copyright 2021

American Chemical Society.
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(A) The density with which the target-binding aptamers are packed onto the surface of an
EAB sensor affects its gain. The gain of a sensor against cocaine, for example, is highest
at intermediate packing densities’2. (B) Gain is also a function of the fabrication approach.
The gain of a tryptophan-detecting sensor increases, for example, when it is fabricated
either in the presence of the target (target assisted), or when the thiol-modified DNA and
the alkane thiol diluent are simultaneously co-deposited rather than sequentially deposited,
with the improved gain arising from the two effects being additive’3. Panel A adapted with
permission from ref’2, Copyright 2008 American Chemical Society. Panel B adapted with
permission from ref’3. Copyright 2024 American Chemical Society.
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Figure 7.

A range of distinct electrochemical techniques have been used to interrogate in vivo EAB
sensors. (A) Most in vivo examples have used square wave voltammetry drift corrected
using kinetic differential measurements (KDM), an approach that employs measurements
collected at a pair of square-wave frequencies that drift in concert but respond differentially
to the presence of target?%:85, Shown are “signal-on” (200 Hz), “signal-off” (20 Hz), and
corrected KDM signals obtained from a cocaine-detecting sensor in the rat jugular?l. (B)
Using this approach, the corresponding plasma cocaine concentrations can be obtained.
Given the time required to collect the pair of voltammograms, this approach typically
achieves a time resolution of 10 to 20 s. (C) In contrast, chronoamperometry is both
intrinsically drift free and able to achieve time resolution of a few hundred milliseconds.
Shown here, for example, are 300-ms resolved plasma tobramycin measurements performed
in the rat jugular?’. (D) Fourier-transform electrochemical impedance spectroscopy is also
intrinsically drift free and achieves 1 to 2 s resolution. Shown here, for example, is 1.8-s
resolved plasma phenylalanine in the rat jugular34. Panels A and B adapted with permission
from ref2l. Copyright 2024 American Chemical Society. Panel C adapted with permission
from ref2’. Copyright 2018 American Chemical Society. Panel D adapted with permission
from ref34. Copyright 2023 American Chemical Society.
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