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Abstract. Electrochemical aptamer-based (EAB) sensors utilize the binding-induced
conformational change of an electrode-attached, redox-reporter-modified aptamer to transduce
target recognition into an easily measurable electrochemical output. Because this signal
transduction mechanism is single-step and rapidly reversible, EAB sensors support high-
frequency, real-time molecular measurements. And because it recapitulates the reagentless,
conformation-linked signaling seen in vivo among naturally occurring receptors, EAB sensors
are selective enough to work in the complex, time-varying environments found in the living
body. The fabrication of EAB sensors, however, requires that their target-recognizing aptamer be
modified such that (1) it undergoes the necessary binding-induced conformational change and (2)
that the thermodynamics of this “conformational switch” are tuned to ensure that they reflect an
acceptable tradeoff between affinity and signal gain. That is, even if an “as-selected” aptamer
achieves useful affinity and specificity, it may fail when adapted to the EAB platform because it
lacks the binding-induced conformational change required to support EAB signaling. In this
paper we reveal the spectroscopy-guided approaches we use to modify aptamers such that they
support the necessary binding-induced conformational change. Specifically, using newly
reported aptamers, we demonstrate the systematic design of EAB sensors achieving clinically
and physiologically-relevant specificity, limits of detection, and dynamic range against the

targets methotrexate and tryptophan.
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Introduction

Electrochemical aptamer-based (EAB) sensors are the only in vivo molecular sensing technology
reported to date that is easily adaptable to new targets. That is, unlike the in vivo “continuous
glucose monitor,” which relies on the ability of glucose oxidase to convert its target into
electrochemically-detectable hydrogen peroxide' signal generation in EAB sensors is linked to a
binding-induced conformational change in its target-recognizing aptamer (Fig. 1A, B). Because
this signal transduction mechanism is independent of the chemical reactivity of the targets, EAB
sensors are highly versatile. And because it is reagentless, wash-free, and rapidly reversible,
EAB sensors also support high-frequency, real-time molecular monitoring. Finally, because this
transduction mechanism mimics the conformation-linked signaling seen in naturally occurring
chemoperception systems, EAB sensors perform well when placed in the living body. Consistent
with this EAB sensors have been used to perform seconds-resolved, real-time drug and
metabolite concentration measurements in situ in the veins of live animals.’® Indeed, the
approach even supports closed-loop feedback control over plasma drug levels™, potentially
ushering in an era in which drugs characterized by dangerously narrow therapeutic windows or
highly complex, time-varying optimal plasma time courses can be delivered safely and

effectively.

Although being independent of the reactivity of their targets greatly enhances the versatility of
EAB sensors, expansion of the platform to new targets nevertheless still requires (1) the
availability of an aptamer of appropriate affinity and specificity, and (2) its modification to
introduce a large, binding-induced conformational change. In this paper, we demonstrate our
approach to the latter issue. Specifically, while rational approaches to designing binding-induced
conformational changes into aptamers have seen some success ', we most often achieve this
goal via semi-empirical destabilization of the aptamer through truncation or loop extension, such
that the aptamer is predominantly unfolded at equilibrium.'® Under such conditions, an aptamer
still samples its folded state. And as, unlike the unfolded state, the folded state is competent to
bind the target, target binding drives the folding equilibrium towards it, coupling target
recognition to folding (Fig. 1C). This “population shift mechanism” couples target recognition,

however, to a thermodynamically unfavorable conformational change. This results in a trade-offt:



while further destabilization of the native state increases the number of molecules poised to
respond to target, increasing gain, it also increases the unfavorable energy barrier that binding
must overcome, reducing affinity'’. We thus must “tune” the thermodynamics of the
conformational switch (Kg which is the equilibrium constant for the conformational change; see
Fig. 1C) for each new aptamer so as to achieve the optimal balance between these conflicting

effects (between gain and affinity) for any given application.
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Figure 1. (A) Signal generation in EAB sensors is driven by a binding-induced conformational change in its target-
recognizing aptamer. This alters the efficiency with which an attached redox reporter (here methylene blue) transfers
electrons to the sensor’s electrode. (B) The resulting change in electron transfer rate is easily monitored using square
wave voltammetry, which can be tuned to increase (“signal on” behavior) or decrease (“signal off”) its signal upon
target binding by changing the square-wave frequency employed.'? The data shown here are from our tryptophan
sensor (TRNC17/11). (C) The population shift mechanism that EAB sensors employ entails a tradeoff: pushing the
conformational switching equilibrium towards the unfolded state increases gain (by increasing the number aptamers
poised to respond to target) while simultaneously reducing affinity (by increasing the unfavorable folding free
energy binding must overcome). Specifically, the overall affinity of the aptamer, K35, is a function of both the
“intrinsic” affinity of the folded state, K, and the switching equilibrium constant, K. "'

We typically tune the conformational switching thermodynamics of our aptamers using
empirical, spectroscopy-guided approaches. That is, although the modular nature of Watson-
Crick base pairing renders it possible to predict the destabilizing effects of sequence variations
on DNA secondary structure'”, aptamer stability is often driven by non-Watson-Crick-Franklin
tertiary interactions, the thermodynamics of which are far too poorly understood to enable their

accurate prediction. Thus, while the modification of aptamers to support binding-induced folding




is generally easy, it usually requires several rounds of empirical trial-and error. Here we
demonstrate our approach to this end, which employs fluorescent displacement assays and, when
available, the intrinsic fluorescence of the target to monitor ligand binding, and circular

dichroism to identify conformational states and binding-induced conformational changes.
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Figure 2. (A) To generate the aptamers employed here we used a solution-phase selection based on a stem-loop
closing scheme'*'®. In this, a constant region of the library hybridizes to an oligonucleotide attached to a column
matrix. Any binding-induced conformational change that disrupts this interaction (via, for example, stabilization
of a stem formed from the library’s complementary ends) frees the aptamer for elution and subsequent, additional
rounds of amplification and enrichment. (B) For the preliminary characterization of the resulting aptamers we
monitor the ability of the target to displace the fluorescent dye thioflavin T (ThT) from the aptamer’s binding site.
(C) The affinities of both of the aptamers described here match or exceed those needed for clinical applications.
For example, plasma methotrexate levels (in high-dose methotrexate treatment'’) are several hundred
micromolar, and healthy plasma tryptophan levels remain between 20 and 100 puM.'®

Results and discussion

We started our work by selecting aptamers against the targets methotrexate, a commonly

employed chemotherapeutic, and tryptophan, an aromatic amino acid. To generate high



performance aptamers against these we employed a solution-phase selection based on a stem-
loop closing scheme'*'®. In this, a constant region of the library hybridizes to an oligonucleotide
attached to a column matrix. Any binding-induced conformational change that disrupts this
interaction (via, for example, stabilization of a stem formed from the library’s complementary
ends) frees the aptamer for elution and subsequent, additional rounds of amplification and
enrichment (Fig. 2A). Using a thioflavin T displacement assay, in which target binding dispends
laces this dye from the binding site with a concomitant increase in fluorescence (Fig. 2B), we
determined that the full-length (as selected) methotrexate-recognizing aptamer binds its target
with a dissociation constant of 6+1 uM (all confidence intervals in this paper represent estimated
95% confidence levels) (Fig. 2C). Likewise, our full-length parent tryptophan-recognizing
aptamer binds with a dissociation constant of 8+2 uM. Both values fall below the clinically or
physiologically relevant range for their respective targets, providing “margin” to lose affinity

during the process of adapting these aptamers into the EAB platform.

We first focused our aptamer modification efforts on our methotrexate-binding aptamer (Fig. 3).
We started this by modeling the aptamer’s secondary structure using Nupack'®, which, as
expected for aptamers identified using our selection scheme, predicts that sequences near the 3’
and 5’ termini of the aptamer form a double-stranded stem with a short tail appended to the latter
end (Fig. 3A). We then generated a series of truncation constructs in which we shortened (first to
5 base pairs; “stem-5") and ultimately eliminated (“stem-0") the predicted double-stranded
region. As our initial survey of these truncated variants, we used the intrinsic fluorescence of the
methotrexate target to monitor the binding of the two longer constructs, stem-5 and stem-4, when
unmodified and free in solution. That is, we titrated DNA sequences lacking either the surface-
attaching thiol or the methylene blue redox reporter into a solution of methotrexate while
monitoring the intrinsic fluorescence of the latter, which changes upon aptamer binding. From
this we find that, while both constructs bind their target, the 1.0+0.2 pM binding midpoint of
stem-4 is about two-fold poorer than the 0.55+0.07 uM midpoint of the stem-5 construct (Fig.
3B). This suggests that, because a higher target concentration is required to overcome the stem-4
construct’s more unfavorable folding free energy, it is less stable than the stem-5 construct.
Consistent with this, when we titrated methotrexate into solutions of these two constructs and

monitored for conformational changes using circular dichroism spectroscopy, we observe that



the stem-4 construct exhibits a larger change in ellipticity upon target binding (Fig. 3C),

suggesting that, in the absence of target, its unfolded state is more highly populated.
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Figure 3. (A) The methotrexate-binding aptamer is predicted to adopt a tailed stem-loop secondary structure, as
expected given the nature of our selection scheme. Indicated are the four truncation variants that we have
characterized here. (B) Using the intrinsic fluorescence of methotrexate to monitor the process, we first
determined that the stem-5 and stem-4 constructs both bind their target with good affinity. (C) Circular dichroism
studies of the binding of these same two constructs suggest that, while both undergo a significant conformational
change upon target binding, the magnitude of the population shift may be greater for stem-4, suggesting it is, as
expected, less stable. (D). Characterizing four constructs as EAB sensors (KDM = kinetic differential
measurements, a square-wave voltammetry approach that enhances EAB signal gain as described in methods
part.?) we find that stem-4 reflects a good tradeoff between affinity and signal gain, and produces a useful
dynamic range that nicely matches the plasma drug concentrations seen in high-dose methotrexate treatment.'’
(E) When incorporated into an EAB sensor, the affinity of stem-4 is significantly reduced relative to the affinity
of the unmodified aptamer when free in solution. Characterization of the thiol-and-methylene-blue modified
aptamer in solution indicates that some of this loss in affinity is due to the modifications required for EAB sensor
fabrication, and some due to interactions with the electrode surface.

Motivated by our initial, solution-phase spectroscopic studies we next fabricated EAB sensors
using the constructs stem-5, stem-4, stem-2 and stem-0. Doing so we saw no significant change
in EAB signal at any target concentration for the stem-0 construct, which entirely lacks the
predicted double-stranded stem, suggesting that this truncation has either lost the methotrexate
binding site or is so destabilized that it is not significantly refolded by even the highest
methotrexate concentrations we employed (Fig. 3D). Consistent with the latter hypothesis, the
stem-2 construct achieves higher-gain, but this is associated with a rather high, 100+15 uM
binding midpoint, suggesting that the unfolded state of this aptamer is well populated in the
absence of target (accounting for the high gain) but, conversely, the aptamer is so destabilized
that it only begins to appreciably refold at quite high target concentrations. In contrast, the
affinity of the stem-5 construct is better (binding midpoint 18+7 uM), but its gain is poorer,
suggesting that this construct is more stable than is optimal. That is, that a large fraction of the
aptamers are already folded in the absence of target, thus limiting the total signal change seen
upon the addition of saturating target. Finally, under the conditions employed here the stem-4
construct represents a good tradeoff between gain (60%) and affinity (binding midpoint 27+8
uM), producing a useful dynamic range nicely matching (Fig. 3D) the plasma drug

concentrations seen during high-dose methotrexate treatment.'’

While the useful dynamic range of the resulting EAB sensor matches clinical needs, the affinity
of the stem-4 construct is about 30-fold poorer in the context of an EAB sensor than that of the
unmodified aptamer when free in solution (Fig. 3E). To elucidate the origins of this discrepancy

we characterized the binding of a thiol-and-methylene-blue-modified stem-4 construct when free



in solution using the intrinsic fluorescence of the methotrexate. While the synthesis cost of the
modified aptamer precluded our going to high enough concentrations to map out the complete
binding curve, it is clear that these modifications account for some, but not all, of the observed
discrepancy. The remaining discrepancy presumably arises due to interactions between the
aptamer and the self-assembled monolayer-coated surface of the gold electrode in the EAB
sensor. Such interactions are known to destabilized folded DNA structureszo, which would

reduce affinity.

We next modified our tryptophan-binding aptamer (Fig. 4A), the detailed selection of which will
be described separately (Yang et al., under revision). As expected, given our selection scheme
(Fig. 2), this aptamer is also predicted to adapt a tailed stem loop structure. As our first effort we
characterized a truncation variant of the aptamer, termed TRNC9/4. (As we explored constructs
for this aptamer that went beyond stem deletion, we use a more cumbersome nomenclature for
these: for this construct we removed 9 bases from the 5’ end, and 4 from the 3’ end). When free
in solution, this construct exhibits a binding midpoint of 8 uM (Fig. 4B, black curve) as
determined using thioflavin T displacement assay, in which this fluorescent dye competes with
the target for occupancy of the target binding site. When we adapted this same construct into an
EAB sensor, however, and interrogated it at a square-wave frequency of 200 Hz, the binding
midpoint shifted to approximately 5 mM (Fig. 4B). This latter value, which is more than 600-
times higher than the midpoint we observed when we employ the dye displacement assay to
monitor this same construct in solution, pushes the useful dynamic range of the resulting EAB
sensor far too high to be of value in the monitoring of tryptophan, the physiological range of

which is 20 to 100 pM in plasma'®.

Detailed investigation of the binding curve of the EAB sensor suggested a possible origin to this
enormous change in affinity. Specifically, whereas the EAB collected at this square-wave
frequency fit the single-binding site model rather poorly, they fit a two-site model quite well,
producing dissociation constants of 4.3+0.7 uM and 5.6+0.2 mM (Fig. 4B). This suggests that
the discrepancy may be occurring because the aptamer presents two binding sites: a higher-
affinity site that produces a thioflavin T signal but little EAB signal change at this square-wave

frequency, and a lower-affinity site producing a large EAB signal change but little change in



thioflavin T fluorescence. Additional evidence supporting this hypothesis is provided by the
square-wave frequency dependence of the EAB sensor’s gain. Specifically, at low square-wave
frequencies the higher-affinity binding event becomes quite apparent (Fig. 4C). In contrast, at
higher square-wave frequencies, the lower-affinity binding event dominates the signal (see table
SI1 for details). We presume the lower-affinity binding site is fortuitous (was not selected for),
and simply reflects the fact that the large, planar indole ring of tryptophan can bind somewhat
non-specifically to DNA once its concentration reaches many millimolar, a level orders of

magnitude beyond physiological relevance.
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Figure 4. When we adapt (A) the TRNC9/4 truncation of our tryptophan-binding aptamer into an EAB sensor
its binding midpoint (B) moves to 700-fold higher concentrations than that seen when binding is monitored in
solution using thioflavin T fluorescence. Noticing a small transition in the EAB binding curve at low target
concentrations we hypothesized that this discrepancy occurs because the full-length aptamer binds two copies of
its target, one at an affinity of ~1 uM and a second with affinity of several millimolar. Consistent with this, a
two-site model fits the EAB data quite well (solid line; R* = 0.998), producing a small-amplitude event with a
binding midpoint of 4.3+0.7 uM and a much larger amplitude event with a binding midpoint to approximately 5
mM. Note: the EAB data shown here are reported as % change in KDM, with the sensor being interrogated at
square wave frequencies of 15 and 300 Hz. (C) A study of the square-wave frequency dependence of the EAB
sensor response curves provides further evidence in favor of this two-site hypothesis. Specifically, whereas a
higher-affinity binding event is readily apparent at low square-wave frequencies at higher frequencies only a
lower-affinity binding event is seen (see table SI1 for the two-site-model fit parameters).

The small EAB signal produced by the higher-affinity bind site suggests that the first construct
we characterized may be fully folded in the absence of target. This in turn suggests that
destabilization via further truncation could improve the EAB signal gain associated with binding
to the high-affinity site. Thus motivated, we generated a series of truncation constructs (Fig. SA)
that we first characterized using circular dichroism to monitor the urea-driven denaturation of the
constructs to ascertain which might be unfolded in the absence of target (Fig. 5B). Doing so we
find that, as we suspected, the ellipticity of our longer constructs (TRNC9/4, TRNC15/9)
changes significantly upon titration with urea, suggesting that they folded in the absence of target

and then unfold as the concentration of the denaturant rises. Our shorter truncations (TRNC17/11



and shorter), in contrast, exhibit little change in ellipticity upon the addition of urea, suggesting
they are unfolded in the absence of denaturant (and target). Building on this, we next used
circular dichroism to check which of the latter constructs might refold in response to target
binding. From this we found that the ellipticity of an intermediate-length truncation,
TRNC17/11, increases significantly upon target addition until, at several millimolar tryptophan,
it reaches a value similar to that seen for the (presumably already folded) TRNC9/4 construct
(Fig. 5C). In contrast, the more destabilized TRNC22/13 construct refolds only incompletely at
the same high target concentration, and construct TRNC17/19 does not respond detectably to the

target at any concentration.
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Figure 5. (A) To modify the tryptophan-binding aptamer such that the high-affinity binding event
produces a larger signal change we first characterized a series of truncations. (B) Performing “urea
melts” on these (chemical denaturation) we find that, while the longer constructs (TRNCY/4,
TRNC15/9) exhibit a significant change in ellipticity upon the addition of this denaturant, the shorter
constructs do not, suggesting that the former are folded in the absence of denaturant and the latter
unfolded. (C) Consistent with this, an intermediate length construct, TRNC17/11, undergoes a
significant conformational change upon target binding. In contrast, the still more dramatic truncation,
TRNC17/19, does not, presumably because it is so destabilized that that even the highest target
concentrations used here are insufficient to overcome its conformational switching thermodynamics. (D)
When employed in an EAB sensor, the intermediate truncation, TRNC17/11, produces significantly
greater signal gain at clinical tryptophan levels (shown is the healthy plasma range) that does our
original, TRNC9/4 construct. (For the full binding curves, see Fig. SI1.)

Building on the results of our spectroscopic characterization, as our final study we converted the
TRNCI17/11 construct into a tryptophan-detecting EAB sensor. The resulting device achieves
much greater gain than did our original, TRNC9/4 construct), with much of the increase in gain
occurring at lower target concentrations. Thus, unlike its predecessor, the new sensor is well

suited for monitoring physiological tryptophan levels in plasma (Fig. SD; SI1).

Conclusions

Here we have used two newly selected aptamers to illustrate the manner in which we employ
spectroscopic characterization to guide the design of novel EAB sensors. Specifically, we have
demonstrated the use of fluorescence binding assays to monitor the solution-phase affinity of
destabilized truncations, and circular dichroism and urea denaturation to monitor their possible
conformational states and binding-induced conformational changes. And while we concede that,
given that our surveys were not exhaustive (did not characterize all possible truncations) and thus
we might have missed still better-performing constructs, using these approaches we nevertheless
rapidly generated EAB sensors achieving clinically- or physiologically-relevant limits of
detection, dynamic ranges and specificity for the measurement of the important targets
methotrexate and tryptophan. The work presented here thus showcases the efficiency and success
with which semi-empirical, spectroscopy-guided aptamer modification can be used in the design

new EAB sensors.

Materials and methods



Aptamer selection

All oligonucleotides used during selection were obtained from Integrated DNA Technologies
(IDT; Coralville, 1A, USA). Standard desalted oligonucleotides were used in selection, while
testing in bimolecular format was done with modified oligonucleotides (e.g., fluorophore
conjugates) that were HPLC purified by the manufacturer. All oligonucleotides were dissolved in
nuclease-free water and stored -20°C. All other materials and instruments were as detailed in our

prior methods paper.*’

The selections were carried out per previously published method*’*8

, except that here we used
phosphate-buffered saline (PBS) as the standard selection buffer (Corning catalog number 21
0040 CV). The method is based on a structure-switching approach in which the target binding
releases aptamer candidates from the capture strand. In the work described here, the polymerase
chain reaction (PCR) amplifications we employed were run with first cycle at 95°C for 2 min, N
cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 45 s, and last cycle at 72°C for 2 min. The
methotrexate (Alfa Aesar product, purchased though Thermo Fisher Scientific) and tryptophan

(Sigma-Aldrich) were used as received.

Table 1. Oligonucleotide sequences used in our selections

Composition (5” 2 3”)

N36 random GGA GGC TCT CGG GAC GAC-(N36)-GTC GTC CCG CCT
library TTAGGATTT ACAG

5-GTC GTC CCG AGA GCC ATA/3BIoTEG/

(biotinylated column immobilizing capture strand)

Forward primer GGA GGC TCT CGG GAC GAC

Reverse primer CTG TAAATC CTA AAG GCG GGACGAC

Reverse primer /5Biosg/ CTG TAA ATC CTA AAG GCG GGACGA C
(biotinylated)

Capture strand

For methotrexate we obtained the sequences from conventional cloning and read them through
Sanger sequencing methods following the description in referred literature. ¥ The three
sequences (Table 2) that were selected as aptamer candidates through Thioflavin T dye
displacement screening. Some bases (shown in parentheses in the table) were removed prior to
the Thioflavin T dye displacement assay. The best performing of these (sequence MTX1) was

moved forward for further characterization.



Table 2. methotrexate-responsive sequences.

Composition (5’ 2 3°)

(ctctcgggac)gac_ CATTC TGCAA CTTTG TGCTA GTCTT GGCCT
MTX1 TTGGTG__ gtc(gtccc)

(ctctcggg)acgac_ ---GGGACTT ATGGGCTGTT TGGGGGACCC
MTX2  ATATGAACG_ gtcgt(cce)

(ctctcggga)cgac_ CTTGGGA--- GAGGGATGTT TGGGGGGCCC
MTX3 CGTATAATG_ gtcg(tece)

The small letters represent the conserved sequence elements in the library

We optimized the Thioflavin T dye displacement assay used as our preliminary screen? as in our
previous study®. In brief, this used 400 nM oligonucleotide plus 4 uM Thioflavin T dye in PBS
buffer, with varying concentrations of the targets. Each target concentration was tested in
triplicate. Fluorescence measurements were performed with a plater reader (Molecular Devices
Flexstation 1) at room temperature with excitation and emission at 425 nm and 495 nm,
respectively.

Aptamer characterization

Buffers and salts were obtained from Santa Cruz Biotechnology (Dallas, TX), methotrexate from
Gold BioTechnology, Inc. (St. Louis, MO), and tryptophan from Thermal Fisher Scientific
(Waltham, MA). All were used as received. Unmodified DNA sequences were used as received

from IDT. The sequences employed are shown in Figs. 4A and 5A.

We monitored the binding of the parent aptamers (Fig. 2C) using the displacement of the dye
thioflavin T. To do so, we mixed one volume of 1.6 uM aptamer in PBS with one volume of 16
pM dye in PBS, and incubated for 40 min in the dark. Then we mixed one volume of 2X
concentrated target solution with one volume of the dye/aptamer mixture to reach the desired
final target concentration and incubated for 40 min. We then measured the fluorescence
(excitation at 425 nm, emission at 490 nm). We fitedt the resulting signal to the Langmuir

1sotherm to determine dissociation constants:



[L]AS
[L]+Kp

S(L) =S, + Equation 1

where S(L) is the signal seen in presence of different concentrations of aptamer, Sy is the
background fluorescence seen in the absence of the ligand being added, [L] is the ligand
concentration, and AS is the difference in signal seen between the absence of ligand and

saturating concentrations.

We characterized the affinities of the methotrexate-binding aptamer constructs (Fig. 3B) in
solution by adding increasing concentrations of the aptamer to PBS buffer (137 mM NacCl, 2.7
mM KCl, 10 mM Na,HPOy, and 1.8 mM KH,PO,) at pH 8.3 and containing 5 uM methotrexate.
The fluorescence (excitation at 367+10 nm, emission at 463+10 nm) each solution was measured
after 15 min of equilibration and the resulting output fitted to the Langmuir isotherm to

determine dissociation constants.

We also monitored the binding of stem-4 and stem-5 using circular dichroism (Fig. 3C). To do
so we prepared solutions of the constructs (2.5 uM for stem-5, 3.5 uM for stem-4) in PBS buffer
at pH 7 in a 10 mm path length quartz cell and monitored their ellipticity as we added increasing
concentrations of methotrexate, waiting 15 min after each addition. To determine for any
background ellipticity of the cell and target we added increasing concentrations of methotrexate
to a PBS buffer solution without the aptamer. We then subtracted the ellipticity seen in this

experiment from that determined during the titration of the aptamer.

We monitored the urea-induced unfolding of some truncation constructs of the tryptophan-
binding aptamer (Fig. SB) as follows. We made solutions of 1 uM aptamer and the appropriate
urea concentration in PBS buffer at pH 7.4 and containing 2 mM MgCl, and allowed them to
equilibrate in a 1 cm pathlength cuvette for at least 3 min at 20°C before then measuring their CD
spectra on a J-1500 Circular Dichroism Spectrophotometer (Jasco Products Company, Oklahoma
City, OK). We next used CD to monitor several of these constructs for possible binding-induced
conformational changes (Fig. 5C). To do so we first prepared 1 uM aptamer solution lacking
tryptophan and 1 pM aptamer solutions containing 100 nM, 1 uM, or 10 uM tryptophan. We
then mixed these to achieve each desired final tryptophan concentration. After equilibration for

at least 3 min, we then recorded CD spectra.



Sensor fabrication and characterization

Methylene-blue-and-thiol-modified aptamers were obtained from IDT and used as received.
Carboxyl-modified methylene blue was added to the 3° end of the constructs employed in EAB
sensors via the formation of an amide bond to a primary amine on a 7-carbon linker, and a six-
carbon thiol was attached to the 5° end via a phosphoester bond. For example, the TRNC17/11

modified aptamer construct was:

5>-HO-(CH,)5-S-S-(CH,)s-O-P0,0-CCGGTGGTGTAGTTCCGGCGTGGGGAAGG-CH,-
CH(CH,0H)-NH-C(O)-(CH,),-MB-3’

We fabricated and characterized the methotrexate-detecting EAB sensors (Fig. 3D) as follows.
Briefly, we cut the 7.75 cm segments of gold wires (75 pm diameter, 64 um insulation thickness,
from A-M systems, Sequim, WA) and stripped their insulating coatings at both ends using a
surgical blade. We insulated each wire with heat-shrinkable PTFE tubing (HS Sub-Lite-Wall,
0.02 in, black opaque from Zeus, Branchburg Township, CA) leaving on one end ~5 mm of
exposed gold wire (working electrode). We left an exposed section on the other end of the wire
that was long enough to allow electrical connections. Finally, we trimmed the exposed wire so
the working electrode has a length of 3 mm. We then converted the gold surface into an E-AB

sensor using the established protocol.”*

First, we performed an electrochemical cleaning using
external reference and counter electrodes, immersing the gold working electrode into the
cleaning solutions, (1) cycling the potential 300 times between -1 and -1.6 V (all potentials
versus Ag/AgCl, from CH Instruments, Austin, TX) in a solution of 0.5 M NaOH at 1 Vs-1 to
remove any residual thiol/organic contaminants on the electrode surface; we rinsed electrode and
perform (2) pulsing between 0 and 2 V for 16,000 cycle with a pulse length of 0.02 s in 0.5 M
H,S0O4 to increase microscopic surface area in the electrodes (and thus signal current).” Because
the manufacturer provides the DNA constructs in oxidized form, which does not effectively
immobilize onto the gold surface, we must reduce the disulfide bond before deposition. To do so,
we combined 2 pL of 10 mM Tris (2-carboxyethyl) phosphine (TCEP) per each uL of the DNA-

aptamer at 100 uM, and incubated for a 1 h in the dark at room temperature. We then adjusted

the concentration of the reduced DNA to 500 nM based on its absorbance at 260 nm using 1 X



PBS. We immersed freshly cleaned gold electrodes in the aptamer solution for 1h at room
temperature, rinsed the electrodes with deionized water, and then incubated in 5 mM 6-
mercapto-1-hexanethiol solution in 1X PBS overnight at 4 °C protected from the light. We rinsed

the sensors with deionized water before using for measurements.

We fabricated and characterized tryptophan-detecting EAB sensors (Figs. 4, 5) as follows. We
exposed 3 mm of gold wire (the rest being covered by polytetrafluoroethylene insulation), and
cleaned these by cycling the potential at least 500 times between -1.0 V and -1.8 V (all potentials
versus Ag/AgCl) at 2 V/s in 0.5 M NaOH. We then immersed them in 0.1 M H,SO4 and cycled
the potential two times between 1.50 and -0.35 V at 100 mV/s. Following this we rinsed the
freshly cleaned electrodes with deionized water before immersing them in 200 nM reduced DNA
solution for 1 h. The latter was made by reducing the disulfide bond in the stock alkanethiol-
modified, methylene-blue-modified DNA by combining 12 pL of 10 mM tris (2-carboxyethyl)
phosphine with 2 pL. of 100 uM DNA for 1 h in the dark, followed by dilution to 200 nM with
PBS buffer. After DNA deposition, the electrodes were transferred to a 1 mM solution of 6-
mercapto-1-hexanol in PBS and stored overnight until used. We rinsed the sensors with

deionized water before using for measurements.

We performed electrochemical interrogation of all EAB sensors on a CHI 630E Electrochemical
Workstation (CH Instruments, Austin, TX) using square-wave voltammetry (SWV) over the
potential range -0.20 to -0.45 V. We used a standard three-electrode set up employing a platinum
counter electrode and a Ag/AgCl (3 M KClI) reference electrode (CH Instruments). We employed
a square-wave amplitude of 25 mV and the square-wave frequencies indicated below. All

measurements were performed at room temperature and after at least 3 min equilibration.

To produce EAB binding curves (e.g., Fig. 5C) we extracted square wave voltammetric peak
currents at each target concentration. We converted these into “normalized signal change” by
determining the percentage difference between the peak current seen at a given target

concentration to the corresponding peak height measured in a PBS blank:

Normalized Signal (%) = Itar“ietﬂ X 100% Equation (2)
Blank



Kinetic differential measurements (KDM) were calculated by taking the difference between the
normalized signal seen at the lower frequency and that seen at the higher frequency. For the
methotrexate sensor this the two frequencies are 8 Hz and 80 Hz, and for the tryptophan sensor
these are 15 Hz and 200 Hz. We fit these data sets to the Langmuir isotherm to determine the
dissociation constant of each construct. For the tryptophan construct TRNC9/4 we also fit the
data to the sum of two Langmuir isotherms:

S(T) = [T]ASy [T]AS,

[T]+Kp,  [T]+Kp:

Equation (3)

where S(7) is the EAB sensor KDM signal seen in presence of different concentrations of target,
[7] 1s the target concentration, AS; and AS, are the changes in signal associated with the two

binding events, and Kp; and Kp; are their dissociation constants.
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