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ABSTRACT: The utilization of structure-switching aptamers (SSAs) has enabled the development of novel sensing platforms for
the sensitive and continuous detection of molecules. De novo development of SSAs, however, is complex and laborious. Here we
describe a rational approach to SSA optimization that simultaneously improves aptamer binding affinity and introduces target-
dependent conformation-switching for compatibility with real-world biosensor applications. Key structural features identified from
NMR and computational modeling were used to optimize conformational switching in the presence of target, while large-scale,
microarray-based mutation analysis was used to map regions of the aptamer permissive to mutation and identify combinations of
mutations with stronger binding affinity. Optimizations were carried out in a relevant biofluid to ensure a seamless transition of the
aptamer to a biosensing platform. Initial proof-of-concept for this approach is demonstrated with a cortisol binding aptamer but can
easily be translated to other relevant aptamers. Cortisol is a hormone correlated with the stress response that has been associated
with various medical conditions and is present at quantifiable levels in accessible biofluids. The ability to continuously track levels of
stress in real-time via cortisol monitoring, which can be enabled by the aptamers reported here, is crucial for assessing human health
and performance.
KEYWORDS: cortisol, stress, aptamers, sequence optimization, microarray, structure-switching, biosensors, NMR

The design of rapid, continuous, reagentless, and noninvasive
sensors remains a fundamental challenge for the biosensing
community due to the high sensitivity and specificity required
for sensing in biofluids. To achieve this type of sensing, it is
important that the biorecognition element of the sensing
platform has certain characteristics, such as rapid and reversible
binding; criteria that preclude the use of most antibodies and
antibody-like receptors. Alternatively, structure-switching
aptamers (SSA) have the ability to undergo a conformational
change in the presence of their target molecule. The switch
between the nonbinding and binding conformations is
controlled by both the stability of the aptamer structure
(ΔG) and the affinity of the target for the sequence (KD).

1

Although both aptamer conformations exist in equilibrium, the
presence of the target stabilizes the binding state and reinforces
aptamer structure.2 For sensing, this conformational change

can be leveraged to transduce fluorescence, colorimetric, and
electrochemical signals for incorporation into various biosensor
platform formats.3−7

While the field of SSA research has grown significantly over
the past decade,8 the process of converting a traditional
aptamer into an SSA postselection remains challenging and
relies largely on trial and error.1 A recent advance in this area
has led to the development of a high-throughput screening
platform that can convert traditional aptamers into SSAs.
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However, this approach relies on the presence of a
complementary displacement strand to achieve switching
behavior.9 Strategies to directly select for structure switching
aptamers (e.g., capture-SELEX) have similar limitations,10−12

which restrict sensing to single use applications unless
laborious aptamer truncations are performed to optimize
conformation-based signaling. Furthermore, aptamer structure
and function are often explicitly linked to the buffer conditions
used during selection, rendering some aptamers nonfunctional
in the more complex environment of biofluids.

In response to these limitations, we sought to establish a
robust and rational aptamer optimization strategy that
introduces reporter-independent conformation-switching capa-
bility and improves target affinity in biofluids relevant to
continuous sensing applications. Our approach includes
structural characterization at the molecular level using NMR
and computer modeling to identify sequence-specific binding
features and conformations. NMR also allows us to visualize
aptamer conformational changes in the presence and absence
of a target, thereby streamlining the optimization of switching
behavior required for sensing applications. In parallel, we also
perform a strand-displacement-based large-scale mutational
analysis using a microarray-based platform. This allows for the
simultaneous assessment of all possible aptamer point
mutations and rapid screening of combinatorial mutations for
improved binding affinity. Finally, all binding affinity character-
ization of aptamer sequences was performed using Bio-Layer
Interferometry (BLI), immobilizing the sequences as a single
stranded DNA with no additional labels or complementary
sequence needed, mimicking potential use in sensing plat-
forms. Because translation of these results to real world sensing
environments is critical for success, we performed all work in a
biologically relevant buffer and further showed that our
optimized sequence performed well in human biofluid.

As a proof of concept for this approach, we initially focused
on cortisol as a model system. Continuous, real-time
monitoring of stress hormones is in demand for the prevention
of negative performance outcomes and the diagnosis and
management of disease.13 Cortisol, a small molecule steroid
hormone, plays an important role in the stress-responsive
hypothalamus-pituitary-adrenal (HPA) axis and is involved in a
range of bodily processes, including proteolysis, glucose
regulation, blood pressure, and immune responses.14 Cortisol
dysregulation occurs in a number of conditions and has been
linked to fatigue, obesity, post-traumatic stress disorder,
anxiety disorders, depression, and poor performance.15

Cortisol is present at nanomolar concentrations in blood and
recent clinical studies have shown a correlation between
cortisol levels in blood and other bodily fluids such as sweat,
saliva, urine, and interstitial fluid (ISF).16−19 ISF, in particular,
is attractive for biosensing because it has a composition similar
to blood plasma but, unlike blood, can be drawn continuously
from the dermis using noninvasive and compliance-free
methods.20 Recently, electrochemical aptamer-based (EAB)
sensing on microneedles was validated for continuous in vivo
measurement of molecules in ISF.21−23 The ability to track
cortisol and other stress hormones in real-time should be
advantageous for the assessment of overall physiological health
and performance. While this work focuses on the structural
characterization and optimization of a cortisol binding
aptamer, we believe this approach can be broadly applied to
optimize SSAs for other relevant targets and support the
development of real-time, continuous biomarker sensors.

■ EXPERIMENTAL SECTION
Materials. Oligonucleotide sequences were synthesized and

HPLC purified by Integrated DNA Technologies (Coralville, Iowa).
All oligonucleotides were dissolved in nuclease-free water at 100 μM
and stored at −20 °C. Unless noted otherwise, all chemicals and
reagents were purchased from Sigma-Aldrich (St. Louis, MO). Target
compounds were solubilized in DMSO (Sigma-Aldrich, St. Louis,
MO) at a stock concentration of 10 mM. Experiments were
performed in phosphate buffered saline (PBS), binding buffer (50
mM Tris-HCl, 300 mM NaCl, 5 mM MgCl, 30 mM KCl, pH 7.4),
simulated ISF (sISF, recipe in Supporting Information S1), or pooled
human serum (Innovative Research, Novi, MI).
Nuclear Magnetic Resonance (NMR). NMR spectra for the

aptamer and aptamer-cortisol complexes were obtained at 400, 600,
and 800 MHz on Bruker and Tecmag NMR spectrometers. The
samples were prepared in sISF containing 10% D2O for NMR locking.
The imino proton spectra were observed using the excitation
sculpting pulse sequence with a 2 ms water inversion pulse.24 A
concentrated cortisol stock solution was prepared in DMSO-d6 and 5
uL was added to the NMR sample to give the 1:1 complex. The
concentration of DNA aptamer was 1.0 mM. Experiments were
performed at 25 °C. The 2D Nuclear Overhauser Spectroscopy
(NOESY) spectra were measured in PBS containing 10% D2O at 800
MHz and 283 K with a 200 ms mixing time.25

In SilicoModeling. The secondary structure and folding energy of
the cortisol-binding aptamers were calculated using the UNAFold
web server26 with inputs of 300 mM NaCl, 5 mM Mg2+ and 25 °C for
consistency with initial selection buffer conditions. The 3D structures
of the ssDNA aptamers were generated in two steps. Initially,
thousands of tertiary structure models for the equivalent ssRNA
sequence were produced using the RNA de novo protocol through
Fragment Assembly of RNA with Full Atom Refinement (FARFAR)
from the Rosetta package.27 Five models with the lowest energy and
with the presence of a noncanonical GA base pair (see NMR results)
were selected for the second step to evaluate their stability using
Molecular Dynamics simulations. The selected ssRNA structures were
converted into ssDNA models by transforming the uracil residues to
thymine and replacing the ribose sugar backbone with deoxyribose
using the LEaP program of the Amber20 suite of biomolecular
simulation programs.28 The obtained DNA molecules were solvated
with TIP3P water in a rectangular box with periodic boundary
conditions. Na+ and Cl− ions were added to maintain the neutrality of
the system and the experimental salt concentration. Initially, system
was equilibrated at ambient conditions with fixed backbones for 300
ps using the sander program of the Amber20 package. Second, the
whole system was equilibrated for 300 ps and, finally, the production
run was performed for 2 ns. During the production run 100
conformations were saved for stability analysis. The stability of
ssDNA structures was determined based on the variability of
configurational energy and GA base pair distance. Five conformations
of the most stable structure separated by 200 ps of simulations were
selected for modeling of cortisol binding. The docking of cortisol to
the DNA aptamer was performed using the PatchDock web server
developed based on shape complementary principles.29 Both cortisol
and aptamer were considered rigid, and a global search of the
rotational and translational space was performed without any
constraints on the locations of the binding site. Two cortisol-aptamer
complexes with the highest scoring were selected for each of the DNA
conformations and analyzed to identify the cortisol-binding site. The
visualization of molecules was performed using the UCSF Chimera
package.30

Bio-Layer Interferometry (BLI). BLI was used to determine
equilibrium dissociation constants (KD) for each aptamer to target
molecule. Experiments were performed in binding buffer or sISF at 30
°C. Aptamer sequences were synthesized with a 5′ biotin tag
(Integrated DNA Technologies, Coralville, Iowa) and immobilized
onto SuperStreptavidin biosensor tips (Sartorious, Gottingen,
Germany) for binding affinity characterization on the Octet Red96e
(Sartorious, Gottingen, Germany). Briefly, aptamer-loaded tips were
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baselined in the experimental buffer for 30 s before binding. An
additional 180 s pre-equilibration step was added following aptamer
loading for experiments run in sISF to allow for a stable signal prior to
baseline. Association and dissociation steps were both 120 s long
(binding buffer or sISF). Data were double reference subtracted using
a buffer only control well and scrambled aptamer sequence. Due to
the rapid kinetics of small molecule binding, dissociation constants
(KD) were calculated using steady state curve fitting from the average
of three replicate runs (one-site specific binding; GraphPad Prism
v9.3).
Microarray. Custom DNA microarrays were synthesized by

Agilent Technologies (Santa Clara, CA). Sequences were printed
onto the glass surface starting at the 3′ end and linked by a variable
length T spacer such that all sequences were 60 nucleotides in length.
A minimum of 3 replicates were printed for each sequence. Control
sequences were also included for the array validation and grid fitting.
Prior to screening, microarray slides were rehydrated in a water bath
(42 °C) for 30 min. Using an Agilent hybridization chamber
(including base, cover, and clamp assembly) and backing slide, sub
arrays were coincubated for 1 h with fluorescently labeled capture
probe (100 μM Probe-Cy5; 5′-GTCGTCCCGAGAGCCATA-Cy5−
3′) and cortisol (0−300 μM). Counter targets were screened at
equimolar concentrations of 300 μM unless otherwise indicated. All
experiments were performed in sISF + BSA. A control array (100 μM
Probe-Cy5 only) was included on each slide and used to establish the
baseline fluorescence for data analysis. After hybridization, slides were
washed by dipping for 10 s in binding buffer, then PBS. To remove
any residual buffer salts before imaging, slides were quickly dipped in
nuclease-free water and dried under a stream of nitrogen. Slides were
imaged on a fluorescent scanner (Agilent SureScan Microarray
Scanner) at a wavelength of 635 nm (red channel) with 3 um
resolution and a 20-bit dynamic range. Median background-
subtracted spot intensities were extracted from each spot using

Mapix Analysis software (v1.8, Innopsys) and normalized to compare
probe hybridization across all subarrays (eq 1).

= x
probe hybridization(%Max)

( Min)
(Max Min) (1)

where x represents the raw fluorescence intensity for a particular spot
and Min and Max represent mean fluorescence intensity for positive
and negative probe hybridization control spots, respectively. Target-
induced probe dissociation was then calculated as %Change (eq 2)
relative to a blank (probe only) control array.

=probe dissociation(%Change) %Max %Maxblank target (2)

Data in graphs represent the mean ± standard deviation (SD) for
all replicates of a given sequence.

■ RESULTS AND DISCUSSION
Aptamer Structural Characterization and Switching.

For this work we consider a cortisol binding aptamer
discovered by Yang et al. using a strand displacement SELEX
technique.31 The aptamer, named CSS.3, was one of three
cortisol aptamers reported by Yang et al., but it demonstrated
the highest affinity compared to the other two sequences. Our
own internal work confirmed that CSS.3 had the best binding
affinity in binding buffer with a KD of 240 nM (Supporting
Information S2). Structurally, CSS.3 is predicted to form a
three-way junction motif consisting of a central loop flanked by
three stem regions (MFold predicted structure shown in
Figure 1a). Although originally selected using a strand
displacement technique common for the identification of
structure switching aptamers, through extensive literature
research we could not find experimental data demonstrating

Figure 1. Structural Characterization of CSS.3 aptamer and stem truncations. (a) MFold-Predicted Secondary Structure of CSS.3 showing location
of cut sites for Stem #1 truncation. (b) NMR spectra of aptamer variants in the absence (black) or presence (magenta) of cortisol show loss of
structure with stem truncation. Additional peaks, including a noncanonical GA base pair, form in the presence of cortisol (10.9 ppm). CSS.3_cut3
appears to be unstructured in solution but still retains the ability to bind cortisol. (c) 800 MHz 2D NOESY NMR spectra of CSS.3_cut3 in the
presence of cortisol and (d) a cross section through the 2D NOESY spectrum showing magnetization exchange from the cortisol methyl protons
both show the interaction of the GA base pair with cortisol. (e) Rigid 3D structure of CSS.3_cut3 in its binding conformation with predicted
noncanonical GA base pair highlighted in green. (f) 3D model of CSS.3_cut3 aptamer docked to cortisol with binding pocket highlighted in
magenta. All experiments were conducted in sISF containing 10% D2O at 25 °C.
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the aptamer is structure switching nor structural character-
ization data. A report by Niu et al. characterized binding
affinity of CSS.1 (one of the other cortisol aptamers reported
by Yang et al.) and various CSS.1 truncations, however, the
authors did not perform any structural characterizations of the
aptamer.32

Using NMR to characterize aptamer structure, we show here
that the CSS.3 aptamer has peaks in the 13−14 and 12−13
ppm range (Figure 1b, top line, black trace), corresponding to
AT and GC base pairs, respectively.33,34 The addition of
cortisol results in the appearance of new peaks, most notably a
distinct peak appearing at 10.9 ppm (Figure 1b, top line,
magenta trace). Based on the mfold predicted structures and
previous NMR studies on noncanonical base pairs35−37 we
propose that this new peak is due to the formation of a GA
base pair forming in the central loop region adjacent to stem 2
(denoted by dotted red line in Figure 1a). Because it is formed
only in the presence of cortisol, we propose that the cortisol
binding site is partially formed by this GA base pair. This is a
notable finding because the presence of a noncanonical base
pair forming within the binding pocket cannot be predicted
using modeling software alone. Cortisol binding is also
confirmed by large chemical shifts for the cortisol methyl
protons in the aliphatic portion of the CSS.3 NMR spectra
(Supporting Information S3).

Based on this structural characterization work, we concluded
that the CSS.3 aptamer is mostly folded in the absence of
cortisol and would be unlikely to undergo a sufficiently large
conformational switch for signal generation without the
addition of a displacement strand. Recently, a wearable cortisol
sweat sensor was developed using the CSS.3 sequence,
however, in line with our findings here, the aptamer was
modified into a pseudoknot structure to assist with
conformation-switching for electrochemical signal genera-
tion.38 We hypothesized that because the aptamer was selected
using a strand displacement technique,31 further optimization
would be needed in order to engineer a robust conformational
change without the presence of a complementary displacement
strand.
Aptamer Truncations Effects on Structure Switching.

To introduce structure switching, we systematically examined
the effect of truncating the stem no. 1 region of the aptamer, as
depicted by the cuts shown in Figure 1a (sequences provided
in Supporting Information S4). Based on similar rational
design approaches,39−42 we expected there to be an increase in
structure-switching capability but a loss of binding affinity as
the length of the stem region was reduced. However, it was

unclear from the computationally derived data at what point
the optimal balance for switching would occur. To assess
structure switching in the truncated aptamers, we looked at the
aptamer structure in the presence and absence of cortisol using
NMR. Figure 1b shows the spectra for all CSS.3-truncated
aptamers in the absence (black) and presence (magenta) of
cortisol. With each sequential aptamer truncation there is a loss
of structure, as evidenced by the loss of peaks in the 12−14
ppm region. With the removal of three base pairs (cut3) the
aptamer no longer shows any discernible peaks in this region,
which is consistent with the aptamer being unstructured in
solution. Notably, once exposed to cortisol, this truncation still
retains the ability to bind cortisol, as evidenced by the presence
of peaks in the 12−14 ppm region and the GA base pair
indicated by the peak at 10.9 ppm. No imino or upfield proton
peaks are observed for CSS.3_cut4 or _cut5 in either
spectrum, indicating that these sequences remain unstructured
even in the presence of cortisol. From the NMR spectra, we
selected CSS.3_cut3 as the optimal truncation for maximal
structure switching in response to cortisol binding.

In addition to this work, we also performed 2D NOESY
NMR analysis on the stem-optimized CSS.3_cut3 aptamer,
with the goal of identifying the cortisol binding site. The
spectra in Figure 1c was acquired in PBS (we found little
difference between DNA duplexes tested in PBS vs sISF,
Supporting Information S5) and at a lower temperature (283
K) to decrease the water exchange rate with a long mixing time
(200 ms) so that protons separated by longer distances,
including those between neighboring imino protons.25 Figure
1d shows a cross section of the NOESY spectra. These data
show numerous exchange peaks that arise both from inter and
intramolecular magnetization exchange. Of particular interest
are the cross peaks to the imino protons from the GC and AT
base pairs, as well as the GA base pair within the central loop.
These data confirm that cortisol binds within the central loop
of the three-way junction structure and is in close proximity to
the GA base pair.

Furthermore, we used the structural insights gained from
NMR to model the docking of the CSS.3_cut3 aptamer to
cortisol. Because no reliable tools exist for rigid 3D ssDNA
modeling, we generated the initial structure using RNA
modeling software and then converted it into DNA before
subjecting it to molecular dynamics simulations (see the
Experimental Section for details). Importantly, when selecting
structures, we looked for models where the GA base pair in the
central region would be likely to form due to the proximity of
the two nucleotides. This process generated a rigid 3D

Figure 2. Binding for all CSS.3 aptamer truncations was measured by using BLI. (a) Calculated binding affinities from steady state equilibrium to
cortisol in sISF. (b) Replicate traces showing real-time baseline, association and dissociation and (c) averaged steady state binding traces for stem-
optimized CSS.3_cut3 aptamer are featured. SD = standard deviation. Experiments were conducted at 30 °C in sISF.
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structure of CSS.3_cut3 (Figure 1e, with the GA base pair
highlighted in green), which was docked to cortisol. The 3D
docked model shows binding occurring within the central loop
of the aptamer and with extensive interactions between base
pairs in stems 1 and 3, as well as the GA base pair (Figure 1f,
interacting nucleotides highlighted in magenta). We postulate
that advances in ssDNA modeling will enable more robust
sequence optimization efforts in the future.
Sequence Optimization for Improved Affinity. While a

robust conformational change is important for sensor
integration, it is also important to maintain a high binding
affinity between the aptamer and target. Here we used BLI to
measure the binding affinity for each of the CSS.3 aptamer
variants in sISF. The measured binding affinities for each of the
aptamer truncations are shown in Figure 2a. CSS.3_cut3 shows
some loss of cortisol binding affinity with a KD of 990 nM
compared with 660 nM for the full-length aptamer.
CSS.3_cut1 and CSS.3_cut2 show slight improvement in
binding affinity, likely due to easier folding with the removal of
nonessential nucleotides from the 3′ end. Removal of more
than three base pairs from the stem #1 region results in more
significant loss of binding affinity; the KD value for cut 5 was
found to be 4200 nM. These findings are consistent with the
NMR findings in that removal of more than three bases from
the stem region results in destabilization of the aptamer
structure, such that cortisol binding affinity is negatively
affected. We believe the BLI technique allows us to quantify

weaker interactions that we are allowed to measure in the
NMR experiments, which would explain the difference
observed in the data shown in Figure 1b (no binding
observable by NMR for the sequences labeled cut 4 and 5)
while a measurable KD is observed by BLI (Figure 2a). The
overlaid traces in Figure 2b,c show real-time baseline,
association, and dissociation to cortisol and steady state
curve fitting results for CSS.3_cut3.

The results from the binding affinity determination highlight
another important finding. When tested in sISF, a more
biologically relevant and complex buffer, the CSS.3 aptamer
undergoes an almost 3-fold loss of affinity (the KD for CSS.3
dropped from 249 nM in tris binding buffer (Supporting
Information S2) to 660 nM in sISF (Figure 2a). Given the
combined deleterious effects of both stem truncation and
biofluid composition on binding affinity, we sought to further
improve the aptamer performance for real world sensing
applications.
Microarray-Based Sequence Maturation Screening.

We carried out large-scale sequence maturation and screening
experiments using microarrays, with the goal of identifying
better binders in sISF. Because cortisol is a small molecule and
therefore has a limited number of epitopes available for
binding, we used a strand-displacement approach for micro-
array screening (Figure 3a). Like strand-displacement SELEX,
we used a displacement probe with a fluorescent label as an
indirect measure of cortisol binding. In the absence of cortisol,

Figure 3. Microarray-based target-induced probe dissociation screening. (a) Schematic showing probe dissociation strategy with a fluorescently
labeled probe designed to hybridize to the 5′ region of the aptamer and dissociate in the presence of cortisol. (b) Optimization of stem #1 length
for probe hybridization and (c) cortisol-induced probe dissociation signal. (d) The optimized CSS.3 sequence (5′del2, 3′del1) and fluorescently
labeled probe is shown with complementary region highlighted in green. (e) Heatmap showing cortisol-induced probe dissociation for all possible
point mutations of the CSS.3 parent sequence and identifies two regions permissible to mutation. Mutation introduced is shown along the y-axis
and position along the aptamer on x-axis. Probe dissociation was color-coded such that red/orange = improved binding; blue = worsened binding;
gray = no change relative to parent sequence (threshold = 29%). Microarray experiments were conducted at room temperature, in sISF + BSA.
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the probe hybridizes to complementary bases on the 5′ end of
the aptamer and forms a duplex. Upon binding to cortisol, the
aptamer undergoes a conformational change that displaces the
probe. Unbound probe is then removed during the washing
step. The amount of probe dissociation in the presence of
cortisol can be calculated relative to a buffer control and is
used to estimate binding. A similar microarray-based approach
has been used previously for aptamer optimization,43 but
differed in that the probe hybridized to the target binding site
and competed directly with the target for binding.
Probe Hybridization Optimization. For this approach to be

successful, it is important to first optimize the kinetics of probe
hybridization. If probe hybridization is too strong, then it can
prevent the transition of the aptamer into its binding
conformation. Conversely, if probe hybridization is too weak,
it is likely to dissociate even in the absence of target.1 To
achieve measurable binding signal for the CSS.3 aptamer, we
first studied the effect of 5′ and 3′ truncations on probe
hybridization and cortisol-induced probe dissociation (Figure
3b,c). The full-length CSS.3 parent sequence is represented by
the square in the upper right corner of the heatmaps (5′del0,
3′del0), and combinations of both 5′ and 3′ truncations can be
mapped by moving down and left, respectively, across the
heatmap. Regarding probe hybridization (Figure 3b), we found
that hybridization weakened as nucleotides were deleted from
the 5′ region of the aptamer. This was expected, since the 5′
region is complementary to the probe, and removal of
nucleotides from that region would be expected to weaken
probe hybridization. Conversely, as nucleotides were deleted
from the 3′ region of the aptamer, probe hybridization
strengthened because aptamer folding became weaker with
fewer base pairs present in stem #1, therefore making it easier
for the probe to hybridize. Regarding cortisol-induced

dissociation (Figure 3c), we found an inverse relationship to
that of probe hybridization. As bases were removed from the 5′
region of the aptamer, cortisol binding increased. Again, this
result was expected, because probe hybridization would be
weakened and easier to displace upon binding. Similarly,
cortisol-induced probe dissociation decreased with the removal
of bases from the 3′ region. We believe this is due to the
weakening of stem #1, therefore making it harder for the
aptamer to fold into its binding conformation and displace the
probe. Sequences at the bottom right corner of the heatmap
showed no cortisol-induced probe dissociation due to the lack
of initial probe hybridization.

The sequences with measurable cortisol binding can be
visualized as a diagonal band across the heatmap in Figure 3c.
For microarray screening, we chose the sequence shown in
Figure 3d (5′del2, 3′del1; boxed in green in Figure 3b,c) as the
optimized parent sequence for microarray screening. Although
probe hybridization was slightly lower with this truncation than
that for the full-length CSS.3 aptamer, it showed high
sensitivity to cortisol.

Mapping Aptamer Sequence Space Amenable to
Mutations. For sequence optimization, we first focused on
identifying regions of the aptamer that are amenable to
mutation. We anticipated that residues close to the binding
pocket would have the highest impact on the binding affinity;
thus, it was unclear which positions could be mutated without
disrupting cortisol binding. Using the microarray, we looked at
the cortisol responses for all possible single point mutants of
the CSS.3 parent aptamer (Figure 3e). Probe dissociation in
the heatmap is color-coded such that blue is nonbinding,
orange is improved binding, and gray is no change from parent
sequence (%change of CSS.3 parent = 29%). The data show
that most positions could not be mutated without negatively

Figure 4. Sequence optimization of the CSS.3 aptamer for an improved binding affinity. (a) Regions selected for nucleotide randomization in loop
#2 (yellow) and stem and loop #3 (orange) are highlighted. (b) Dose−response curves showing increased probe dissociation for mutant compared
to CSS.3 parent sequence and scrambled negative control sequence in the presence of cortisol (left) but not DHEAs (right). (c) Specificity of
optimized mutant showing strong response to cortisol and 11-deoxycortisol, moderate response to progesterone and no response to other
structurally similar targets. (d) DNA sequences were immobilized on BLI sensor tips through biotin and binding to cortisol was measured directly
(without the use of complementary sequences), it is demonstrated that the selected mutant has 3-fold better binding affinity and selectivity against
progesterone compared to the stem-optimized CSS.3_cut3 sequence. The mutant sequence also performs better in filtered human serum as a
surrogate for testing in real ISF. (*) Serum filtered using 30 kDa MWCO filter.
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affecting cortisol binding. This included mutation of positions
12 and 29; the nucleotides involved in the GA base pair
identified from NMR structural characterization. The only
regions permissive to mutation were nucleotides 16, 20−24
and 34−37, which correspond to the outer part of loop #2 and
loop #3.

While the microarray point mutation findings were largely
consistent with the binding pocket identified from NMR, they
also highlight the importance of residues not otherwise
identified. For example, single point mutations in regions of
loop #2 (e.g., positions 17−19) also resulted in loss of binding.
These residues were not highlighted as binding sites by either
NMR nor structural modeling and would not be expected to be
important from a rational design approach, since unpaired
bases in loop #2 would be least likely to be involved in
stabilizing aptamer binding conformation or interacting
directly with cortisol. Similar to other aptamer optimization
efforts,9,44 these findings further highlight the importance of
large-scale mutational analysis in sequence optimization
approaches. While this work focuses on the optimization of a
cortisol binding aptamer, we have also had success in applying
this approach to aptamers for other targets such as DHEAs
(Supporting Information S6).
Aptamer Sequence Maturation Screening. Next, we

performed randomization of the regions identified as being
permissive to mutation. In the first round of sequence
optimization, we mutated bases in the outer region of loop
#2 or stem and loop #3, highlighted in yellow and orange,
respectively, in Figure 4a. Combinations of 2, 3, 4, or 9
nucleotide substitutions were permitted per mutant. This
process generated a library of 60,000 sequences that were
screened on the microarray for binding to 300 uM cortisol. A
total of 24 mutants were identified with a similar or better
response to cortisol than the CSS.3 parent sequence. We then
combined the functional mutations identified in loop #2 and
stem and loop #3 and performed a second round of sequence
optimization. A total of 2,000 additional mutants were
generated and screened on the microarray against cortisol
(0−1 mM, half log dilutions) and DHEAs. From this second
round of screening, we identified mutants with improved
sensitivity to cortisol while maintaining binding specificity
against DHEAs. In Figure 4b we show dose response curves for
a selected mutant (Mutant1) along with the CSS.3 parent and
a scramble sequence to demonstrate positive and negative
dose−responses for cortisol. None of these sequences showed
measurable probe dissociation in the presence of DHEAs.
Additionally, we were able to assess binding specificity for all
sequences on the array against a panel of structurally similar
counter targets (including 300 uM DHEAs, progesterone,
serotonin, dopamine, estradiol, and 11-deoxycortisol; struc-
tures shown in Supporting Information S7). We found that all
cortisol binding sequences (including the original CSS.3 parent
sequence) showed a strong response to both cortisol and 11-
deoxycortisol (an immediate metabolite of cortisol with a very
short half-life), a weak response to progesterone, and little to
no binding to the remainder of the molecules tested, including
DHEAs, estradiol, serotonin, and dopamine. Specificity data
for Mutant1 is shown in Figure 4c. The 12 mutants showing
the strongest cortisol binding affinity were downselected for
further characterization using BLI, as a single strand, without
the use of a strand displacement assay. We highlight here the
results for Mutant 1 with roughly 3-fold improvement in
binding affinity for cortisol compared to the CSS.3 stem-

optimized variant (KD in sISF was 330 nM vs 990 nM for
CSS.3_cut3; Figure 4d). A direct comparison of BLI dose
response for CSS.3 and Mutant1, along with a diagram of a
single stranded BLI assay, is shown in Supporting Information
S8. It is observed that the LoD in the BLI instrument for
Mutant 1 is significantly better than CSS.3 (Figure S9). This
mutant also showed roughly 100-fold selectivity for cortisol
over progesterone, which was increased compared to both the
full-length CSS.3 aptamer and stem-optimized CSS.3_cut3
(∼30-fold each). We also show how the mutant performs in a
real biofluid to highlight the translatability of these findings to
real-world sensing environments. Because of the difficulties in
collecting sufficient volumes of ISF, we used filtered human
serum (treated with a 30 kDa molecular weight cutoff
(MWCO) filter). Again, the selected mutant maintained
roughly 3-fold better binding affinity than the stem-optimized
CSS.3_cut3 (Figure 4d).

■ CONCLUSIONS
Here we demonstrate an approach to aptamer optimization
that uses structural characterization data at the molecular level
(NMR) to identify unique sequence motifs that are critical to
aptamer structure and binding. This information was used to
guide rational design of an aptamer truncation with robust
conformational switching capability in the presence of target.
Additionally, use of the microarray platform allowed us to
rapidly study the effect on binding of every possible point
mutation in the aptamer sequence, identify regions permissive
to mutation, and screen combinations of mutations, resulting
in the identification of a cortisol-selective mutant with 3-fold
improvement in cortisol binding affinity in just two rounds of
microarray screening. Importantly, we were able to perform all
screening in a biologically relevant buffer (sISF) and showed
direct translation to a human biofluid (filtered human serum).
While this work focused on optimization of a cortisol binding
aptamer, we have been able to apply the same approach to
aptamers for different targets. We believe the approach is
broadly applicable for the development of SSAs and that this
capability will accelerate aptamer sequence optimization to
support the development of rapid, continuous, and wearable
biosensing applications.
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