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ABSTRACT: We used in vitro selection to identify new DNA aptamers for two endocrine-
disrupting compounds often found in treated and natural waters, 17β-estradiol (E2) and
17α-ethynylestradiol (EE). We used equilibrium filtration to determine aptamer sensitivity/
selectivity and dimethyl sulfate (DMS) probing to explore aptamer binding sites. The new
E2 aptamers are at least 74-fold more sensitive for E2 than is a previously reported DNA
aptamer, with dissociation constants (Kd values) of 0.6 μM. Similarly, the EE aptamers are
highly sensitive for EE, with Kd of 0.5−1.0 μM. Selectivity values indicate that the E2
aptamers bind E2 and a structural analogue, estrone (E1), equally well and are up to 74-fold selective over EE. One EE aptamer is
53-fold more selective for EE over E2 or E1, but the other binds EE, E2, and E1 with similar affinity. The new aptamers do not
lose sensitivity or selectivity in natural water from a local lake, despite the presence of natural organic matter (∼4 mg/L TOC).
DMS probing suggests that E2 binding occurs in relatively flexible single-stranded DNA regions, an important finding for rational
redesign of aptamers and their incorporation into sensing platforms. This is the first report of aptamers with strong selectivity for
E2 and E1 over EE, or with strong selectivity for EE over E2 and E1. Such selectivity is important for achieving the goal of
creating practically useful DNA-based sensors that can distinguish structurally similar estrogenic compounds in natural waters.

■ INTRODUCTION

Endocrine-disrupting compounds (EDCs) compose a class of
emerging contaminants that are a growing concern due to their
negative impacts on human and aquatic life.1−6 They originate
from various municipal, industrial, and institutional sources
including wastewater effluent and solid waste, as well as from
feedlot runoff containing animal waste. Among the EDCs, 17β-
estradiol (E2), 17α-ethynylestradiol (EE), and estrone (E1)
(Figure 1A) have been widely detected in groundwater and
surface water samples (∼nM).7 The EPA included these three
compounds in the list of contaminants that require monitoring
in public water samples from 2013 to 2015 in accordance with
the Unregulated Contaminant Monitoring Rule 3 (UCMR3).
Of these contaminants, E2 and EE have the highest estrogenic
potencies.8,9 Therefore, sensitive, selective, rapid, and inex-
pensive methods for detection of E2 and EE in natural water
samples are needed.
The current state-of-the-art for EDC detection includes

chromatographic−spectroscopic methods (e.g., LC-MS, GC-
MS) and antibody-based molecular recognition assays such as
ELISAs (enzyme-linked immunosorbent assays). The former
techniques are associated with high sensitivity (∼pM)10,11 but
are expensive, sometimes require extensive sample pretreat-
ment (e.g., sample derivatization), are instrumentation- and
time-intensive, and cannot be practically used for real-time
analysis. The antibody-based molecular recognition assays are

sensitive enough for natural samples (∼nM to pM)12,13 and are
relatively inexpensive, but they can suffer from poor selectivity
due to interference by analogues and matrix components.14−16

Additionally, antibodies used in ELISAs need to be harvested
from animals, which makes the process time-consuming17 and a
social concern.18

An emerging field in sensor studies is based on molecular
recognition by single-stranded DNA or RNA oligonucleotides
called aptamers. Especially for DNA, the low-cost synthesis of
an aptamer, coupled with its tolerance to a wide range of
physiological conditions compared to antibodies, suggests that
aptamers can be used in complex environmental matrixes.
Moreover, aptamers can be readily functionalized to facilitate
their integration into a variety of sensor platforms. Aptamer-
based sensors,19−28 also called aptasensors, can have high
sensitivity (as low as fM)29−31 and can be employed for real-
time detection of contaminants and other compounds.32−34

To date, only a single aptamer for E2 or its analogues has
been reported. It does not discriminate strongly among E2, E1,
and EE, and a binding constant as low as 0.13 μM was reported
by Kim et al.35 This published aptamer (no particular
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designation was used in ref 35) has been integrated into a
number of sensing platforms, with detection based on
fluorescence,36 a color change,37 or an electrochemical
signal.35,38 Sensors developed using this aptamer had detection
limits for E2 as low as 33 fM30 and good binding affinity in
natural waters.27,30 These reports highlight the improved
detection limits of aptamer-based sensors relative to the
binding affinities of the aptamers themselves. While these
reports represent a major step forward in real-time monitoring
of E2 in natural waters, greater selectivity for E2 over its
analogues is needed to create sensors for selective monitoring
of the many different estrogenic compounds of varying
concentrations in natural waters.
The objectives of this study are to use in vitro selection to

identify a new suite of DNA aptamers that bind with high
sensitivity and selectively to E2 or EE; to determine if binding
affinities change in natural waters that contain nontarget
constituents (e.g., natural organic matter); and to explore the
binding regions of the selected aptamers. We used in vitro
selection, often called SELEX (Systematic Evolution of Ligands
by EXponential enrichment),39,40 to identify DNA aptamers for
E2 and EE (Figure 1B). Selection pressures were applied by
increasing elution times to elute stronger binding aptamers
(which have lower off-rates) or by decreasing eluent
concentrations to identify aptamers that are sensitive to lower
concentrations of the target. The equilibrium filtration assay
was used to determine DNA binding affinities to E2, E1, and
EE in clean selection buffer as well as in both tap water and
natural water from a small urban lake, each amended with
selection buffer after a one-step filtration. Binding affinities
were used to determine sensitivities of the DNA aptamers,
while the ratio of sensitivities for one EDC to another was used
to calculate selectivities of the aptamers. Dimethyl sulfate
(DMS) probing was used to methylate guanosine nucleotides
of aptamers in the presence of the target compound (E2 or
EE), with the expectation that only guanosine nucleotides not

involved in the binding interaction with the target compound
are accessible for methylation. Insights from these results
suggest potential approaches for rational improvement of DNA
aptamers.

■ EXPERIMENTAL SECTION
Materials. The EDCs E2 (>98%), E1 (>99%), and EE

(>98%) were obtained from Sigma-Aldrich. Tritiated EDCs
2,4,6,7-3H-E2 (81 Ci/mmol) and 2,4,6,7-3H-E1 (94 Ci/mmol)
were purchased from PerkinElmer, and 6,7-3H-EE (60 Ci/
mmol) was obtained from American Radiolabeled Chemicals.
DMS (dimethyl sulfate, >99%) was obtained from Acros. DNA
oligonucleotides were prepared by solid-phase synthesis on an
ABI 394 instrument using reagents from Glen Research or
purchased from Integrated DNA Technologies (IDT). The
oligonucleotides were purified either by PAGE (polyacrylamide
gel electrophoresis) or phenol/chloroform extraction, followed
by ethanol precipitation. For PAGE purification, 7 M urea
denaturing PAGE was used with running buffer TBE (89 mM
each Tris and boric acid, 2 mM EDTA, pH 8.3), and
oligonucleotides were extracted from the polyacrylamide with
TEN buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 300 mM
NaCl). DNA oligonucleotides used in selections contained 40
consecutive random nucleotides (N40) with known primer-
binding regions on both ends (see Supporting Information (SI)
for details).

Immobilization of E2 and EE on Agarose Support. E2
and EE were immobilized on epoxy-activated agarose support
(Sepharose 6B, GE Healthcare, catalog number 17-0480-01) by
reaction of the phenolic hydroxy group of E2/EE with the
epoxy group. The extent of derivatization was quantified by
UV−visible spectroscopy (see SI for details).

In Vitro Selection Procedure. We performed in vitro
selection, seeking E2-selective and EE-selective aptamers. The
selection strategy (Figure 1B) involved an initially random N40
pool of DNA sequences, of which 0.1% was 5′-32P radiolabeled,
in binding buffer (50 mM Tris, pH 7.5, 5 mM MgCl2, and 300
mM NaCl). We chose a 40-nucleotide random region as a
trade-off between the ease of incorporating shorter aptamers
into sensors and improved sensitivity and selectivity of long
aptamers due to more complex folding. This DNA pool was
exposed to agarose support contained in a preselection column
to eliminate sequences that bind to the support at room
temperature (23 °C). The flow-through from the preselection
column was exposed to immobilized (agarose support-bound)
E2/EE contained in a selection column. The selection column
was washed with binding buffer containing 20% ethanol to
remove any nonspecifically bound sequences. The E2/EE-
bound sequences were eluted for a total of 1 h from the
selection column with binding buffer containing 200 μM E2 or
binding buffer containing 20 μM EE. Eluted sequences were
PCR-amplified and taken into the next selection round (the
desired, forward single strand was separable because the reverse
strand was initiated with a primer that includes a nonamplifiable
spacer). After each round, the binding activity of the pool was
quantified according to the fraction of sequences that eluted
specifically with E2/EE. For rounds 9+ of the E2 selection, a
longer elution time pressure was applied (6 h total elution
time) to promote elution of tighter-binding sequences. In the
EE selection, a lower eluent concentration of EE was used as a
concentration pressure from the beginning of the selection to
identify aptamers that were sensitive to lower concentrations of
EE. After 10 rounds of both selections, cloning and sequencing

Figure 1. 17β-Estradiol (E2) and its derivatives, 17α-ethynylestradiol
(EE) and estrone (E1), and in vitro selection strategy for identification
of aptamers. (A) E2, EE, and E1. (B) In vitro selection strategy.
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of the pools were performed. The clones were screened using a
preliminary binding assay with immobilized E2/EE (see SI for
details).
Determining Aptamer Dissociation Constants (Kd

Values) for E2 and Analogues by Equilibrium Filtration
Assay. In the equilibrium filtration assay, a known DNA
aptamer concentration was incubated in a 1.7 mL tube with 0.5
μM of EDC (including ∼5 nM 3H-EDC) in 200 μL of binding
buffer with 2% (v/v) ethanol for 1 h at 23 °C. (For assays of
the published aptamer from ref 35, their reported buffer was
used instead: 100 mM Tris, pH 8.0, 10 mM MgCl2, 200 mM
NaCl, 25 mM KCl, and 5% ethanol.) The solution was
transferred to a 10000 MW cutoff filter (Microcon YM-10,
Millipore) and centrifuged at 5000g for 10 min. The volume of
filtrate, vF, was measured (±2 μL) by pipet; a typical value was
90−95 μL. The filtrate was transferred to a 7 mL HDPE
scintillation vial containing 5 mL of scintillation fluid (EcoScint
O, National Diagnostics). The inner column of the cutoff filter
was inverted and centrifuged at 1000g for 3 min to collect the
retentate, for which the volume, vR, was typically 85−90 μL.
The retentate was similarly transferred to a scintillation vial.
The inner column was washed with 2 × 300 μL of selection
buffer (5 min incubation in inner tube, inversion, and
centrifugation). Finally, the inner tube was flushed with 2 ×
300 μL of ethanol by centrifugation at 17200g for 15 min. A
scintillation counter (Beckman Coulter LS 6500) was used to
quantify amounts of 3H. For the retentate, the counts, cR, were
taken as the sum of the counts in the retentate and the two
washes. For the filtrate, the counts, cF, were taken as the sum of
the counts in the filtrate and the two flushes.
The chemical binding equilibrium between an aptamer and

its ligand is governed by eq 1, where A is the DNA aptamer and
L is the ligand (here E2, EE, or E1). The equilibrium constant
for this reaction, which is the dissociation constant Kd, is
representative of the binding affinity of the aptamer to the
ligand. Lower values of Kd indicate better binding affinities of
the aptamer with the ligand. The total concentration c of L was
fixed at 0.5 μM, although in several cases other values of c (e.g.,
10 μM) were evaluated experimentally, with quantitatively
similar outcomes (data not shown). The total DNA aptamer
concentration, a, was varied from 0.01 to 50 μM. The
concentration in a particular sample of the aptamer−ligand
(A·L) complex, y, is related to c and a by eq 2. Solving for y
leads to eq 3.
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Equation 3 is used to determine Kd, where y is derived from
the experimental data using eq 4. The midpoint of the plot of y
versus a (as in Figure 2A) is derived from eq 3 by taking y = c/
2, which results in eq 5. This allows correlation of the visually
apparent midpoint with the actual Kd value; there is an offset of
c/2.
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In some cases, the data did not fit the model represented by a
simple bimolecular interaction given by eq 1. Similar cases
showing more complex DNA aptamer binding have been
reported,31,41 and we applied eq 6, which incorporates a Hill
coefficient, n, in order to accommodate the degree of
cooperativity in binding. The equilibrium constant Kd for eq
6 is described by eq 7.
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As seen from eq 7, the concentration of the complex A·Ln, y,
cannot be easily separated from the independent variable (a)
and fit variables (Kd, n). Therefore, we used MATLAB to cover
a landscape of Kd and n values and computed y for a given
range of values of a. The best fit values of Kd and n were found
by minimizing the root-mean-square error between the
computed and experimentally derived values of y. The plots
with the Hill coefficient model fits are in the SI (Figure S4),
with errors of the fit values computed as described in the SI.
For certain combinations of aptamer and ligand with weak

binding, precise Kd values could not be determined because a
limiting concentration of the aptamer−ligand complex could
not be reached. In such cases, the lower limit of Kd was
estimated as the maximum DNA concentration at which the
data was obtained, i.e., Kd ≥50 μM.
For ease of comparison of different aptamers, a half-

saturation constant K1/2 = Kd
1/n was calculated, where K1/2

represents the concentration of the ligand at which half the
aptamer sites are occupied. When an aptamer−ligand
interaction was modeled well by eq 1, n = 1 and K1/2 = Kd.
Selectivity of the each aptamer for the parent ligand (E2 or EE)
over its analogues was evaluated by taking the ratio of the half-
saturation constants, i.e., K1/2,analogue/K1/2,parent.

DMS Probing. Probing by dimethyl sulfate (DMS) was
used to interrogate the folded structures of nucleic acids. Each
5′-32P-radiolabeled aptamer was incubated with a series of
concentrations of E2 or EE, followed by treatment with DMS,
which methylates the physically accessible N7 nitrogen atoms
of guanosine nucleotides (see SI for full procedures).42 Such
methylation blocks the enzymatic activity of DNA polymerase,
which therefore allows readout of the methylation sites. The
DMS accessibilities of individual nucleotides change as the
aptamer folds, typically by decreasing because the initially
accessible N7 atoms become buried within the folded structure.
The samples were treated with piperidine followed by PAGE.
The methylated guanine nucleobases are good leaving groups,
such that treatment with base (10% piperidine) leads to
depurination followed by base-promoted strand scission
(Figure 4A). Each PAGE band corresponds to a unique and
assignable guanosine nucleotide of the aptamer. Band
intensities for guanosine nucleotides that changed with E2/
EE concentration were quantified and normalized.
Band intensities for individual guanosine nucleotides were

first normalized within each lane to a particular guanosine
nucleotide whose intensity did not appear to depend upon E2/
EE concentration (G45 for E2Apt1, G56 for E2Apt2, G57 for
EEApt1, and G38 for EEApt2). For each nucleotide, the
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resulting band intensities were renormalized to a value of 1 for
the band intensity at the lowest nonzero E2/EE concentration
of 1 nM. The final normalized band intensity was plotted
against the concentration of E2/EE (c) according to eq 8,
leading to a Kd value as determined from the data for that
nucleotide. Fitted parameters Ilow and Ihigh are the limiting band
intensities at low and high concentrations of EE/EE. All fitted
values of Ilow were 1.00 ± 0.03. The DMS probing data were
modeled well by the equilibrium of eq 1, and therefore the
more complicated fitting process associated with the equili-
brium of eq 6 was unnecessary.
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■ RESULTS
Identification of E2-Selective Aptamers. In vitro

selection was performed to identify E2-selective aptamers
(Figure 1B). The E2-binding activity was undetectable above
background (∼3%) until rounds 7 and 8, where 29% and 24%
of the pool were bound to the immobilized E2 and then
specifically eluted by free E2 with a 1 h elution step (Figure
S1). Selection pressure for tighter binding (i.e., lower value of
the dissociation constant, Kd) was imposed by increasing the
elution time to 6 h, which enables elution of aptamers with
slower off-rate and therefore tighter binding. In rounds 9 and
10 with the longer elution time, 23% and 35% binding were
observed. Individual E2 aptamers were cloned from round 10
and screened according to their ability to bind to immobilized
E2. On this basis, 16 unique E2-binding sequences were
identified; these sequences did not segregate into any specific
families (not shown). Preliminary experiments were performed,
involving both (1) immobilized E2-binding assays analogous to
the binding step used during selection itself and (2) dimethyl
sulfate (DMS) probing experiments as described below. On the
basis of these preliminary data, two aptamers designated as
E2Apt1 and E2Apt2 (Figure S2) were studied in greater detail
because of their high binding affinities.
Characterization of E2-Selective Aptamers by Equili-

brium Filtration Assay. The equilibrium filtration assay was
used to quantify binding constants for E2Apt1 and E2Apt2, as
well as the E2 aptamer reported by Kim et al.35 The assays for
the published aptamer were performed in the binding buffer
reported in ref 35. The equilibrium distribution profile for
E2Apt1 is shown in Figure 2A (same for E2Apt2 as shown in
Figure S3); the E2 data is not fit well at high E2 concentration
by the curve corresponding to eq 3. Therefore, we used the Hill
coefficient model of eqs 6 and 7, which allowed a better fit to
the entire data set (Figure S4). E2Apt1 and E2Apt2 were found
to have Kd values for E2 of 0.60 and 0.56 μM, respectively, with
Hill n values for E2 of 1.3 and 1.5, respectively (see Table 1 for
tabulation of all Kd and n values in this report). In parallel, we
determined a reproducible and unexpectedly high Kd value ≥50
μM (with Hill n = 1) for the E2 aptamer reported by Kim et
al.35 (Figure S3), although its Kd was reported by those authors
as 0.13 μM. We cannot explain this discrepancy in Kd for the E2
aptamer from ref 35, but we are confident in the reproducibility
of our measurements, which were made with each aptamer not
immobilized in any way.
The equilibrium filtration assay was also used to assess Kd of

E2Apt1 and E2Apt2 for binding to the E2 analogues E1 and

EE. The Hill n values for the analogues were 1, as the data fit
well to eq 3. To facilitate comparisons of aptamer sensitivity, we
plotted in Figure 2B inverse Kd values of E2Apt1 and E2Apt2
for each of E2, E1, and EE binding, where higher values
correspond to better sensitivity. We observe that E2Apt1 and
E2Apt2 bind with greatest affinity to E2 followed by E1 and last
EE. For each E2 analogue, the aptamer selectivity was
quantified as K1/2,analogue/K1/2,E2, where K1/2 = Kd

1/n represents
the EDC concentration at which the aptamer is half-saturated.
Both aptamers gave similar results for their selectivity (Figure
3). Each aptamer bound to E1 nearly as well as E2, with only
4−7-fold selectivity for E2. In contrast, each aptamer bound
much less well to EE than to E2, with ≥74-fold selectivity for
E2.

Characterization of E2-Selective Aptamers by Di-
methyl Sulfate (DMS) Probing. DMS probing was used to
identify guanosine N7 atoms in E2Apt1 and E2Apt2 whose
accessibilities decrease with increasing E2/EE concentration.
These locations are indicated in the representative PAGE
images in Figure 4B with decreasing band intensities, which are

Figure 2. Dissociation constants (Kd values) for aptamers with E2 and
analogues. (A) Data from equilibrium filtration assays to determine Kd
values, obtained at [EDC] = 0.5 μM and plotted to allow fitting to eq
3 for EE and E1 data and eq 7 for E2 data as described in the
Experimental Section. These data are for E2Apt1; see Figure S3 for
comprehensive data for all aptamers in this report, as well as the
aptamer of Kim et al.35 Error bars correspond to half of range from
two independent measurements. For EE and E1 plots, the midpoint of
the fitted curve is found at a DNA aptamer concentration of (Kd +
0.25) μM, as derived in the Experimental Section. That is, the actual
Kd value is 0.25 μM lower than the apparent midpoint of the curves.
We find that the Hill coefficient for binding of E2 is slightly greater
than 1 (Figure S4). See Table 1 for Kd and Hill n values. (B)
Comparison of dissociation constants for each aptamer with E2 and its
two analogues. For ease of comparison (larger values = tighter
binding), the Kd values are shown as their reciprocals, i.e., the
association constants.
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quantified and plotted in Figure 4C. For both E2Apt1 and
E2Apt2, numerous guanosines showed E2-dependent changes
in guanosine methylation (7 guanosines for E2Apt1; 10 for
E2Apt2). E2 induced changes in nucleobase accessibilities at a
much lower concentration than did EE for these E2 aptamers,
in accord with the equilibrium filtration assay data. The
quantitative Kd values for E2 as determined by DMS probing
are in the same range as the Kd values as determined by
equilibrium filtration, using the Hill coefficient model. Kd values
for all nucleotide positions as determined by DMS probing are
collected in Table S1.
The nucleotide sites of DMS methylation were mapped

consistently to aptamer sequence components that are
predicted by the mfold secondary structure prediction
algorithm.43 These sites are located within single-stranded
regions rather than double-stranded regions, as illustrated in
Figure 4D for E2Apt1 (see Figure S6 for analogous data for the

other three aptamers). The N7 atoms of guanosine nucleotides
in these relatively flexible single-stranded regions are more
likely to become buried upon aptamer folding and ligand
binding. Single-stranded regions can adopt more complex
binding sites with greater potential for molecular recognition.

Identification of EE-Selective Aptamers. Via the same
selection approach, we sought EE-selective aptamers. Because
the E2 selections gave aptamers with Kd values ≤1 μM, we used
20 μM rather than 200 μM EE in the elution step, with the
intention of fostering tighter EE binding. Using a constant 1 h
elution time, binding was first observed as 10% at round 6,
reaching 30% at round 10 (Figure S1). Individual EE aptamers
were cloned, and three unique clones that did not share any
common binding motifs were identified. Two unique aptamers,
EEApt1 and EEApt2 (Figure S2), were studied further based on
their high affinities.

Characterization of EE-Selective Aptamers by Equili-
brium Filtration and DMS Probing. The same equilibrium
filtration assay was used to characterize binding of EEApt1 and
EEApt2 to each of EE, E2, and E1. EEApt1 and EEApt2 were
found to have Kd values for EE of 0.95 and 0.46 μM,
respectively (Table 1). Aptamer sensitivities of the EE aptamers
are compared in Figure 2B, obtained by plotting inverse Kd
values of EEApt1 and EEApt2 for each of E2, E1, and EE.
EEApt1 shows the greatest affinity toward EE and significantly
lower affinity toward E1 and E2. Conversely, EEApt2 binds
with similar affinity to E2, EE, and E1.
Selectivity of the EE aptamers against E2 and E1 is compared

in Figure 3. EEApt1 was the more selective of the two
aptamers, with ≥53-fold selectivity for EE over both E1 and E2.
Thus, EEApt1 had selectivity for its EE target that is
comparable in magnitude to the E2 (versus EE) selectivity of
both E2Apt1 and E2Apt2. In contrast, EEApt2 was only 3-fold
selective for EE over E1 and essentially unselective between EE
and E2. Given the relatively strong binding (low Kd value) of
EEApt2, it can reasonably be considered as a general E2/EE/
E1-binding aptamer (binding to EDCs other than these three
was not evaluated).
DMS probing of EEApt1 revealed four guanosine sites where

methylation depended upon the EE concentration, and these
sites mapped onto the more flexible loop regions in the mfold-
predicted secondary structure (Figure S6). This is similar to the
mapping of binding-affected guanosine sites in E2Apt1 and
E2Apt2. However, analogous probing experiments with EEApt2

Table 1. Kd and Hill Coefficient Values for Aptamers Studied in This Report

Kd value, μM
a by equilibrium filtration assay

in binding buffer in natural water diluted 2:1 with binding buffer
Kd value, μM

a by DMS
probing in probing bufferb

aptamer E2 EE E1 E2 EE E1 E2 EE

E2Apt1 0.60 ± 0.07 (1.3 ± 0.1) ≥50 2.5 ± 0.1 0.52 ± 0.09 (1.4 ± 0.1) ≥50 2.3 ± 0.1 0.17−0.47c −d

E2Apt2 0.56 ± 0.10 (1.5 ± 0.1) ≥50 4.9 ± 0.2 0.44 ± 0.09 (1.5 ± 0.1) ≥50 3.8 ± 0.2 0.52−0.80c −d

EEApt1 ≥50 0.95 ± 0.09 ≥50 ≥50 0.79 ± 0.10 ≥50 d 1.3 to 4.0c

EEApt2 0.56 ± 0.10 (1.3 ± 0.1) 0.46 ± 0.04 1.3 ± 0.1 0.87 ± 0.20 (1.3 ± 0.1) 0.50 ± 0.09 1.9 ± 0.2 −d −d

Kim et al.35 ≥50 ≥50 ≥50 nd nd nd nd nd
aTabulated values represent the curve fit parameter (Kd) from data such as that in Figure 2A, Figure S3, and Figure S4. Values in parentheses
represent the Hill coefficients n, for which the value is 1 when not explicitly stated. Errors correspond to curve-fit parameter errors or values
calculated using covariance matrices as described in the SI. nd = not determined. K1/2 values are derived from table values, i.e., K1/2 = Kd

1/n; ratios of
K1/2 values are used to compute selectivities of aptamers. bSee SI for description of the DMS probing buffer and experiment. cTabulated values
represent the range of the best-fit Kd values from individual guanosine nucleotides, from data such as that shown in Figure 4C. See Table S1 for
individual nucleotide Kd values.

dKd value could not be determined by this method because no guanosine nucleotide of EEApt2 showed dependence
of DMS probing intensity on EE concentration.

Figure 3. Aptamer selectivities, using K1/2 values derived from Table 1,
where K1/2 = Kd

1/n (n = Hill coefficient). Note that when n = 1, K1/2 =
Kd. For each E2 aptamer, the selectivity against the analogue was
quantified as K1/2(analogue)/K1/2(E2). For each EE aptamer, the
selectivity against the analogue was quantified as K1/2(analogue)/
K1/2(EE). Data are shown for each indicated aptamer, labeled with the
analogue identity as well as the water source (“lab” = laboratory water;
“nat” = natural lake water). Error bars are propagated from the
tabulated data by sum in quadrature for fractional error in the
quotient. Data values shown with upward-pointing arrows are lower
limits, because the Kd(analogue) value is a lower limit. In such cases,
the error bar is simply derived from the fractional error in the
denominator.
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revealed no guanosines whose accessibilities changed substan-
tially with EE concentration. Although the underlying reason is
unclear, it is interesting that only the more general aptamer
(i.e., the one with little selectivity for one EDC over another)
showed no change in guanosine methylation with ligand
concentration.
Sensitivity and Selectivity of the New Aptamers in

Natural Water Samples. Practical applications of aptamer-
based sensors require that they function well under realistic
conditions.44 We evaluated all four new aptamers (E2Apt1,
E2Apt2, EEApt1, and EEApt2) for their performance in a
natural water sample collected from the small urban lake in
Crystal Lake Park, Urbana, IL. The lake water was filtered
through a 0.22 μm filter and stored at 4 °C. The lake water was
characterized for anions, cations, and organics (see Table S2 for
water characterization). The TOC (∼NVOC) of the lake
sample, which could potentially interfere with the aptamer
performance, was 4.43 mg/L. This is much greater than the
amount of E2/EE/E1 used in the assays (∼0.14 mg/L). The
natural water was mixed with binding buffer (2:1) and spiked
with 0.5 μM of one of E2, EE, or E1, and equilibrium filtration
assays were performed. Neither Kd values (Table 1) nor
aptamer selectivities (Figure 3) were significantly altered by the
presence of the natural water, relative to Kd values and
selectivities in binding buffer alone, which indicates that
aptamer binding is specific to EDCs rather than general for a

range of organic compounds. This finding suggests that the
aptamer-based sensors should be able to detect contaminants in
natural water without compromising detection limits due to
interference from the environmental matrix. The aptamers were
also tested in tap water from Urbana, IL (Table S2), and the
sensitivities and selectivities of the aptamers were conserved.

■ DISCUSSION
In this study, we identified four new DNA aptamers that have
submicromolar dissociation constants (Kd values) for the EDCs
17β-estradiol (E2) and its artificial derivative 17α-ethynylestra-
diol (EE). Although Kim et al.35 reported an E2 aptamer with
Kd of 0.13 μM, in our hands and in accord with some45,46 but
not all31 other reports, we were unable to obtain this low Kd
value, instead reproducibly finding Kd ≥ 50 μM for their
published aptamer. Because the original authors did not
describe their selection procedure and provided no exper-
imental data regarding their Kd value,

35 we cannot explain this
discrepancy.
Our new aptamers have one of two behaviors with regard to

ligand selectivity. Those aptamers identified by in vitro
selection for binding to E2 (E2Apt1 and E2Apt2) bind
strongly to both E2 and estrone (E1) but not EE. In contrast,
one of the aptamers identified for binding to EE (EEApt1)
binds to EE and with at least 53-fold selectivity over E2 or E1.
This outcome suggests that EEApt1 discriminates between E2/

Figure 4. Dimethyl sulfate (DMS) probing. (A) Outcome of DMS methylation of guanosine N7, depurination, and strand scission. (B)
Representative PAGE image for DMS probing of E2Apt1. Each band intensity correlates directly with the extent of methylation of the corresponding
guanosine nucleotide. Lanes are shown for 0, 0.01, 1, and 100 μM E2/EE; see full image in Figure S5. Asterisks denote the two nucleotide positions
visible on this image, G47/G48 and G54, for which E2 and EE led to substantially different concentration dependence profiles. (C) Quantification of
data from the panel B experiment. Representative data for DMS probing in the presence of E2 and EE are shown with filled and open symbols,
respectively. Blue and red correspond to colors used in panel D for individual guanosines. Data were fit using eq 6 as described in the Experimental
Section. Kd values are in Table 1 and Table S1. (D) The lowest-energy mfold-predicted secondary structure of E2Apt1. Guanosines with substantial
change in DMS accessibility as a function of E2 concentration are blue; guanosines with little or no change in accessibility are red; guanosines for
which the band intensity was too low to provide useful E2 concentration dependence are gray; all nonguanosine nucleotides (and also several
guanosines at the 5′- and 3′-ends for which accessibility information was not obtained) are black. In the next-lowest-energy structure (0.9 kcal/mol
higher in free energy), the yellow-highlighted stem is broken, and the purple-highlighted nucleotides form a stem with one G-G mismatch. See Table
S1 and Figure S6 for Kd values and secondary structures for E2Apt2, EEApt1, and EEApt2.
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E1 and EE via interactions that specifically involve the ethynyl
functional group of EE, whereas selectivity between E2 and E1
would require a more subtle type of interaction. The data
require that the ethynyl group either interferes with aptamer
binding (for the E2-selective aptamers) or is part of a requisite
binding interaction (for the EE-selective aptamers). Finally,
EEApt2 does not discriminate among E2, E1, and EE. This
result indicates that either EEApt2 does not require specific
interaction with the ethynyl group or it interacts with the
functional groups common to all three compounds.
Aptamers are known to be specific to their targets when

identified by appropriate selection methods. For instance, the
theophylline RNA aptamer binds to its target 10 000 times
better than to caffeine, which differs from theophylline by a
methyl group.47 However, not all aptamers have such high
selectivites. A study that identified DNA aptamers for PCBs
found that the aptamers display little selectivity toward specific
congeners.48 In natural waters, EDCs are detected at varying
levels that span orders of magnitude. For example, in one study
the maximum EE concentration in sewage treatment plant
effluent was 3.7 pM (1.1 ng/L), while the maximum E1
concentration was 300 pM (82 ng/L).49 This 81-fold difference
in concentration would require an aptamer with an even greater
difference in selectivity to enable quantification.
In most cases, our DMS probing data suggest that specific

guanosine nucleotides are involved in key aspects of ligand
binding. From DMS probing of E2Apt1, E2Apt2, and EEApt1,
we observe that these guanosine nucleotides lie either in the
interior loops or at the base of stems of the lowest-energy
configuration of the aptamer predicted by mfold. This is similar
to another study in which an essential binding motif (which
contains four guanosines) was located in the loop regions of
multiple thyroxine aptamers.50 Additionally, the E2 aptamers
are G-rich sequences with the possibility of G-quadruplex
formation that involve the N7 positions. E2 binding could
stabilize the G-quadruplex in the aptamer−E2 complex,
decreasing the availability of the N7 position for DMS
methylation. However, high-resolution structural information
typically obtained from X-ray or NMR studies is necessary to
explore all of these possibilities. For EEApt2, the lack of change
of guanosine accessibility with EE concentration may be related
to the secondary structure of the aptamer (Figure S6), which is
composed of mostly stems and relatively short loop regions.
The submicromolar sensitivities and the selectivities of our

new DNA aptamers are fully retained in natural water from a
local lake, although the selection process was performed in a
well-defined and simple laboratory binding buffer. This
outcome is consistent with others’ reports, in which in vitro
selected aptamers have been identified in laboratory buffers yet
retain useful binding activities in “real” samples such as blood
and urine.32,33,51 Moreover, the E2 aptamer from ref 35 has
been employed in developing an optical sensor that was used to
detect E2 as low as 5 nM in wastewater treatment plant
effluents without any interference from the matrix.27

Small-molecule aptamer Kd values ranging from 0.05 to ≥50
μM can be used to create sensors with practical detection limits
and dynamic ranges that span concentrations which are much
lower than the Kd values of the aptamers used on the sensor
platforms.52−54 Lower Kd values would make more sensitive
sensors (Figure S7), with a dynamic range that enables the
detection of EDCs at concentrations observed in natural waters.
The sensitivities and selectivities of our new aptamers,
especially in natural water, bode well for practical application

of the new aptamers as sensor modules. Electrochemical sensor
devices that use the newly identified E2 and EE aptamers are
under development.
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