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Abstract

Estrogenic compounds such as estrone (E1), 17B-estradiol (E2), and 17a-ethynylestradiol (EE2)
are serious environmental contaminants due to their potent biological activities. At least six
selections were previously reported to obtain DNA aptamers for E2, highlighting its environmental
importance. A careful analysis revealed that the previous aptamers are either too long or do not
bind optimally. Herein, a series of new aptamers were obtained from the capture-SELEX method
with dissociation constants down to 30 nM as determined by isothermal titration calorimetry (ITC).
Two aptamers were converted to structure-switching fluorescent biosensors, which achieved limit
of detection down to 3.3 nM and 9.1 nM E2, respectively. One aptamer showed similar binding
affinities to all the three estrogens, while the other aptamer is more selective for E2. Both aptamers
required Mg?* for binding. The proposed sensors were successfully applied in the determination
of E2 in wastewater. Moreover, comparisons were made with previous aptamers based on primary
sequence alignment and secondary structures. Among previously reported truncated aptamers, ITC
showed binding only in one of them. The newly selected aptamers have the combined advantages

of small size and high affinities.

Keywords: estrogens; aptamers; water; biosensors; environmental monitoring

Synopsis: A group of short DNA aptamers were selected to monitor 173-estradiol and related
estrogens individually and collectively in environmental water samples, demonstrating

comparative advantages to previously reported aptamers.
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Introduction

17B-estradiol (E2) is a natural estrogen steroid and a major female sex hormone. It is a key
regulator of growth, differentiation, and function in a wide range of tissues, including the
reproductive system, mammary glands, skeletal system, and cardiovascular system.' Some closely
related compounds include natural estrone (E1) and synthetic 17a-ethynylestradiol (EE2), which

is the active component of contraceptive pills.

Estrogen hormones and their metabolites have emerged as a serious environmental problem due
to their overuse in medicine and livestock farming.® A seven-year study on an experimental lake
area in northwestern Ontario, Canada, showed that chronic exposure to low levels (ng/L) of EE2
had led to the production of vitellogenin mRNA and protein. This in turn caused the feminization
of male fish and ultimately led to the extinction of the species from the lake.* To manage this
environmental problem, a highly reliable, convenient and sensitive analytical method of E2, as

well as other estrogenic compounds such as E1 and EE2 is required.

The current methods for the detection of E2 include HPLC-MS® and GC-MS.® However, these
techniques need expensive instrumentation, intricate sample pre-treatment and skilled technicians.
Furthermore, they are available only in centralized labs thus disallowing onsite detection. In recent

years, various biosensors have been developed for the measurement of E2, including

7-9 11

electrochemistry,”” fluorescence,'® ' and colorimetry.!>!* In addition, sensors involving

nanomaterials have also been reported.!>!®

Aptamers are single-stranded oligonucleotides selected to bind target molecules. Compared to
antibodies, DNA aptamers offer a number of advantages such as programmable structures, more
stable and more cost-effective making them highly attractive for the detection of E2."2! While
immunoassays for E2 have been developed, they need to be carried out in a competitive assay
format (i.e. signal-off sensors).?? With site-specific labeling and programmability, aptamers can
be coupled with various signaling platforms for signal-on detection of small molecules in
environmental samples.? In fact, E2 is probably the most popular target for the selection of DNA
aptamers with at least six different labs reporting it. The first E2 aptamer was reported by the Gu
group in 2007.2* This 76-mer aptamer (K4 130 nM) has been used in many sensors in its full-

h,25’ 26

lengt and little efforts were made to truncate it.?” In 2014, the Hodgkiss group reported a 75-
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mer DNA aptamer.?® Based on the intrinsic fluorescence of E2 and a filtration assay, the K4 was
determined to be 50 nM. In 2015, using a gold nanoparticle (AuNP) assay, this aptamer was
truncated from 75-mer to 35-mer (14 nM Kq) and 22-mer (11 nM Kq).?° In 2015, Vanschoenbeek
et al reported a series of E2 aptamers using different negative selection targets, but most of the
aptamers have Kq around 10 pM.*® In 2015, the Silverman group selected an aptamer named
E2Aptl with a K4 of 0.6 pM measured by dimethylsulphate (DMS) footprinting.>' In 2019, in a
one-pot selection work for multiple steroids, an 89-mer aptamer named E28 was reported with Kq

ranged from 2.2 nM to 15.2 nM E2.*?

The abovementioned five aptamers were isolated by immobilization of target molecules. In 2012,
using the library immobilization method, the Stojanovic lab selected an aptamer for E2 named
BES.1.*> The DNA library was pre-structured to fold in a three-way junction and contained only
eight randomized nucleotides, which may not achieve the best aptamers.** Aside from these six
DNA aptamer selections, there are also RNA aptamers for E2.3> While these aptamers are quite
different in length, sequence, and predicted secondary structure, they have been extensively used

to detect E2 in various biosensors.3¢*

After reading the literature and our own experiments, we found that the current aptamers were
either used in their full length (little effort made in truncation) or showed poor or no binding (vide
infra). Therefore, short, high affinity DNA aptamers for E2 are still needed. Herein, we performed
a new selection by immobilizing a fully randomized DNA library, which was never performed
before for E2. A few new aptamers were obtained with low nM affinities, two of which were
designed in fluorescent biosensors for the detection of E2 in wastewater. Finally, we also compared

a few truncated aptamers for binding to E2.

Materials and Methods
Chemicals

The DNA samples used in this study were purchased from Integrated DNA Technologies
(Coralville, IA, USA, see Table S1 for sequences). Streptavidin agarose resin was purchased from
Fisher Scientific. 17B-Estradiol (E2), estrone (E1), 17a-ethynylestradiol (EE2), deoxycholic acid,

cortisol, thymidine, dopamine, sodium chloride, magnesium chloride, sodium hydroxide,
4
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hydrochloric acid, tris(hydroxymethyl)aminomethane, and Amicon Ultra-0.5 centrifugal filter unit
(3k and 10k molecular weight cut off) were purchased from Millipore-Sigma (Oakville, ON,
Canada). 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) and its sodium salt form
were purchased from Biobasic Inc. (Markham, ON, Canada). SsoFast EvaGreen supermix was
from Bio-Rad. dNTP mix, Taq DNA polymerase with ThermoPol buffer, and the low molecular
weight DNA ladder were purchased from New England Biolabs (Ipswich, MA, USA). All buffers

and solutions were prepared with Milli-Q water.
Buffers

SELEX buffer: 20 mM Tris, pH 7.4, 500 mM NacCl, 10 mM MgCl. Strand separation buffer: 20
mM Tris, pH 7.4, 250 mM NaCl. Sensing buffer: 20 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM
MgCl2. Mg**-free sensing buffer: 20 mM HEPES, pH 7.4, 100 mM NaCl. Na*-free sensing buffer:
20 mM HEPES, pH 7.4, 10 mM MgClz. E09 buffer: 100 mM Tris-HCI, pH 8.0, 200 mM NacCl, 10
mM MgCl, 25 mM KCl, 5% ethanol.>* 22-mer-truncated-H buffer: 2 mM HEPES, pH 7.5, 10
mM NaCl, 0.2 mM MgClz, 0.5 mM KCI, 0.1 mM CaClz, 5% ethanol.?® BES. I buffer: 20 mM Tris,
pH 7.4, 1 M NaCl, 10 mM MgCl,.*?

SELEX for E2

The aptamer selection method was based on previous reports of the Stojanovic group with slight
modifications.*! For each round of selection, the single-stranded DNA library (500 pmol) was first
annealed with biotinylated capture strand (2500 pmol) in 250 uL SELEX buffer followed by a
slow cooling to room temperature. Meanwhile, 250 pL of streptavidin agarose resin was
transferred into a column and washed five times with 500 pL of the SELEX buffer. The annealed
DNA was then repeatedly cycled through the streptavidin agarose resin and washed 12 times with
500 pL of SELEX buffer. After washing, 250 pL of E2 solution was cycled through 3 times and
the eluted DNA was collected (total 750 pL). The collected eluent was further concentrated and
purified with Milli-Q water using a 3k centrifugal filter. The final volume of the purified DNA
was adjusted to 60 pL using Milli-Q water. PCR was then performed to obtain 2 mL of amplicon
using the biotinylated reverse primer, which was further concentrated and purified with the strand
separation buffer using a 10k centrifugal filter. After loading the purified PCR product onto a
column and washed 10 times with 500 pL of strand separation buffer, 600 uL of 0.2 M NaOH was

added and the eluted ssDNA library was neutralized with HCI. Finally, the library was washed 4
5
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times with Milli-Q water and washed 2 times with strand separation buffer in a 3k centrifugal filter.
The purified library was dissolved in 55 pL strand separation buffer and quantified using a Spark
microplate reader (Tecan). The amount of library used in each round is shown in Table S2. The
PCR product of the round 8, 9, 11 and 12 libraries were sequenced by the Illumina method as

described previously.*> Sequencing results were analyzed with Geneious Prime and Clustal Omega.
Isothermal titration calorimetry (ITC)

ITC was performed using a VP-ITC microcalorimeter instrument (MicroCal) following previously
reported procedures.* Prior to each measurement, all of the solutions were degassed for 5 min to
remove air bubbles. DNA aptamer (5 uM) in buffer was loaded in the ITC cell (1.45 mL) at 25°C.
E2 (100 uM) in the same buffer was titrated (20 pL each time) into the cell through a syringe,
except for the first injection (2 pL). For the BES.1 aptamer, the combination of 10 uM aptamer
and 400 uM E2 was used. The enthalpy (AH) and association constant K. were obtained by fitting
the titration curves to a one-site binding model using the Origin software. Sensing buffer was used
for aptamer CN-Es1, CN-Es2 and CN-Es3. The E09 buffer was used for aptamer E09. The 22-
mer-H buffer was used for aptamer 22-mer-H, and the BES.1 buffer was used for aptamer BES.1.

Detection in buffer

FAM-labeled E2 aptamer (1 uM FAM-CN-Esl or FAM-CN-Es2) or FAM-labeled adenosine
aptamer was annealed with 2 uM quencher-labeled strand in the sensing buffer to obtain sensor
complex stocks. Typically, the sensor reaction contained 20 nM sensor complex in 98 pL sensing
buffer. The background fluorescence signal was monitored for 5 min. Then, 2 uL E2 of various
concentrations was added. The signal kinetics were continuously monitored for 20 min (excitation
at 485 nm; emission at 520 nm). For the specificity experiment, the final concentrations of E2 and
other molecules were 2 uM. In the specificity test of the two biosensors for E2, the F/Fo values
were used to indicate the sensor response, where F is the fluorescence signal in the presence of a

target and Fo is the fluorescence signal before adding the target.
Detection in real samples

The wastewater sample was collected from Kitchener, ON, Canada. After allowing the water
samples to stand still in a fridge for 24 h, the supernatant was collected and the sensing buffer was

added. Then, 10 pL of 40 uM, 20 uM, 10 uM, 7.5 uM, 5 uM and 1 puM E2 were added into 1 mL
6
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wastewater samples to prepare 400 nM to 10 nM E2 in sensing buffer, respectively (final
wastewater in the sensor sample was 99%). FAM-labeled E2 aptamers were annealed as described
above in the sensing buffer. For the detection of E2 in wastewater, the 1 pL of 10 uM sensor
complex stock was added into 100 pL buffered wastewater (final sensor 100 nM) containing
various concentrations of E2. Then, the fluorescence signal was collected (excitation at 485 nm;
emission at 520 nm). For the specificity experiment in wastewater, the final concentrations of E2,

E1l and EE2 were 200 nM.

Results and Discussion
Capture-SELEX for E2

In this work, we used the capture-SELEX method**#*+*7 by immobilization of a library with a 30-
nucleotide random region (N30) via hybridization. The N30 region was fully randomized and the
two flanking constant primer binding regions can fold the library into an overall stem-loop
structure (see Table S1 for DNA sequences). A scheme of the selection method is shown in Figure
S1. The E2 concentration was gradually decreased from 100 uM to 5 uM during the 12 rounds of
selection (see Table S2 for the selection conditions). We used real-time PCR to monitor the
concentration of eluted DNA and thus the progress of the selection (Figure S2). Initially, the
difference of the PCR cycles to emerge fluorescence signal (Ct value) between washing the
immobilized library with buffer and with E2 was close to zero. After 6 rounds of selection, the
difference gradually increased and reached 5 cycles for the last three rounds, suggesting the

enrichment of aptamers.

Finally, the round 8, 9, 11 and 12 libraries were sequenced. For round 12, out of a total of 50728
sequences obtained, we analyzed the top 20 most abundant sequences (named CN-Es1 to CN-Es20
respectively) and they can be divided into three major families along with some other sequences
(Figure 1). CN-Esl and CN-Es13 comprised the most abundant family 1 and they have circular
permutation sequences, which are typical for small molecular binding aptamers.*® 4° Families 2
and 3 also have long stretches of conserved nucleotides. We analyzed the percentage of the five

most abundant sequences in round 12 and their presence in the other rounds (Table S3).
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Interestingly, the first 4 sequences all gradually increased by at least 10-fold from round 8 to round

12. The change in abundance suggested the enrichment of aptamers with high affinities.

Family 1 (27.3%)

CN-Esl ACGAC TGAACATAAGTTC---CCCC-TTGAAAGTCGT

CN-Esl3 ACGACCCCCCTTGTAA-GT--TTA-ATA CATGGTCGT

Family 2 (15.9%)

CN-Es3 ACGACC----CCGTTTGACTAAAAGGAGA-GTTTCGCATGGTCGT
CN-Esl4 ACGACCCCCTTCGGAATCTGTCCGA-—-—---— GTTTGGCATGGTCGT
CN-Esl2 ACGAC----- TCCCTTTGACCTTGGGGAGAGTTTGGCATAGTCGT
CN-Esl1l8 ACGACCCCG-TTTGACTATAGGGAAA----GTTTCGGATGGTCGT
CN-Esl1l9 ACGACCCCC-TTTTAGTTTCGCTAAA----GTTTGGCATGGTCGT
CN-Es9 ACGACCCCCTCTAAGATTTTCGAAG——-——— GTTTGGCATGGTCGT

Family 3 (15.0%)
CN-Es2 -CGACTTAAGGTATGTG—ATCTTAGTTGTAGTTCAAGTCG—
CN-Esll ACGACT-AAGGTAAATTGGCCTTTGTAATAGGGTTTGTCGT

Other sequences

CN-Es4 ACGACCATGGAGGTATGAAGTTCATACCCTAGGATGTCGT
CN-Esl1l0 ACGACAATTGGTAGGTTTAGGTTTTTGGTAAGGTGGTCGT
CN-Es7 ACGACCGCGAAAGTAGCATATTAGCTAACCGTTATGTICGT
CN-Es8 ACGACCGCGAAAGATCTGTTTCCAGATACCGTTATGTCGT
CN-Es6 ACGACGAAATCTCATATCATGGACTTGCGAAGTTGGTCGT
CN-Esl6 ACGACGAAGTTTCGCATGACCTTAAGTCCCGTTTTGTCGT
CN-Es20 ACGACAGTTTGGCATGAGTACTCCATACTCCCCTTGTCGT
CN-Esl5 ACGACGTGGCTGGTAGGCAAAAATAATTTTTGGGGGTCGT
CN-Esl7 ACGACGGGGTAAGTGTGTCCCTTTGTTATAGGGGTGTCGT
CN-Es5 ACGACTTCGAAACGCAGTTTAACGATGCAATATTTGTCGT

Figure 1. Alignment of the top 20 aptamer sequences in the round 12 library. The nucleotides
from the primer-binding regions are in underline. Conserved sequences are shown in green and
yellow, and hairpin structures are shown in blue and orange. The percentages of sequences in each
family are out of a total of 50728 sequences. The most abundant sequence in each family

highlighted in yellow was tested experimentally.

High affinity aptamers for E2

The secondary structures of the top three sequences (belong to three different families) predicted
by Nupack are shown in Figure 2A-2C, and they all possess a bulged two-way junction structure.
To measure aptamer binding, we performed isothermal titration calorimetry (ITC) by titrating 100

uM E2 into 5 pM aptamers, and the rate of heat released was recorded (Figure 2D-F, top panels).
8
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All the reactions were exothermic as indicated by the downward spikes of the thermograms and
the net heat was integrated and fitted to a one-site binding model (Figure 2D-F, lower panels). The
K4 was calculated to be 83 + 25 nM for CN-Esl, 30 + 14 nM for CN-Es2 and 157 + 39 nM for
CN-Es3. Such affinities are comparable with aptamers binding to other steroids such as
testosterone (80 nM) and cortisol (30-140 nM).>* For the subsequent studies, we focused on CN-
Esl and CN-Es2 since they have lower Ka.
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Figure 2. The secondary structures of the three aptamers: (A) CN-Es1, (B) CN-Es2, and (C) CN-
Es3. The conserved regions based on primary sequence alignment are shown in green and yellow,
and the hairpin structures are shown in blue and orange. The ITC data of titrating 100 pM E2 into
5 uM (D) CN-Esl, (E) CN-Es2, and (F) CN-Es3.

The thermodynamic values from the ITC data are listed in Table 1. All the three tested aptamers
had large negative AH values, whereas their AS values were negative or close to zero. Therefore,

their binding was dominated by the enthalpy term. For aptamers with more heat released, the

9
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entropy decrease was also larger, leading to similar K4 values. This entropy-enthalpy compensation
can be explained by tighter binding (more negative enthalpy) accompanied with less freedom of
motion (more entropy loss). It is interesting to note that the entropy term was quite different for
these three aptamers, implying that these aptamers bind to E2 via different ways, which is

consistent with their belonging to different families.

Table 1. The thermodynamic values of the ITC experiments.

Aptamer Stoichiometry (N) K4 (nM) AH (kcal/mol) AS (cal/K/mol)
CN-Esl 1.20 £0.02 83 + 25 -189+0.5 -30.9

CN-Es2 1.50 £0.02 30+ 14 -10.0+0.3 0.9

CN-Es3 1.58 +£0.03 157 +39 -13.4+04 -14.0

BES.1 2.6 +0.1 1105 + 407 -1.9+0.1 20.9

Fluorescent Sensing of E2

After confirming the strong binding affinities of our aptamers, we then developed biosensors based
on aptamer CN-Es1 and CN-Es2 to detect E2 using the strand displacement method.?!"> 3% 3! We
extended the aptamer strands by a few nucleotides (the orange regions in Figure 3A or Figure 3D)
and labeled a FAM fluorophore. Then, a 12-mer DNA with a quencher label was hybridized to
quench the fluorescence. In the presence of E2, the aptamers would bind to E2, form a hairpin
structure, and release the quencher-labeled strand, resulting in a fluorescence increase.>® The ratio

of the fluorophore-labeled and quencher-labeled strands was 1:2 to achieve a low background.

Different concentrations of E2 ranging from 2 nM to 50 uM were added to evaluate the sensitivity.
When E2 was added, the fluorescence signal increased immediately and remained stable for the
next 30 min (Figure 3B, C). For the CN-Esl sensor, based on the fluorescence signal at 20 min,
the linear range was 10 nM to 200 nM (inset of Figure 3C). The limit of detection (LOD) was
calculated to be 9.1 nM using 3o/slope, whereas ¢ was the variation of the background signal. The

apparent Kq from the sensor data was 162 nM, which just doubled the K4 from ITC. For the CN-

10
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Es2 sensor (Figure 3E, F), the linear range was 5 nM to 100 nM (inset of Figure 3F), and the LOD
was 3.3 nM. The apparent Kq from the sensor data was 103 nM, about three times of the Ka from
ITC. Such a small increase in the apparent K4 can explain the relatively high background
fluorescence, since the quencher-labeled strand was not a strong competitor. These results

demonstrated that the sensors responded to E2 with good sensitivity.

To rule out fluorescence increase due to the intrinsic fluorescence of E2, we followed the
fluorescence of E2 without the sensors, and no time or E2 concentration dependent fluorescence
change was observed under our excitation and emission settings (Figure S3). We then added E2 to
another sensor using the adenosine aptamer,* which did not respond to E2 (Figure S4). Therefore,
the observed fluorescence increase here was due to the strand displacement reaction instead of
artifacts. Compared to some previously published aptasensors for E2 (Table S4), our sensors had
similar LOD, but our aptamers were much shorter and our detection time was also shorter (20 min
versus 40 min to several hours). In addition, we did not use any nanomaterial or signal
amplification methods, which can drive up sensitivity, although they also make the detection more

complex.
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Figure 3. Aptamer-based fluorescent biosensors for the detection of E2. The schematic of (A) CN-
Esl and (D) CN-Es2 based sensors. Kinetic traces of 20 nM (B) CN-Es1 and (E) CN-Es2 sensors
in the presence of various concentration of E2 ranging from 2 nM to 50 uM. E2 was added at ~4

min to the sensing buffer. Fluorescence intensity as a function of E2 concentration of (C) the CN-
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Esl sensor, and (F) the CN-Es2 sensor. Insets: the linear range and regression line at low E2

concentrations. The error bars indicate the standard deviation from three repetitions.
Sensing estrogens as a group and E2 specifically

For the selectivity test, 2 uM E2, its analogs, and other small molecules were respectively added
to the CN-Es1 (Figure 4A) and CN-Es2 sensors (Figure 4B). The structures of these molecules are
shown in Figure 4C. The F/Fo value was used to evaluate the response. For the CN-Esl sensor, E1
and EE2 also showed high F/Fo values, demonstrating that aptamer CN-Es1 can bind to E1, E2
and EE2. Meanwhile, the other tested molecules had little response. We speculated that CN-Es1
binds to the common structure of these molecules in a way as shown in the orange lines in Figure

4C.

(A) 24 (©)
CN-Es1 sensor B-Estradiol (E2) Estrone (E1) 17a-Ethynylestradiol (EE2)
2.0
.l b on
w
e 08
12] 0L
' iy = HO HO
N N 3 S o g & N-E
¢ ¢ g o()o&r, &\&o ) &
& o
(B) 24
o CN-Es2 sensor Deoxycholic acid (DA) Cortisol Thymidine Dopamine

N
& & é::]’ o {.\\;,0 ) \6@“ é‘&
S & &
& °

Figure 4. Specificity test of two biosensors with 2 uM E2 and other molecules: (A) the CN-Esl
sensor; and (B) the CN-Es2 sensors. The error bars indicate the standard deviation of three
repetitions. (C) The structure of the molecules in the specificity test. The orange curve indicates a
possible orientation of CN-Esl aptamer binding to E2, and the purple curve indicates a possible

way of CN-Es2 binding to E2.
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For the CN-Es2 sensor, E2 showed the highest fluorescence enhancement followed by El.
Interestingly, EE2 showed no fluorescence increase. Therefore, compared to CN-Es1, CN-Es2 had
better selectivity for E2. The selectivity for E2 over E1 is 5-fold based on their Kq4 difference from
ITC (Figure S5). Since E2 and E1 differ only by a hydrogen atom (a keto oxygen and a hydrogen
group), this selectivity is reasonable. EE2 has an additional ethynyl group, which may pose a large
steric hindrance in the aptamer binding pocket, leading to poor binding. Based on the selectivity,

we proposed that CN-Es2 binds to E2 in a way shown by the purple line in Figure 4C.

For both aptamers, some other less related molecules such as cortisol, deoxycholic acid, thymidine,
and dopamine showed no response. We reason that both aptamers are useful for environmental
analytical chemistry. The CN-Es1 aptamer can detect the three estrogens as a group, while CN-

Es2 shows better selectivity towards E2.
Metal-dependent binding of E2

Since environmental water samples may have various types and concentrations of metal ions, it is
important to understand the requirement of metal ions for aptamer binding and sensing. Our typical
sensing buffer contained 100 mM Na* and 10 mM Mg?". We first added 0.1 mM Ca?*, Mn** or
Zn’" as potential interfering metal ions, and both sensors worked similarly (Figure S6), indicating
that the sensors were not interfered by them. We then fully removed Na* from the sensing buffer,
which did not affect the detection either. Finally, after removing Mg®" from the sensing buffer,
neither the CN-Esl nor the CN-Es2 sensor responded to E2. Therefore, both aptamers required
Mg** for E2 binding. The need for Mg*" was also confirmed by ITC (Figure S7).

Detection of E2 in Wastewater

To evaluate the aptamers in real environmental water samples, we further challenged our sensors
with wastewater samples, which was very turbid and colored (Figure 5A). After allowing the
samples to sit still for 24 h, the supernatant became clear and the large particles precipitated. We
then collected the supernatant to test the sensors by spiking various concentrations of E2. We tested
the selectivity of the two sensors in the wastewater samples and similar results as that in buffer
were also achieved (Figure 5B, 5C). Based on the fluorescence signal at 20 min, the linear ranges
of the two sensors were 10 nM to 100 nM (Figure 5D, 5E). The results indicated that our aptamers

can bind to E2 in very challenging environmental water samples. Due to the high sensitivity of
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As mentioned in the introduction part of this work, at least six previous DNA aptamer selections
for E2 were reported by different research groups.?* 2% 3933 The two most commonly used E2
aptamers in designing biosensors were a 76-mer aptamer (Gu group),’* and a 75-mer aptamer
(Hodgkiss group).?® In this work, we called them 76-mer-G and 75-mer-H, respectively. The
E2Apt] is an 84-mer sequence,’! the aptamers reported by Vanschoenbeek et al were around 80-

mer (Apta6A being a representative sequence),’” the E28 is an 89-mer sequence,*? while the BES. 1
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is a short 43-mer sequence.’® We aligned all these six aptamers along with our CN-Es1 to CN-Es5
sequences using Clustal Omega (Figure 6A). The overall alignment was poor, suggesting that these
sequences were not much related. A closer look at the sequences revealed that the 75-mer-H and
E2Apt]1 had the most similarity (Figure S8), although the majority of their similar nucleotides were

in the constant primer binding regions of the libraries.

After analyzing their primary sequences, we then compared their secondary structures (Figure 6B-
G). Based on DMF footprinting, the E2Apt1 aptamer has some of the E2 protected guanines in the
structureless regions (e.g., G54 in Figure 6B), making it difficult to perform truncation.’! The E28
aptamer contained multiple hairpin structures, but no truncated E28 aptamers were reported so far
(Figure 6E). Thus, we did not study these two aptamers further. While a systematic truncation
study was recently performed for the 76-mer-G aptamer using a gold nanoparticle based assay,?’
the optimal sequence named E09 was from nucleotide 58 to 72 (Figure 6C), which likely belong
to the constant primer binding region instead of the random region. So, this is unlikely to be a
successful truncation study and gold nanoparticles are known to be susceptible to artifacts in such
assays.’® The truncation of the 75-mer-H aptamer seems to be reasonable (Figure 6D), since the
truncated 22-mer folds into a discernible hairpin structure. BES.1 aptamer was already truncated
down to 43-mer folding in a three-way junction structure (Figure 6F). Finally, AptabA forms a

three-way junction and is a very long sequence (Figure 6G).

(A) AptabA = —---=--- ACCAGCACAGAGCTCAGTTCCTCCAATCACCACCTCT CCATACCTTACCTTTATACTCCCOCCTATGCCCTCCTA= ===~~~ CCGTGA--A--- 80
BES.1-6bp ~--CGGCACGACATGGATT-===TTCCATCAACCARCT Cmmmmmm———————— e TCCETCCCmmmmmmmmmmmmm—m e — e — e 41
E28 TA ARCACAACCACATATCATACATATCCO AR TCCTGACC--GGAGG--CTGACCGGAGT ARTT-CACTAGTA--=-===-= CATCAC--CACT 86
76-mer-G =-=-GCTTCCAGCTT-~—========= AMPG- e caaa- -AATTACACCCACA TAGC CTCTGCGCATTCAATTCCTCGCECGCTCAACGCEC AAGC 76
CN-Es5 = =—-=---- ACGACTTC--GAAACGCAGT--========== TTAACGATGCARTAT —==-TIGTCCT === ==== === m—es e cccc e e — e e — e e ——————— 40
CHN-Esl = ——--=———-=-——-===-=--- ACCACCCTCCCAT CA----ACATAAC TTCCCCCT T ARRACTTCC -~ =~ — === === - - — oo —————e— 40
CN-Es4 ——---mmmmmmmmmm -ACCACCAT AGGTA----TCAACTTCATACCCTAGGATGTCET - ————— === c e cmcc— e me == 40
CH-ES2 ~—---ccccccccccccccccceaa—— CGACTTA------ ACCTATCTCATCTTACTTCTACTTCAACTCC === mmmmmm e e mmm e m e mmmm—m 38
75-mer-H ===-ATACCACCTTCTTCAATAC--============= AR ATCCCGTTT CCCAACTTCCGGCATACTCT TCATA-=-==-= TAACACC--AATC 75
E2Aptl —-=-=-CCAAGCECTAGAACAT CCAC ACCCA ACACTCACACCCECTCOCTCACAGTACATCAGACTTAGCTGATC ————= TGATGG-——————— 84
CN-ES3  ========cc===== ACGACCCCET T T GACTARAAGEACACTTTCECATECTCCT======mmm==mmmmmmm-==-==mmm=======s=s======== 40

(B) E2Apt1 () ?) (D) (E)

.

%{i 76-mer-G w 75-mer-H
Oy ) \ )
. oo

Figure 6. (A) Alignment of the six previously reported E2 aptamers and the CN-Es1 to CN-Es5
sequences from this work. The nucleotides from the random regions are highlighted in gray (if
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reported). (B-G) The secondary structure of the six previously reported E2 aptamers. The orange

circles indicate the truncated aptamers reported in the literature.

In 2017, the O’Sullivan group did a comprehensive comparison of binding assays of four E2
aptamers (76-mer-G, 75-mer-H, Apta6A and E2Aptl) using microscale thermophoresis, surface
plasmon resonance and PCR.>” For most of the assays, the full-length aptamers were used, and the
general conclusion was that the measured Kq values matched with the previously reported values.
Therefore, in our current work, we focused on truncated aptamers, which are more desirable for

biosensor design.

We compared E09 (truncated from 76-mer-G), 22-mer-truncated-H (from 75-mer-H) and BES. 1.
Their secondary structures are shown in Figure 7A-C. Then ITC was performed by titrating E2
into them in their respectively reported buffers. For E09, no heat change was observed (Figure 7D).
This is not surprising since E09 is unlikely to be a viable truncated structure as it is in the primer
binding region.?’ Similarly, no heat was observed for 22-mer-truncated-H (Figure 7E). This
truncation was also based on gold nanoparticles,?’ which could be susceptible to artifacts such as

target adsorption.*®

For the BES.1 aptamer, an exothermic binding reaction was observed (Figure 7F), and the Kq was
calculated to be 1.1 £ 0.4 uM using a one-site binding model. It indicated that the BES.1 has 13-
fold and 37-fold weaker binding compared to CN-Es1 and CN-Es2 respectively. Since the BES.1
library was pre-structured to fold in a three-way junction with only 8 randomized nucleotides, it is
understandable that the binding was suboptimal.** Therefore, for the truncated aptamers, only
BES.1 (43-mer) and our newly selected aptamers (38-40 mer) showed binding. All the other
aptamers were longer than 75-mer with complex secondary structures. Overall, the new aptamers
reported in this work have the combined advantages of being short and having high binding

affinities.

As shown in Table 1, BES.1 has a binding stoichiometry greater than 2, suggesting the possibility
of binding multiple E2 molecules. In addition, it has a large positive entropy change. In fact, the

TAS term contribution to its binding was even greater than the enthalpy term, suggesting that its
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molecules to increase the system’s entropy as a way of enhancing binding).

(A) (B)

22-mer-
Truncated-H

(D) Time (min) (E) Time (min) (F) Time (min)
-0 0 10 20 30 40 50 B0 70 80 90 01-10 0 10 20 30 40 50 60 70 80 90 0 0 10 20 30 40 50 60 70 80 90
. T I e 004

0.02 4

» 1 ‘T ﬂWl”‘“‘7?““‘(““'“(“/.%\. o Wﬁ'% m ”ﬁﬁﬁn ]

)
o

PRI

o
o
1

004 ] I

-0.06
-0.08
T T

Hcal/sec
pcallsec
pcal/sec

IM)M ]
-0.10 B

04 . } i 012

1 -0.14

] T T T T 0.3 018
1T L T T T T T T T

B glggm [ ]

(21 L ] e ol 'l“I......l.“.._-.._..

2] ] 2

4

6

-8 4

kcal/mole of injectant
E
TR S A
kcal/mole of injectant
=]
kcal/mole of injectant

R T B e e T T T T
05 00 05 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40 45 o 1 2 3 4 5 & 7 8 9

Molar Ratio Molar Ratio Molar Ratio

Figure 7. The secondary structure of the three previously reported truncated E2 aptamers: (A) E09;
(B) 22-mer-truncated-H, and (C) BES.1. The arrows indicates the 3'-ends. The ITC data of the
aptamers in their respective selection buffers: (D) E09, (E) 22-mer-truncated-H, and (F) BES.1.

Discussion

While at least six DNA aptamer selections were previously reported using E2 as the target, a
careful analysis revealed that those aptamers were either too long, difficult to truncate, or with low
to no binding affinities after truncation. In addition, the majority of the selections were performed
by using immobilized E2 molecules, which may hinder optimal aptamer binding to the free target.
In this work, we selected new aptamers by using an immobilized and fully random DNA library

and free E2. Using ITC to verify the binding, the K4 values were from 30 nM to 157 nM for the
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most abundant three aptamers. For the specificity, CN-Esl has a similar affinity to the three
estrogens. CN-Es2 bound to E2 with the highest affinity, but showed no response to EE2.

We developed two aptamer-based structure-switching fluorescent biosensors for the detection of
E2 with the LOD down to 3.3 nM. In addition, wastewater was tested and the sensors could also
work in this very challenging sample, highlighting the high stability of DNA. Future work to use
these aptamers can be focused on the extraction of E2 from water, such as the packing the aptamers
on a column and the development of portable detection systems for on-site detection. The
feasibility of using aptamers for in vivo analysis such as E2 in fish tissues is also a topic of great

environmental interest.>®

Finally, we compared our aptamers with all the previously reported ones using primary sequence
alignment and secondary structure analysis. Using ITC, we compared all the E2 aptamers with
reported truncated sequences. Only one of them showed a Kq of 1.1 uM, while the rest two did not
bind. Therefore, our newly selected aptamers have the combined advantage of small size and high
affinity. Given the importance of E2 in environmental chemistry, our new aptamers will find

applications in the extraction and detection of E2 and related compounds.
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DNA sequences used in this work (Table S1). Selection conditions (Table S2). The proportion of
CN-Esl to 5 in each round (Table S3). Comparison of fluorescent aptamer biosensors (Table S4).
The SELEX scheme used in this study (Figure S1). Using real-time PCR to monitor the progress
of the selection (Figure S2). The verification of the feasibility of the sensor (Figure S3 and S4).
The ITC data of the binding of E1 and EE2 (Figure S5). The effect of different metal ions in
samples on binding (Figure S6). ITC data of aptamer binding without Mg?* (Figure S7). Alignment
of the aptamers 75-mer-H and E2Apt1 (Figure S8).
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