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Abstract 13 

Estrogenic compounds such as estrone (E1), 17-estradiol (E2), and 17α-ethynylestradiol (EE2) 14 

are serious environmental contaminants due to their potent biological activities. At least six 15 

selections were previously reported to obtain DNA aptamers for E2, highlighting its environmental 16 

importance. A careful analysis revealed that the previous aptamers are either too long or do not 17 

bind optimally. Herein, a series of new aptamers were obtained from the capture-SELEX method 18 

with dissociation constants down to 30 nM as determined by isothermal titration calorimetry (ITC). 19 

Two aptamers were converted to structure-switching fluorescent biosensors, which achieved limit 20 

of detection down to 3.3 nM and 9.1 nM E2, respectively. One aptamer showed similar binding 21 

affinities to all the three estrogens, while the other aptamer is more selective for E2. Both aptamers 22 

required Mg2+ for binding. The proposed sensors were successfully applied in the determination 23 

of E2 in wastewater. Moreover, comparisons were made with previous aptamers based on primary 24 

sequence alignment and secondary structures. Among previously reported truncated aptamers, ITC 25 

showed binding only in one of them. The newly selected aptamers have the combined advantages 26 

of small size and high affinities.  27 

 28 

Keywords: estrogens; aptamers; water; biosensors; environmental monitoring 29 

 30 

Synopsis: A group of short DNA aptamers were selected to monitor 17-estradiol and related 31 

estrogens individually and collectively in environmental water samples, demonstrating 32 

comparative advantages to previously reported aptamers.  33 
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Introduction 34 

17-estradiol (E2) is a natural estrogen steroid and a major female sex hormone. It is a key 35 

regulator of growth, differentiation, and function in a wide range of tissues, including the 36 

reproductive system, mammary glands, skeletal system, and cardiovascular system.1 Some closely 37 

related compounds include natural estrone (E1) and synthetic 17α-ethynylestradiol (EE2), which 38 

is the active component of contraceptive pills.  39 

Estrogen hormones and their metabolites have emerged as a serious environmental problem due 40 

to their overuse in medicine and livestock farming.2, 3  A seven-year study on an experimental lake 41 

area in northwestern Ontario, Canada, showed that chronic exposure to low levels (ng/L) of EE2 42 

had led to the production of vitellogenin mRNA and protein. This in turn caused the feminization 43 

of male fish and ultimately led to the extinction of the species from the lake.4 To manage this 44 

environmental problem, a highly reliable, convenient and sensitive analytical method of E2, as 45 

well as other estrogenic compounds such as E1 and EE2 is required. 46 

The current methods for the detection of E2 include HPLC-MS5 and GC-MS.6  However, these 47 

techniques need expensive instrumentation, intricate sample pre-treatment and skilled technicians. 48 

Furthermore, they are available only in centralized labs thus disallowing onsite detection. In recent 49 

years, various biosensors have been developed for the measurement of E2, including 50 

electrochemistry,7-9 fluorescence,10, 11 and colorimetry.12-14 In addition, sensors involving 51 

nanomaterials have also been reported.15-18 52 

Aptamers are single-stranded oligonucleotides selected to bind target molecules. Compared to 53 

antibodies, DNA aptamers offer a number of advantages such as programmable structures, more 54 

stable and more cost-effective making them highly attractive for the detection of E2.19-21 While 55 

immunoassays for E2 have been developed, they need to be carried out in a competitive assay 56 

format (i.e. signal-off sensors).22 With site-specific labeling and programmability, aptamers can 57 

be coupled with various signaling platforms for signal-on detection of small molecules in 58 

environmental samples.23 In fact, E2 is probably the most popular target for the selection of DNA 59 

aptamers with at least six different labs reporting it. The first E2 aptamer was reported by the Gu 60 

group in 2007.24 This 76-mer aptamer (Kd 130 nM) has been used in many sensors in its full-61 

length,25, 26 and little efforts were made to truncate it.27 In 2014, the Hodgkiss group reported a 75-62 
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mer DNA aptamer.28 Based on the intrinsic fluorescence of E2 and a filtration assay, the Kd was 63 

determined to be 50 nM. In 2015, using a gold nanoparticle (AuNP) assay, this aptamer was 64 

truncated from 75-mer to 35-mer (14 nM Kd) and 22-mer (11 nM Kd).29 In 2015, Vanschoenbeek 65 

et al reported a series of E2 aptamers using different negative selection targets, but most of the 66 

aptamers have Kd around 10 µM.30 In 2015, the Silverman group selected an aptamer named 67 

E2Apt1 with a Kd of 0.6 µM measured by dimethylsulphate (DMS) footprinting.31 In 2019, in a 68 

one-pot selection work for multiple steroids, an 89-mer aptamer named E28 was reported with Kd 69 

ranged from 2.2 nM to 15.2 nM E2.32 70 

The abovementioned five aptamers were isolated by immobilization of target molecules. In 2012, 71 

using the library immobilization method, the Stojanovic lab selected an aptamer for E2 named 72 

BES.1.33 The DNA library was pre-structured to fold in a three-way junction and contained only 73 

eight randomized nucleotides, which may not achieve the best aptamers.34 Aside from these six 74 

DNA aptamer selections, there are also RNA aptamers for E2.35 While these aptamers are quite 75 

different in length, sequence, and predicted secondary structure, they have been extensively used 76 

to detect E2 in various biosensors.36-40 77 

After reading the literature and our own experiments, we found that the current aptamers were 78 

either used in their full length (little effort made in truncation) or showed poor or no binding (vide 79 

infra). Therefore, short, high affinity DNA aptamers for E2 are still needed. Herein, we performed 80 

a new selection by immobilizing a fully randomized DNA library, which was never performed 81 

before for E2. A few new aptamers were obtained with low nM affinities, two of which were 82 

designed in fluorescent biosensors for the detection of E2 in wastewater. Finally, we also compared 83 

a few truncated aptamers for binding to E2. 84 

 85 

Materials and Methods 86 

Chemicals 87 

The DNA samples used in this study were purchased from Integrated DNA Technologies 88 

(Coralville, IA, USA, see Table S1 for sequences). Streptavidin agarose resin was purchased from 89 

Fisher Scientific. 17β-Estradiol (E2), estrone (E1), 17α-ethynylestradiol (EE2), deoxycholic acid, 90 

cortisol, thymidine, dopamine, sodium chloride, magnesium chloride, sodium hydroxide, 91 
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hydrochloric acid, tris(hydroxymethyl)aminomethane, and Amicon Ultra-0.5 centrifugal filter unit 92 

(3k and 10k molecular weight cut off) were purchased from Millipore-Sigma (Oakville, ON, 93 

Canada). 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) and its sodium salt form 94 

were purchased from Biobasic Inc. (Markham, ON, Canada). SsoFast EvaGreen supermix was 95 

from Bio-Rad. dNTP mix, Taq DNA polymerase with ThermoPol buffer, and the low molecular 96 

weight DNA ladder were purchased from New England Biolabs (Ipswich, MA, USA). All buffers 97 

and solutions were prepared with Milli-Q water. 98 

Buffers 99 

SELEX buffer: 20 mM Tris, pH 7.4, 500 mM NaCl, 10 mM MgCl2. Strand separation buffer: 20 100 

mM Tris, pH 7.4, 250 mM NaCl. Sensing buffer: 20 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM 101 

MgCl2. Mg2+-free sensing buffer: 20 mM HEPES, pH 7.4, 100 mM NaCl. Na+-free sensing buffer: 102 

20 mM HEPES, pH 7.4, 10 mM MgCl2. E09 buffer: 100 mM Tris-HCl, pH 8.0, 200 mM NaCl, 10 103 

mM MgCl2, 25 mM KCl, 5% ethanol.24 22-mer-truncated-H buffer: 2 mM HEPES, pH 7.5, 10 104 

mM NaCl, 0.2 mM MgCl2, 0.5 mM KCl, 0.1 mM CaCl2, 5% ethanol.29 BES.1 buffer: 20 mM Tris, 105 

pH 7.4, 1 M NaCl, 10 mM MgCl2.33 106 

SELEX for E2 107 

The aptamer selection method was based on previous reports of the Stojanovic group with slight 108 

modifications.41 For each round of selection, the single-stranded DNA library (500 pmol) was first 109 

annealed with biotinylated capture strand (2500 pmol) in 250 µL SELEX buffer followed by a 110 

slow cooling to room temperature. Meanwhile, 250 μL of streptavidin agarose resin was 111 

transferred into a column and washed five times with 500 μL of the SELEX buffer. The annealed 112 

DNA was then repeatedly cycled through the streptavidin agarose resin and washed 12 times with 113 

500 μL of SELEX buffer. After washing, 250 μL of E2 solution was cycled through 3 times and 114 

the eluted DNA was collected (total 750 μL). The collected eluent was further concentrated and 115 

purified with Milli-Q water using a 3k centrifugal filter. The final volume of the purified DNA 116 

was adjusted to 60 μL using Milli-Q water. PCR was then performed to obtain 2 mL of amplicon 117 

using the biotinylated reverse primer, which was further concentrated and purified with the strand 118 

separation buffer using a 10k centrifugal filter. After loading the purified PCR product onto a 119 

column and washed 10 times with 500 μL of strand separation buffer, 600 μL of 0.2 M NaOH was 120 

added and the eluted ssDNA library was neutralized with HCl. Finally, the library was washed 4 121 
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times with Milli-Q water and washed 2 times with strand separation buffer in a 3k centrifugal filter. 122 

The purified library was dissolved in 55 μL strand separation buffer and quantified using a Spark 123 

microplate reader (Tecan). The amount of library used in each round is shown in Table S2. The 124 

PCR product of the round 8, 9, 11 and 12 libraries were sequenced by the Illumina method as 125 

described previously.42 Sequencing results were analyzed with Geneious Prime and Clustal Omega. 126 

Isothermal titration calorimetry (ITC) 127 

ITC was performed using a VP-ITC microcalorimeter instrument (MicroCal) following previously 128 

reported procedures.43 Prior to each measurement, all of the solutions were degassed for 5 min to 129 

remove air bubbles. DNA aptamer (5 μM) in buffer was loaded in the ITC cell (1.45 mL) at 25°C. 130 

E2 (100 μM) in the same buffer was titrated (20 μL each time) into the cell through a syringe, 131 

except for the first injection (2 μL). For the BES.1 aptamer, the combination of 10 μM aptamer 132 

and 400 μM E2 was used. The enthalpy (ΔH) and association constant Ka were obtained by fitting 133 

the titration curves to a one-site binding model using the Origin software. Sensing buffer was used 134 

for aptamer CN-Es1, CN-Es2 and CN-Es3. The E09 buffer was used for aptamer E09. The 22-135 

mer-H buffer was used for aptamer 22-mer-H, and the BES.1 buffer was used for aptamer BES.1. 136 

Detection in buffer 137 

FAM-labeled E2 aptamer (1 μM FAM-CN-Es1 or FAM-CN-Es2) or FAM-labeled adenosine 138 

aptamer was annealed with 2 μM quencher-labeled strand in the sensing buffer to obtain sensor 139 

complex stocks. Typically, the sensor reaction contained 20 nM sensor complex in 98 μL sensing 140 

buffer. The background fluorescence signal was monitored for 5 min. Then, 2 μL E2 of various 141 

concentrations was added. The signal kinetics were continuously monitored for 20 min (excitation 142 

at 485 nm; emission at 520 nm). For the specificity experiment, the final concentrations of E2 and 143 

other molecules were 2 μM. In the specificity test of the two biosensors for E2, the F/F0 values 144 

were used to indicate the sensor response, where F is the fluorescence signal in the presence of a 145 

target and F0 is the fluorescence signal before adding the target.  146 

Detection in real samples  147 

The wastewater sample was collected from Kitchener, ON, Canada. After allowing the water 148 

samples to stand still in a fridge for 24 h, the supernatant was collected and the sensing buffer was 149 

added. Then, 10 μL of 40 μM, 20 μM, 10 μM, 7.5 μM, 5 μM and 1 μM E2 were added into 1 mL 150 
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wastewater samples to prepare 400 nM to 10 nM E2 in sensing buffer, respectively (final 151 

wastewater in the sensor sample was 99%). FAM-labeled E2 aptamers were annealed as described 152 

above in the sensing buffer. For the detection of E2 in wastewater, the 1 μL of 10 μM sensor 153 

complex stock was added into 100 μL buffered wastewater (final sensor 100 nM) containing 154 

various concentrations of E2. Then, the fluorescence signal was collected (excitation at 485 nm; 155 

emission at 520 nm). For the specificity experiment in wastewater, the final concentrations of E2, 156 

E1 and EE2 were 200 nM.  157 

 158 

Results and Discussion 159 

Capture-SELEX for E2 160 

In this work, we used the capture-SELEX method42, 44-47 by immobilization of a library with a 30-161 

nucleotide random region (N30) via hybridization. The N30 region was fully randomized and the 162 

two flanking constant primer binding regions can fold the library into an overall stem-loop 163 

structure (see Table S1 for DNA sequences). A scheme of the selection method is shown in Figure 164 

S1. The E2 concentration was gradually decreased from 100 µM to 5 µM during the 12 rounds of 165 

selection (see Table S2 for the selection conditions). We used real-time PCR to monitor the 166 

concentration of eluted DNA and thus the progress of the selection (Figure S2). Initially, the 167 

difference of the PCR cycles to emerge fluorescence signal (Ct value) between washing the 168 

immobilized library with buffer and with E2 was close to zero. After 6 rounds of selection, the 169 

difference gradually increased and reached 5 cycles for the last three rounds, suggesting the 170 

enrichment of aptamers. 171 

Finally, the round 8, 9, 11 and 12 libraries were sequenced. For round 12, out of a total of 50728 172 

sequences obtained, we analyzed the top 20 most abundant sequences (named CN-Es1 to CN-Es20 173 

respectively) and they can be divided into three major families along with some other sequences 174 

(Figure 1). CN-Es1 and CN-Es13 comprised the most abundant family 1 and they have circular 175 

permutation sequences, which are typical for small molecular binding aptamers.48, 49 Families 2 176 

and 3 also have long stretches of conserved nucleotides. We analyzed the percentage of the five 177 

most abundant sequences in round 12 and their presence in the other rounds (Table S3). 178 
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Interestingly, the first 4 sequences all gradually increased by at least 10-fold from round 8 to round 179 

12. The change in abundance suggested the enrichment of aptamers with high affinities. 180 

 181 

 182 

Figure 1. Alignment of the top 20 aptamer sequences in the round 12 library. The nucleotides 183 

from the primer-binding regions are in underline. Conserved sequences are shown in green and 184 

yellow, and hairpin structures are shown in blue and orange. The percentages of sequences in each 185 

family are out of a total of 50728 sequences. The most abundant sequence in each family 186 

highlighted in yellow was tested experimentally. 187 

 188 

High affinity aptamers for E2 189 

The secondary structures of the top three sequences (belong to three different families) predicted 190 

by Nupack are shown in Figure 2A-2C, and they all possess a bulged two-way junction structure. 191 

To measure aptamer binding, we performed isothermal titration calorimetry (ITC) by titrating 100 192 

μM E2 into 5 µM aptamers, and the rate of heat released was recorded (Figure 2D-F, top panels). 193 
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All the reactions were exothermic as indicated by the downward spikes of the thermograms and 194 

the net heat was integrated and fitted to a one-site binding model (Figure 2D-F, lower panels). The 195 

Kd was calculated to be 83 ± 25 nM for CN-Es1, 30 ± 14 nM for CN-Es2 and 157 ± 39 nM for 196 

CN-Es3. Such affinities are comparable with aptamers binding to other steroids such as 197 

testosterone (80 nM) and cortisol (30-140 nM).34 For the subsequent studies, we focused on CN-198 

Es1 and CN-Es2 since they have lower Kd.  199 

 200 

Figure 2. The secondary structures of the three aptamers: (A) CN-Es1, (B) CN-Es2, and (C) CN-201 

Es3. The conserved regions based on primary sequence alignment are shown in green and yellow, 202 

and the hairpin structures are shown in blue and orange. The ITC data of titrating 100 μM E2 into 203 

5 µM (D) CN-Es1, (E) CN-Es2, and (F) CN-Es3.  204 

 205 

The thermodynamic values from the ITC data are listed in Table 1. All the three tested aptamers 206 

had large negative H values, whereas their S values were negative or close to zero. Therefore, 207 

their binding was dominated by the enthalpy term. For aptamers with more heat released, the 208 
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entropy decrease was also larger, leading to similar Kd values. This entropy-enthalpy compensation 209 

can be explained by tighter binding (more negative enthalpy) accompanied with less freedom of 210 

motion (more entropy loss). It is interesting to note that the entropy term was quite different for 211 

these three aptamers, implying that these aptamers bind to E2 via different ways, which is 212 

consistent with their belonging to different families.  213 

 214 

Table 1. The thermodynamic values of the ITC experiments. 215 

Aptamer Stoichiometry (N) Kd (nM) ∆H (kcal/mol) ∆S (cal/K/mol) 

CN-Es1 1.20 ± 0.02 83 ± 25 -18.9 ± 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 ± 0.4 -14.0 

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

 216 

 217 

Fluorescent Sensing of E2 218 

After confirming the strong binding affinities of our aptamers, we then developed biosensors based 219 

on aptamer CN-Es1 and CN-Es2 to detect E2 using the strand displacement method.21, 50, 51 We 220 

extended the aptamer strands by a few nucleotides (the orange regions in Figure 3A or Figure 3D) 221 

and labeled a FAM fluorophore. Then, a 12-mer DNA with a quencher label was hybridized to 222 

quench the fluorescence. In the presence of E2, the aptamers would bind to E2, form a hairpin 223 

structure, and release the quencher-labeled strand, resulting in a fluorescence increase.50 The ratio 224 

of the fluorophore-labeled and quencher-labeled strands was 1:2 to achieve a low background.  225 

Different concentrations of E2 ranging from 2 nM to 50 μM were added to evaluate the sensitivity. 226 

When E2 was added, the fluorescence signal increased immediately and remained stable for the 227 

next 30 min (Figure 3B, C). For the CN-Es1 sensor, based on the fluorescence signal at 20 min, 228 

the linear range was 10 nM to 200 nM (inset of Figure 3C). The limit of detection (LOD) was 229 

calculated to be 9.1 nM using 3σ/slope, whereas σ was the variation of the background signal. The 230 

apparent Kd from the sensor data was 162 nM, which just doubled the Kd from ITC. For the CN-231 
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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 232 

was 3.3 nM. The apparent Kd from the sensor data was 103 nM, about three times of the Kd from 233 

ITC. Such a small increase in the apparent Kd can explain the relatively high background 234 

fluorescence, since the quencher-labeled strand was not a strong competitor. These results 235 

demonstrated that the sensors responded to E2 with good sensitivity.  236 

To rule out fluorescence increase due to the intrinsic fluorescence of E2, we followed the 237 

fluorescence of E2 without the sensors, and no time or E2 concentration dependent fluorescence 238 

change was observed under our excitation and emission settings (Figure S3). We then added E2 to 239 

another sensor using the adenosine aptamer,50 which did not respond to E2 (Figure S4). Therefore, 240 

the observed fluorescence increase here was due to the strand displacement reaction instead of 241 

artifacts. Compared to some previously published aptasensors for E2 (Table S4), our sensors had 242 

similar LOD, but our aptamers were much shorter and our detection time was also shorter (20 min 243 

versus 40 min to several hours). In addition, we did not use any nanomaterial or signal 244 

amplification methods, which can drive up sensitivity, although they also make the detection more 245 

complex. 246 

 247 

Figure 3. Aptamer-based fluorescent biosensors for the detection of E2. The schematic of (A) CN-248 

Es1 and (D) CN-Es2 based sensors. Kinetic traces of 20 nM (B) CN-Es1 and (E) CN-Es2 sensors 249 

in the presence of various concentration of E2 ranging from 2 nM to 50 μM. E2 was added at ~4 250 

min to the sensing buffer. Fluorescence intensity as a function of E2 concentration of (C) the CN-251 
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Es1 sensor, and (F) the CN-Es2 sensor. Insets: the linear range and regression line at low E2 252 

concentrations. The error bars indicate the standard deviation from three repetitions. 253 

Sensing estrogens as a group and E2 specifically 254 

For the selectivity test, 2 μM E2, its analogs, and other small molecules were respectively added 255 

to the CN-Es1 (Figure 4A) and CN-Es2 sensors (Figure 4B). The structures of these molecules are 256 

shown in Figure 4C. The F/F0 value was used to evaluate the response. For the CN-Es1 sensor, E1 257 

and EE2 also showed high F/F0 values, demonstrating that aptamer CN-Es1 can bind to E1, E2 258 

and EE2. Meanwhile, the other tested molecules had little response. We speculated that CN-Es1 259 

binds to the common structure of these molecules in a way as shown in the orange lines in Figure 260 

4C.  261 

 262 

Figure 4. Specificity test of two biosensors with 2 μM E2 and other molecules: (A) the CN-Es1 263 

sensor; and (B) the CN-Es2 sensors. The error bars indicate the standard deviation of three 264 

repetitions. (C) The structure of the molecules in the specificity test. The orange curve indicates a 265 

possible orientation of CN-Es1 aptamer binding to E2, and the purple curve indicates a possible 266 

way of CN-Es2 binding to E2.  267 

 268 
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For the CN-Es2 sensor, E2 showed the highest fluorescence enhancement followed by E1. 269 

Interestingly, EE2 showed no fluorescence increase. Therefore, compared to CN-Es1, CN-Es2 had 270 

better selectivity for E2. The selectivity for E2 over E1 is 5-fold based on their Kd difference from 271 

ITC (Figure S5). Since E2 and E1 differ only by a hydrogen atom (a keto oxygen and a hydrogen 272 

group), this selectivity is reasonable. EE2 has an additional ethynyl group, which may pose a large 273 

steric hindrance in the aptamer binding pocket, leading to poor binding. Based on the selectivity, 274 

we proposed that CN-Es2 binds to E2 in a way shown by the purple line in Figure 4C.  275 

For both aptamers, some other less related molecules such as cortisol, deoxycholic acid, thymidine, 276 

and dopamine showed no response. We reason that both aptamers are useful for environmental 277 

analytical chemistry. The CN-Es1 aptamer can detect the three estrogens as a group, while CN-278 

Es2 shows better selectivity towards E2.  279 

Metal-dependent binding of E2 280 

Since environmental water samples may have various types and concentrations of metal ions, it is 281 

important to understand the requirement of metal ions for aptamer binding and sensing. Our typical 282 

sensing buffer contained 100 mM Na+ and 10 mM Mg2+. We first added 0.1 mM Ca2+, Mn2+ or 283 

Zn2+ as potential interfering metal ions, and both sensors worked similarly (Figure S6), indicating 284 

that the sensors were not interfered by them. We then fully removed Na+ from the sensing buffer, 285 

which did not affect the detection either. Finally, after removing Mg2+ from the sensing buffer, 286 

neither the CN-Es1 nor the CN-Es2 sensor responded to E2. Therefore, both aptamers required 287 

Mg2+ for E2 binding. The need for Mg2+ was also confirmed by ITC (Figure S7). 288 

Detection of E2 in Wastewater 289 

To evaluate the aptamers in real environmental water samples, we further challenged our sensors 290 

with wastewater samples, which was very turbid and colored (Figure 5A). After allowing the 291 

samples to sit still for 24 h, the supernatant became clear and the large particles precipitated. We 292 

then collected the supernatant to test the sensors by spiking various concentrations of E2. We tested 293 

the selectivity of the two sensors in the wastewater samples and similar results as that in buffer 294 

were also achieved (Figure 5B, 5C). Based on the fluorescence signal at 20 min, the linear ranges 295 

of the two sensors were 10 nM to 100 nM (Figure 5D, 5E). The results indicated that our aptamers 296 

can bind to E2 in very challenging environmental water samples. Due to the high sensitivity of 297 
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fluorescence, it is also possible to detect them using a portable fluorometer52 or other portable 298 

devices.53-55 299 

 300 

 301 

Figure 5. (A) Photograph of the raw wastewater sample and the supernatant after sitting for 24 h. 302 

Selectivity of the (B) CN-Es1 and (C) CN-Es2 sensors to 200 nM estrogens in the wastewater 303 

supernatant samples. Sensitivity of the (D) CN-Es1 and (E) CN-Es2 sensors in the wastewater 304 

sample.  305 

 306 

Comparison with Other Reported E2 Aptamers 307 

As mentioned in the introduction part of this work, at least six previous DNA aptamer selections 308 

for E2 were reported by different research groups.24, 28, 30-33 The two most commonly used E2 309 

aptamers in designing biosensors were a 76-mer aptamer (Gu group),24 and a 75-mer aptamer 310 

(Hodgkiss group).28 In this work, we called them 76-mer-G and 75-mer-H, respectively. The 311 

E2Apt1 is an 84-mer sequence,31 the aptamers reported by Vanschoenbeek et al were around 80-312 

mer (Apta6A being a representative sequence),30 the E28 is an 89-mer sequence,32 while the BES.1 313 
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is a short 43-mer sequence.33 We aligned all these six aptamers along with our CN-Es1 to CN-Es5 314 

sequences using Clustal Omega (Figure 6A). The overall alignment was poor, suggesting that these 315 

sequences were not much related. A closer look at the sequences revealed that the 75-mer-H and 316 

E2Apt1 had the most similarity (Figure S8), although the majority of their similar nucleotides were 317 

in the constant primer binding regions of the libraries. 318 

After analyzing their primary sequences, we then compared their secondary structures (Figure 6B-319 

G). Based on DMF footprinting, the E2Apt1 aptamer has some of the E2 protected guanines in the 320 

structureless regions (e.g., G54 in Figure 6B), making it difficult to perform truncation.31 The E28 321 

aptamer contained multiple hairpin structures, but no truncated E28 aptamers were reported so far 322 

(Figure 6E). Thus, we did not study these two aptamers further. While a systematic truncation 323 

study was recently performed for the 76-mer-G aptamer using a gold nanoparticle based assay,27 324 

the optimal sequence named E09 was from nucleotide 58 to 72 (Figure 6C), which likely belong 325 

to the constant primer binding region instead of the random region. So, this is unlikely to be a 326 

successful truncation study and gold nanoparticles are known to be susceptible to artifacts in such 327 

assays.56 The truncation of the 75-mer-H aptamer seems to be reasonable (Figure 6D), since the 328 

truncated 22-mer folds into a discernible hairpin structure. BES.1 aptamer was already truncated 329 

down to 43-mer folding in a three-way junction structure (Figure 6F). Finally, Apta6A forms a 330 

three-way junction and is a very long sequence (Figure 6G).  331 

 332 

Figure 6.  (A) Alignment of the six previously reported E2 aptamers and the CN-Es1 to CN-Es5 333 

sequences from this work. The nucleotides from the random regions are highlighted in gray (if 334 
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reported). (B-G) The secondary structure of the six previously reported E2 aptamers. The orange 335 

circles indicate the truncated aptamers reported in the literature. 336 

 337 

In 2017, the O’Sullivan group did a comprehensive comparison of binding assays of four E2 338 

aptamers (76-mer-G, 75-mer-H, Apta6A and E2Apt1) using microscale thermophoresis, surface 339 

plasmon resonance and PCR.57 For most of the assays, the full-length aptamers were used, and the 340 

general conclusion was that the measured Kd values matched with the previously reported values. 341 

Therefore, in our current work, we focused on truncated aptamers, which are more desirable for 342 

biosensor design. 343 

We compared E09 (truncated from 76-mer-G), 22-mer-truncated-H (from 75-mer-H) and BES.1. 344 

Their secondary structures are shown in Figure 7A-C. Then ITC was performed by titrating E2 345 

into them in their respectively reported buffers. For E09, no heat change was observed (Figure 7D). 346 

This is not surprising since E09 is unlikely to be a viable truncated structure as it is in the primer 347 

binding region.27 Similarly, no heat was observed for 22-mer-truncated-H (Figure 7E). This 348 

truncation was also based on gold nanoparticles,29 which could be susceptible to artifacts such as 349 

target adsorption.56  350 

For the BES.1 aptamer, an exothermic binding reaction was observed (Figure 7F), and the Kd was 351 

calculated to be 1.1 ± 0.4 μM using a one-site binding model. It indicated that the BES.1 has 13-352 

fold and 37-fold weaker binding compared to CN-Es1 and CN-Es2 respectively. Since the BES.1 353 

library was pre-structured to fold in a three-way junction with only 8 randomized nucleotides, it is 354 

understandable that the binding was suboptimal.34 Therefore, for the truncated aptamers, only 355 

BES.1 (43-mer) and our newly selected aptamers (38-40 mer) showed binding. All the other 356 

aptamers were longer than 75-mer with complex secondary structures. Overall, the new aptamers 357 

reported in this work have the combined advantages of being short and having high binding 358 

affinities.  359 

As shown in Table 1, BES.1 has a binding stoichiometry greater than 2, suggesting the possibility 360 

of binding multiple E2 molecules. In addition, it has a large positive entropy change. In fact, the 361 

TS term contribution to its binding was even greater than the enthalpy term, suggesting that its 362 
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binding was driven by entropy and likely hydrophobic interactions (e.g. release of associated water 363 

molecules to increase the system’s entropy as a way of enhancing binding).  364 

 365 

 366 

Figure 7. The secondary structure of the three previously reported truncated E2 aptamers: (A) E09; 367 

(B) 22-mer-truncated-H, and (C) BES.1. The arrows indicates the 3-ends. The ITC data of the 368 

aptamers in their respective selection buffers: (D) E09, (E) 22-mer-truncated-H, and (F) BES.1. 369 

 370 

Discussion 371 

While at least six DNA aptamer selections were previously reported using E2 as the target, a 372 

careful analysis revealed that those aptamers were either too long, difficult to truncate, or with low 373 

to no binding affinities after truncation. In addition, the majority of the selections were performed 374 

by using immobilized E2 molecules, which may hinder optimal aptamer binding to the free target. 375 

In this work, we selected new aptamers by using an immobilized and fully random DNA library 376 

and free E2. Using ITC to verify the binding, the Kd values were from 30 nM to 157 nM for the 377 
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most abundant three aptamers. For the specificity, CN-Es1 has a similar affinity to the three 378 

estrogens. CN-Es2 bound to E2 with the highest affinity, but showed no response to EE2. 379 

We developed two aptamer-based structure-switching fluorescent biosensors for the detection of 380 

E2 with the LOD down to 3.3 nM. In addition, wastewater was tested and the sensors could also 381 

work in this very challenging sample, highlighting the high stability of DNA. Future work to use 382 

these aptamers can be focused on the extraction of E2 from water, such as the packing the aptamers 383 

on a column and the development of portable detection systems for on-site detection. The 384 

feasibility of using aptamers for in vivo analysis such as E2 in fish tissues is also a topic of great 385 

environmental interest.58  386 

Finally, we compared our aptamers with all the previously reported ones using primary sequence 387 

alignment and secondary structure analysis. Using ITC, we compared all the E2 aptamers with 388 

reported truncated sequences. Only one of them showed a Kd of 1.1 μM, while the rest two did not 389 

bind. Therefore, our newly selected aptamers have the combined advantage of small size and high 390 

affinity. Given the importance of E2 in environmental chemistry, our new aptamers will find 391 

applications in the extraction and detection of E2 and related compounds.  392 
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