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Homogeneous assays for aptamer-based ethanolamine sensing: no indication of target binding
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Abstract

Ethanolamine is an important analyte for environmental chemistry and biological sciences. A few DNA
aptamers were previously reported for binding ethanolamine with a dissociate constant (k4) as low as 9.6
nM. However, most of the previous binding assays and sensing work used either immobilized ethanolamine
or immobilized aptamer. In this work, we studied three previously reported DNA sequences, two of which
were supposed to bind ethanolamine and the rest one could not bind. Isothermal titration calorimetry
revealed no binding for any of these sequences. In addition, due to their guanine-rich sequences, thioflavin
T was used as a probe. Little fluorescence change was observed with up to 1 pM ethanolamine. Responses
with millimolar ethanolamine was attributed to the general fluorescence quenching effect of ethanolamine
instead of aptamer binding. Finally, after studying the adsorption of ethanolamine to gold nanoparticles
(AuNPs), we confirmed the feasibility of using AuNPs as a probe when the concentration of ethanolamine
was below 0.1 mM. However, still no indication of specific aptamer binding was observed by comparing
the three DNA sequences for their trends of color change. This work articulates the importance of careful

homogeneous binding assays using free target molecules.
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Introduction

Ethanolamine is a very important molecule with a diverse range of applications such as making detergents,'
and absorption of CO, and other acid gases.” Because of its diverse industrial use, ethanolamine is
considered to be a contaminant in soil.? In biology," > ethanolamine is probably best known as a headgroup
in phospholipids.* The recent discovery of ethanolamine in space suggests its role in the origin of life to
form early lipids.® It is also associated with various diseases such as inflammation’ and Alzheimer’s
disease.® Thus, the detection of ethanolamine has attracted the interest of analytical chemists, and

chromatography is the most popular method.’

Biosensors for ethanolamine have also been developed based on enzyme electrodes.'’ For the
detection of small molecules, DNA aptamers have advantages in excellent binding affinity, specificity,
programmability and ease of modification.''""* Among the reported small molecule binding aptamers, the
ones for ethanolamine are very intriguing.'> Ethanolamine is such a small molecule with only an amine
group and a hydroxyl group that can potentially interact with DNA (e.g., via hydrogen bonding and
electrostatic attraction). Yet, the reported aptamers had much lower dissociation constants (9.6 nM for one
of the original aptamers'®) compared to most other small molecular binding aptamers (high nM to low pM).
For example, the classic adenosine binding aptamer has a Ky of ~6 uM,'”'® and a newly selected dopamine
binding aptamer has a K4 of ~0.12 uM.'*'* These molecules can interact with DNA via n- stacking and
multiple hydrogen bonding interactions, and thus are expected to have stronger affinity compared to

ethanolamine with its aptamers.

The ethanolamine aptamers were obtained by immobilization of ethanolamine on magnetic beads
via its amine group (by reaction with either epoxy or tosyl activated magnetic beads)."® Thus, the exposed
feature is only a hydroxyl group. So far, most of the binding assays and related biosensors involved
immobilized ethanolamine or immobilized aptamers instead of homogeneous assays.'> ' 22* We reason
that homogeneous assays are less susceptible to unintended surface/aptamer or surface/target interactions,

which might cause artifacts.>?’

So far, only two homogeneous assays were reported for the ethanolamine aptamers. One used
thioflavin T (ThT) to stain the aptamers, and ethanolamine was detected by fluorescence quenching.
However, the apparent Ky was around 40 mM ethanolamine.”® We reason that the observed quenching was
likely due to other events than aptamer binding (nM Ky expected). Another homogenous assay labeled the
aptamer with a fluorophore and a quencher to form a molecular beacon structure, where low nM K4 was
observed by plotting the melting temperature of the DNA and ethanolamine concentration.”” This assay

indicated binding also to 1 uM ethanol or propylamine as well. It’s hard to imagine an aptamer can bind
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ethanol, ethanolamine, and also propylamine, all at low pM and even nM concentrations, since they are

very different molecules as aptamer targets.

Recently, quite a few papers have been published to scrutinize the aptamers for a few some small

30-35

molecules such as arsenic, ampicillin, chloramphenicol and a few pesticides, where careful

homogeneous binding assays revealed no binding.*® Given that heterogeneous aptamer binding assays are

t,37’ 38

more difficult to interpre and intrigued by the reported binding assays for ethanolamine, in this work,

we examined the binding of the ethanolamine aptamers using homogenous binding assays.

Materials and Methods
Chemicals

All of the DNA samples were purchased from Integrated DNA Technologies (Coralville, IA, USA), and
their sequences are listed in Table 1. Ethanolamine, thioflavin T (ThT), KCN and Tween 20 were from
Sigma-Aldrich. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was obtained from Bio Basic
(Toronto, ON, Canada). Phosphate buffer, KCl, NaCl, MgCl, and CaCl, were obtained from Amerseco.
Gold nanoparticles (AuNPs, 13 nm diameter) were synthesized in our laboratory using the Turkevich
method.***° Milli-Q water was used to prepare all of the buffers and solutions. The following two buffers
were prepared: Binding Buffer 1 (BB1): 20 mM HEPES, pH 7.6 HEPES, 100 mM NaCl, 5 mM KCI, 2 mM
MgCl,, 1 mM CaCl,, 0.02% Tween 20; and Binding Buffer 2 (BB2): 20 mM phosphate buffer pH 7.6, 100
mM NaCl, 5 mM KCI, 2 mM MgCl,, 1 mM CaCl,. These buffers were prepared according to the aptamer

selection condition.?®

Table 1. The DNA sequence used in this work.

DNA names Sequences (from 5' to 3')

EA#14.3K42 | ATA CCA GCT TAT TCA ATT TGA GGC GGG TGG GTG GGT TGA ATA
EA#14.3K32 | ATA CCA GCT TAT TCA ATT TGA GGC GGG TGG GT

EA-ConsT GAG GTG GGT GGG TGG G

C-EA-ConsT | CCC ACCCACCCACCTC

FAM-DNA AAA AAA AAA CCC AGG TTC TCT-FAM

AS1411 GGT GGT GGT GGT TGT GGT GGT GGT GG

24-mer ACG CAT CTG TGA AGA GAA CCT GGG
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Isothermal Titration Calorimetry (ITC)

All the ITC experiments were performed on a VP-ITC microcalorimeter instrument (MicroCal). Before
each time experiment, the cell chamber and syringe were cleaned by ethanol and Milli-Q water carefully
followed by washing with BB1 five times. For ethanolamine ITC experiment, 5 uM aptamer (2 mL) was
added into the cell chamber, and 200 pM ethanolamine (280 pL) was loaded into the syringe. All of
ethanolamine and DNA samples were diluted into BB1. The titrations will carried out at 25°C and each
time 10 uL. ethanolamine was injected except for the first time injection (2 puL). For the DNA to cDNA
control experiment, the cell was loaded into 2 uM (2 mL) EA-ConsT aptamer and the syringe was loaded

with 5.72uM (280 pL) C-EA-ConsT aptamer.
ThT fluorescence spectroscopy

To test the influence of ethanolamine for the fluorescence of ThT/aptamer, 200 nM aptamer in BB1 was
mixed with 10 uM ThT (final volume 0.5 mL in a quartz cuvette). Then a 2 M ethanolamine stock solution
prepared in BB1 was gradually titrated into the quartz cuvette to reach designated concentrations of
ethanolamine. For the low concentration ethanolamine experiment, the only difference was to titrate with
10 uM and 100 uM ethanolamine stock solutions. The fluorescence intensity at 490 nm was measured by

a Variant Eclipse fluorometer with 425 nm excitation.
Colloidal stability of AuNPs

To test the influence of ethanolamine to the colloidal stability of AuNPs, different concentrations
ethanolamine up to 5 mM were added into ~5 nM AuNPs (100 pL final volume, diluted one time from the
as-synthesized AuNPs). After incubation for 1 min, the UV-vis absorption spectra of the samples were
collected. For determine the degree of aggregation, the extinction ratio of at two wavelengths (As30/As20)

was used.
Influence of ethanolamine on DNA absorption to AuNPs

Different concentrations ethanolamine (up to 3 mM), 2 nM AuNPs, 100 nM FAM-labeled DNA, 45 mM
phosphate buffer (pH 7.5) and 50 mM NaCl were incubated for 10 min at room temperature. After
centrifugation of the samples centrifuged for 15 min at 15000 rpm, 5 puL of the supernatants were mixed
with 95 uL 5 mM pH 7.5 phosphate buffer in a 96-well microplate for fluorescence measurement (excitation
485 nm, emission 535 nm, F). In addition, the pellets were washed with 5 mM phosphate buffer once and
then dissolved using 30 mM KCN to fully release the adsorbed FAM-DNA from the AuNPs. Similarly, 5
puL of the KCN treated solution was mixed with 95 pL 5SmM pH 7.5 phosphate buffer for fluorescence
measurement (#2). The fraction of DNA adsorption was determined by F»/(Fi+F1).
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AuNP-based binding assays

For the AuNP-based binding assays, different concentration ethanolamine (up to 2 mM), 35 uL. BB2 and
50 nM aptamer EA# 14.3K42 were incubated for 1 min and then 5 nM AuNPs were added. After incubation
for 10 min (total volume 100 pL), the UV-vis absorption spectra of the samples were collected. The
extinction ratio (As3o/As20) Was calculated to determine the degree of aggregation. For the aptamer EA-
ConsT and C-EA-ConsT, the process was the same except that 25 uL. BB2 was used in the system (total
sample volume 100 pL). A smaller volume of BB2 was used to achieve the optimal ionic strength for these

two shorter aptamer sequences.

Results and Discussion
The ethanolamine aptamers

In the original aptamer selection paper, the authors organized their sequences into three groups, and they
all share a common feature of having a guanine-rich segment towards the 5'-side of the random region. '’
Within each group, the sequences were well aligned. Two sequences (EA#14.3 and EA#9.4) were studied
in detail and they actually had the same conserved guanine-rich region. Thus, we focused our study on

EA#14.3, since its full-length aptamer was reported to have a 1-fold lower K4 compared to EA#9.4.'¢

The predicted secondary structure of the full-length 96-mer EA#14.3 is shown in Figure 1, and the
two primer binding regions are show in black. The guanine-rich region is shown in red, and the rest of the
nucleotides are shown in blue. Truncation of all the nucleotides beyond A4 resulted in the 42-mer
EA#14.3K42 sequence, and the binding affinity was retained. Further truncation of it to a 32-mer sequence
(EA#14.3K32) fully lost the binding, and it was attributed to the removal of the three guanines in the
conserved guanine-rich region. When only the guanine-rich region was tested (named EA-ConsC), the K4
was 112 nM. By mutating a single C in this EA-ConsC sequence to a thymine resulted in EA-ConsT with
alower 57 nM Kq. A 57 nM Kg still indicates a very good aptamer, since few small molecule binding DNA
aptamers can reach such a low Kq4. Based on previous studies, EA#14.3K42 and EA-ConsT were supposed

to bind ethanolamine, but EA#14.3K32 could not bind. We included these three sequences in our study.

All these Ky values were measured by incubation of fluorescein-labeled aptamers with
ethanolamine-modified beads in a way similar to aptamer selection. For such assays, there is a possibility
of measurement of aptamer adsorption instead of specific binding. Therefore, in this work, we used

homogenous binding assays free of immobilization.
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Figure 1. The secondary structure of the full-length 96-mer EA#14.3 aptamer and its truncated sequences used in this
study. The primer binding regions are in black and the library region is in red and blue. The reported K4 values are

taken from the literature.'® The structure of ethanolamine is also shown.

Ethanolamine cannot bind with the aptamers using ITC

To directly measure the affinity between ethanolamine and the aptamers, we used ITC. ITC is a label-free
homogeneous technique allowing the extraction of all the thermodynamic parameters including dissociation
constant (Kq).*"** A lower Ky indicates stronger binding. From a previous study based on the immobilized
target,'® the Ky of EA#14.3 was in the 9.4 nM to 18.6 nM range and the K3 of EA-ConsT was 57.3 nM. K4
in this range should be accurately measured by ITC. We titrated ethanolamine into the aptamers
(EA#14.3K42, EA#14.3K32 or EA-ConsT). However, no heat change was observed for any of the aptamers
(Figure 2A-C). We then did a control experiment by titrating the complementary DNA of EA-ConsT into
2 uM EA-ConsT aptamer, and in this case heat was detected (Figure 2D). Therefore, ITC did not support
binding of ethanolamine by any of these three aptamers.'® Interestingly, we noticed that the cDNA
hybridization to the DNA did not saturate at 1:1 but only a fraction of the DNA hybridized. We also raised
the concentration of the complementary DNA and even earlier saturation was observed (Figure S1). This

could be attributed to the potential secondary structures of the guanine-rich EA-ConsT and the cytosine-

6
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rich complementary DNA, and they may form stable secondary structures on their own. Without an

annealing process, only a fraction of unfolded DNA could hybridize.
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Figure 2. ITC analysis of aptamer binding by titrating 200 uM ethanolamine into 5 uM (A) EA#14.3K42, (B)

EA#14.3K32, and (C) EA-ConsT aptamers. (D) Titration of 5.72 uM complementary DNA (C-EA-ConsT) into 2 uM
EA-ConsT.

ThT fluorescence spectroscopy indicating quenching instead of ethanolamine binding

We then used fluorescence spectroscopy to perform homogeneous binding assays. Thioflavin T (ThT) is
almost nonfluorescent on its own but it could generate a high fluorescence intensity when it is associated
with G-quadruplex DNA.* Since the conserved region of the aptamer contains a guanine-rich sequence, a
recent work used ThT to develop a label-free sensor for ethanolamine.”® We herein repeated this experiment.
We respectively mixed the aptamers (EA#14.3K42, EA#14.3K32 or EA-ConsT) with ThT and then
gradually titrated ethanolamine. With 425 nm excitation, the emissions at 492 nm were monitored. As
reported in the literature,®® the fluorescence intensity of the samples decreased by gradually adding
ethanolamine, and the middle point of the quenching curves was around 30-50 mM ethanolamine (Figure
3A). This would suggest an apparent Ky of ~10°-fold higher than previously reported.'® We also tested two
control DNA sequences, a 26-mer guanine-rich DNA (AS1411), and a 24-mer random sequenced DNA.
They also showed a similar fluorescence quenching by ethanolamine (Figure 3A). In general, the initial

fluorescence intensity was higher with a longer DNA containing more guanines (Figure S2), but they all

showed a similar quenching profile.

To further confirm our results, we then titrated ethanolamine in the nM regions (up to 1 uM). If the
Kqvalues were less than 0.1 uM, 1 uM ethanolamine should be sufficient to saturate the binding. Typically,

aptamer binding is expected to affect folding of aptamers,* which can be probed by a change in the
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fluorescence of a DNA staining dye such as SYBR Green I and ThT.***’ However, no fluorescence change
was observed for EA-ConsT (supposed to bind) or EA#14.3K32 (not supposed to bind) (Figure 3B).
Although fluorescence dropping was observed for the EA#14.3K42 sample, we found that adding water
resulted in the same change. In fact, even just agitating the sample without anything also resulted in a
similar fluorescence drop (Figure S3). We reason that EA#14.3K42 has a large fraction of nucleotides in
the duplex state and its binding to ThT was unstable and perturbation by sample addition and agitation
could decrease the fluorescence. Therefore, this ThT fluorescence spectroscopy experiment did not support
specific aptamer binding. We reason that the observed quenching with mM ethanolamine was not due to
aptamer binding but due to ethanolamine serving as a fluorescence quencher, since amines are known

fluorescence quenchers.*®
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Figure 3. ThT fluorescence intensity at 492 nm from the ThT/DNA samples in the presence of different concentrations
of ethanolamine (A) up to 200 mM, and (B) up to 1 uM. In (B), #EA14.3K42 + water means titrating the same volumes

of water into the system in place of ethanolamine.

Adsorption of ethanolamine to AuNPs: feasibility of the colorimetric binding assay

Since homogeneous binding assays by ITC and ThT failed to support specific aptamer binding, we then
used AuNPs to do further tests. For such an assay, the assumption is that free aptamers can quickly adsorb
to AuNPs to increase their colloidal stability against salt-induced aggregation, whereas formation of an
aptamer/ethanolamine binding complex would slow down aptamer adsorption, leading to AuNP
aggregation and a red-to-blue color change upon adding salt.*">* We recently emphasized that for such an
experiment to work as expected, the target analyte (ethanolamine in this case) cannot strongly adsorb to

AuNPs. Otherwise, the adsorbed target analyte can affect the colloidal stability of AuNPs and can also
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inhibit DNA adsorption.”> 2 Therefore, before performing this AuNP-based assay, we need to first

understand the interaction between ethanolamine and AuNPs.

A TEM micrograph of our AuNP sample is shown in Figure 1A and they have an average diameter
of 13 nm. After adding different concentrations of ethanolamine (up to 5 mM) into the citrate-capped
AuNPs and incubation 1 min, the UV-vis spectra of the samples were collected (Figure 4B). The free
AuNPs had a strong absorption peak at 520 nm, whereas upon adding a high concentration of ethanolamine,
the AuNPs aggregated with the absorption in the 630 nm region increased. Therefore, we used the ratio of
these two wavelengths to quantify the aggregation state of the AuNPs, with a higher ratio indicating
aggregated AuNPs. As shown in Figure 4C, in the low concentration of ethanolamine (less than 1 mM), the
AuNPs retained their colloidal stability. After adding more than 1 mM ethanolamine into the AuNPs, the
AuNPs starts to aggregate, and they fully aggregated at 3 mM. Amines are known to adsorb to AuNPs via
coordination of its lone pair electrons, although the affinity is much weaker compared to thiol.”' The
adsorbed ethanolamine would not contribute to charge stabilization since the exposed —OH group is non-
charged. Thus, it is not surprising that high concentrations of ethanolamine could decrease the colloidal
stability, since they might displace a fraction of the negatively charged citrate ligands. Compared to many
other molecules with multiple metal binding ligands that can induce the aggregation of AuNPs at low uM
concentrations such as kanamycin,”> dopamine and melamine,?® and adenosine,* the single amine group in

ethanolamine has much lower affinity to gold.

We then studied whether ethanolamine can influence the adsorption of DNA. We incubated AuNPs
and a FAM-labeled DNA in the presence of different concentrations of ethanolamine (up to 3 mM) for 10
min, and 50 mM NaCl was added to promote DNA adsorption.” The fraction of adsorbed DNA was
quantified (Figure 4D), which was not much affected by <0.1 mM ethanolamine. Considering the claimed
Kq of less than 0.1 uM, the effect of ethanolamine on the stability of AuNPs and the adsorption of DNA is

minimal and thus AuNPs might be a useful probe to study aptamer binding to ethanolamine.
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Figure 4. (A) A TEM micrograph of the 13 nm AuNPs. (B) UV-vis spectra of AuNPs incubated with various
concentrations of ethanolamine. (C) The absorbance ratio indicative of the colloidal stability of AuNPs by adding
different concentration ethanolamine. (D) The influence of ethanolamine on DNA adsorption on AuNPs calculated

after dissolving AuNPs by KCN.

Homogeneous assays using AulNPs.

We then performed the AuNP-based binding assay by adding AuNPs to the mixtures of aptamers and
ethanolamine. To avoid interference of HEPES buffer and surfactant, we prepared another binding buffer
(BB2), where HEPES was replaced by phosphate and Tween 20 was removed.”* Since BB2 already
contained a high concentration of salt, no extra salt was added after mixing AuNPs with aptamers and
ethanolamine. The absorption ratio as a function of ethanolamine concentration was plotted (Figure 5A).
For the three sequences, only two were reported to bind ethanolamine, and C-EA-ConsT cannot bind.

However, all of the three sequences showed the same trend and we can separate our discussion in two

10
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concentration regions. With low concentrations of ethanolamine (below 0.1 mM), the extinction ratio
decreased with increase of ethanolamine concentration indicating increased AuNPs stability. The low
concentration region responses are plotted in Figure 5B. If the ethanolamine could specifically bind with
certain aptamers in nanomolar range and such binding can inhibit aptamer adsorption, the AuNPs would
gradually aggregate after increasing the concentration of ethanolamine. However, we observed the opposite
with less than 0.1 mM ethanolamine. Thus, our results did not support the proposed mechanism and cannot
support specific aptamer binding. Since when the concentration of ethanolamine was below 0.1 mM, it did
not affect DNA adsorption (Figure 4C), we reason that the stabilization of AuNPs at lower than 0.1 mM
ethanolamine was due to ethanolamine serving as a competitive backfilling agent to force some DNA

strands to adopt an upright conformation. We previously observed such an effect with Br".>
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Figure 5. The absorbance ratio from the AuNP-based binding assays by incubation different aptamers with different
concentrations of ethanolamine (A) from 0 to 2 mM; and (B) from 0 to 0.1 mM. (C) Scheme showing the interaction
between ethanolamine, aptamers and AuNPs. Low concentration of ethanolamine (<0.1 mM) can slightly promote
AuNP stability, while high concentration of ethanolamine (>0.1 mM) inhibited DNA adsorption and decreased the
colloidal stability of AuNPs.
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With higher than 0.1 mM ethanolamine, the stability of the AuNPs decreased with increase of
ethanolamine concentration. At higher than 0.5 mM ethanolamine, the destabilization trend can be simply
explained by the adsorption of ethanolamine inhibiting DNA adsorption as observed in Figure 4D and by
ethanolamine-induced aggregation (Figure 4C). We summarized the effect of ethanolamine on AuNPs in

Figure 5C.
Discussion

Taking all the three homogenous assays together, there is no evidence to support ethanolamine binding to
the aptamers. We reason that the previously observed binding might be due to adsorption of the aptamers
since most of them used immobilized ethanolamine.'®?° The linker between ethanolamine and the materials
for immobilization might also be involved in the binding. Therefore, such assays cannot support binding of

free ethanolamine molecules.

For the published homogeneous assays, we already discussed the ThT based assay in Figure 3.2
The only other homogenous binding assay measured the effect of ethanolamine on the melting temperature
(Twm) change of the aptamers.”’ The aptamers were labeled with a fluorophore and a quencher on the two
ends and melting was followed by the fluorescence intensity. A close examination of the data suggested
that the measured 7 might not be related to specific ethanolamine binding. For example, 0.5 uM aptamer
was used, but the change of Tr, saturated at 0.1 uM ethanolamine. In addition, a similar increase in 7, was
observed for EA#14.3k42 at 1 uM phenylethylamine, ethanol and propylamine, and based on the T, value
change, the K4 values for these three compounds were similar and below 5 uM. These are vastly different
molecules as aptamer targets and very unlikely that any aptamer can bind all of them with low micromolar
affinity. Thus, we believe the measured 7w changes might be related to other factors than aptamer binding.
In our study using three different homogenous binding assays, all the tested sequences behaved similarly
regardless they were previously reported to bind ethanolamine or not. This study indicates the importance

36,37

of using control sequences and multiple different assays to confirm aptamer binding, and especially the

importance of using homogeneous assays for studying free target molecules.
Conclusions

In conclusion, we performed three homogeneous assays using free ethanolamine and free aptamers
including ITC, ThT fluorescence spectroscopy and AuNP-based colorimetry. However, we did not observe
any evidence supporting specific aptamer binding to ethanolamine. The ThT fluorescence response in the
mM ethanolamine range was attributed to ethanolamine acting as a quencher. In addition, we also studied

the interaction between ethanolamine and AuNPs. When the concentration of ethanolamine is below 0.1

12
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mM, AuNPs could serve as a useful probe for studying the binding between ethanolamine and its aptamers.

It needs to be noted that we cannot rule out binding of these DNA sequences to the immobilized

ethanolamine (with the linker and surfaces), but such binding is less relevant to the detection of biologically

important free ethanolamine. Since many small molecule binding aptamers were isolated using immobilized

targets, similar heterogeneous assays were also used to confirm their binding. This work articulates the

importance of careful homogeneous binding assays using free target molecules.
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