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Critical evaluation of aptamer binding for biosensor designs
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Abstract

Over the last three decades, numerous aptamer-based biosensors have been reported. The basis of
these sensors is the selective binding of target analytes by aptamers. In the last few years, a number
of papers have been published questioning the binding ability of some popular aptamers such as
those documented for As(III), ampicillin, chloramphenicol, isocarbophos, phorate and dopamine.
In this article, these papers are reviewed, and the binding assays are described, which may provide
possible reasons for obtaining false positive aptamers. Additionally, relevant aptamer selection
methods and typical characterization steps are also described. It is found that for small molecular
targets, using an immobilized library might result in better aptamers. Furthermore, the importance
of carefully designed controls to ensure the quality of binding assays is discussed, especially in the
case of mutated nonbinding aptamers. Only then, with fully validated aptamers, can subsequent

biosensor design bring about meaningful results.

Keyword: aptamers; dissociation constant; biosensors; isothermal titration calorimetry; SELEX
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Introduction

Aptamers are single-stranded oligonucleotides that can selectively bind to target molecules. Since
their first report in 1990 [1, 2], aptamers have been widely used for target recognition in biosensor
development [3-8]. Compared to antibodies, DNA aptamers are much more stable, and can be
better adapted for site-specific labeling. More importantly, aptamers have programmable
structures and can switch between states of free aptamers, target binding, and binding of
complementary DNA. Their versatility allows for a diverse range of signal transduction methods
from optical to electrochemical detection [9]. Another advantage of aptamers is that they are
particularly useful for binding small molecular targets [10, 11]. In fact, most riboswitches
(aptamers in the untranslated regions of mRNA for regulating gene expression) bind to small

molecules or ions [12].

A few classic aptamers such as those that bind to ATP [13], cocaine [14], and thrombin
[15] have been extensively studied and used as model systems for demonstrating various sensing
methods. Most of the early aptamer selection work was performed by biochemists, hence the
reported aptamers were subjected to stringent biochemical characterizations such as binding
affinity assays, secondary structure analysis, mutation of critical nucleotides, and binding of

closely related target analogs.

That said, aptamer selection is a fairly straightforward process, accessible to most labs with
a PCR thermocycler. Encouraged by past success, more researchers have joined the force of
aptamer selection in order to solve problems in their respective fields. To date, hundreds of
aptamers have been published. However, while following an aptamer selection process always
results in DNA sequences, the obtained sequences are not necessarily true aptamers. Evaluation of
aptamer binding is a challenging task [16-18]. Without appropriate controls, non-aptamer
sequences might show false positive binding results. Sensors designed using these sequences

would then, not give reliable analytical results.

Over the last five years, quite a few papers have begun to question some previously claimed
aptamer sequences, and we intended to summarize them here. In this review paper, we focus on
aptamers for small molecules. The methods of selection and characterization are described in each

example along with our own critical evaluation. In the end, possible reasons for generating such
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non-aptamer sequences and their use in biosensors are discussed. Future work to address these

problems is also proposed.
Aptamer selection

Most DNA libraries for aptamer selection contain a random region (typically 20 to 60 nucleotides)
flanked with two constant regions for binding of PCR primers. Following the incubation of a
library with target analytes, the binding sequences are then separated from the non-binding ones.
For small molecular targets, either target immobilization or DNA library immobilization can be
used to achieve sequence discrimination. Early works employed the target immobilization method
by covalently linking target molecules to a solid surface such as agarose or magnetic beads (Figure
1A). In this way, the non-binding sequences were washed away. Finally, the binding sequences
were eluted and amplified by PCR. This method has generated many classic aptamers and

continues to be used to date [5, 10].

Nevertheless, not all target molecules can be covalently immobilized. In addition,
immobilization would unavoidably block part of molecules, making it inaccessible to DNA
binding. The effects of immobilization are more adverse for smaller molecules and are extreme
for metal ions. The alternative idea of library immobilization was inspired by the structure-
switching property of aptamers reported by the Li group [19, 20]. The same group also
demonstrated the library immobilization method for aptamer selection [21]. This method was later
used by many other groups such as Ellington [22], Stojanovic [23, 24], and Xiao [25, 26]. The idea
is to immobilize a DNA library via DNA hybridization, and it is also called capture-SELEX [27].
The library is often designed to have a hairpin structure. Aptamer sequences bind to targets to form
hairpins are released and collected. This method can be applied to any target molecule. The hairpin

structure also makes subsequent truncation and secondary structure analysis much more efficient.

Typically, due to non-specific DNA binding or non-specific DNA dissociation, more than
ten rounds of selection are required to obtain high quality aptamers using either method [5, 10]. If
at the end of a selection, non-specific processes still dominate, the selection might result in non-
specific DNA sequences in the final library. Therefore, whether the obtained sequences are real

aptamers needs to be carefully characterized.
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Figure 1. Illustrations showing two types of aptamer selection methods. (A) The target
immobilization method. (B) The library immobilization method, where a hairpin structure is

designed in the library sequence.

Aptamer characterization

After selection and sequencing of the final library, the obtained sequences are typically
characterized using biochemical assays. The relevant steps are illustrated by an example of the
classic ATP aptamer first isolated by Huizenga and Szostak in 1995 [13]. Following the
sequencing of the library, the first step would be to align the sequences. Cloning following Sanger
sequencing typically produces less than 100 sequences. A portion of the aligned random region of
the ATP aptamer selection is shown in Figure 2A, where two highly conserved regions have been
identified. In addition, base covariation was observed in two other regions, suggesting base pairing.
Sequences outside these regions were highly variable. This is a good indication of a successful
selection. If the obtained sequences cannot be aligned at all, it is unlikely that the final library can
specifically bind to target molecules, since it is unlikely that DNA can have numerous distinct
ways to bind to a molecule. Currently, direct sequencing of PCR products using deep sequencing
technologies can easily produce over 30,000 sequences [28]. Nevertheless, similar methods of

sequence alignment need also to be carried out.

The importance of each nucleotide in the conserved region can be studied via mutations.
For example, Figure 2B shows the mutation of an adenine to the other three nucleotides

respectively, and in each case, the subsequent binding activity was lost. This experiment indicates
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not only the importance of this adenine for target binding, but also demonstrates its importance to
specific binding. If all the nucleotides can be mutated and the binding is still measurable, then
likely the binding assay cannot probe specific binding, or the sequence is not an aptamer, or both.
Such inactive mutants are also highly useful for confirmation of sensor design, as sensors based
on inactive mutants should not give the same signals as aptamers. Mutation studies may also help
construct secondary structures. In the original paper, the predicted secondary structure is shown in
Figure 2C. Although later, NMR studies disproved the G-quadruplex based structure [29], the
general hairpin structure with a short stem is proven correct in the end. For most biosensor

applications, information on the overall hairpin structure would already be quite helpful.

Binding assays are critical to characterize aptamers. A few papers and reviews have already
been published on this topic and thus they will not be repeated here [5, 16, 17]. However, in the
next sections while discussing individual examples, we will touch on some relevant binding assays.
Finally, a further characterization is the test of analogs of target molecules. In this particular ATP
aptamer paper, extensive studies have been performed (Figure 2D). This information is useful for

biosensors in terms of target selectivity.

However, many of these steps were not consistently performed for all the selected aptamers;
skipping these steps may have resulted in non-aptamer sequences being reported as aptamers. For
analytical chemists, it is also important to see if such characterization work has been done
previously. If not, then control experiments would be even more important, such as the use of non-
binding mutants, and performance of independent binding assays. In the following sections, five

examples from the recent literatures are discussed, each questioning one or two aptamers.
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Figure 2. Analysis of the ATP binding aptamer selection results. (A) A portion of the sequence
alignment results. The numbers on the left can be considered as the names of the sequences.
Covariation of P1/P1° and P2/P2’ suggests their base pairing. (B) Mutating an adenine base to G,
C or T all abolished binding. (C) A proposed secondary structure of the aptamer. Although later
studies disproved the G-quadruplex structure, the closing of the two ends which form a stem is
proven correct. (D) Some analogs tested for binding with the aptamer (“+” indicates good binding,

while “-” indicates no binding). Figures adapted from ref [13]. with permission. Copyright 1995

American Chemical Society.

Arsenic

Arsenic is a highly important element for environmental analytical chemistry [30-33]. An arsenic
binding aptamer named Ars-3 was reported in 2009 for the purpose of removing arsenic from water
[34]. The aptamer selection was performed by conjugating phenylarsine oxide on a gel resin
surface (Figure 3A). While the oxidation state of the immobilized arsenic was +3, its chemical

property is likely to have been different from that of inorganic arsenite (AsO2") due to the bonding
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with a benzyl ring. After 10 rounds of selection, the library was sequenced. Out of the 40 sequences,
Ars-3 was the most abundant, appearing 12 times. The next most abundant sequences appeared 7
times or less. We took the reported sequences and aligned them using Clustal Omega [35].

However, it was hard to find two sequences with highly conserved regions (Figure 3B).

The binding was characterized using surface plasmon resonance (SPR) on a gold surface,
where As(IIl) and As(V) were covalently linked [34]. The binding of the aptamer was expected to
create a shift in the SPR signal. The best aptamer was found to be Ars-3 (Figure 3C), which had a
similar binding affinity for As(IIl) (5 nM) and As(V) (7 nM). Since the selection was performed
with As(III), and given the chemical difference between these two arsenic oxidation states, it is
hard to understand why the aptamer appeared to bind both. We suspected that the measured binding
could be due to the adsorption of the DNA to the gold surface, since DNA bases have strong
affinities to gold [36, 37]. This aptamer has since been used for designing various biosensors for
the detection of arsenic. Although the original aptamer claimed to bind both As(IIT) and As(V),
most of the sensor work could only detect As(III) [38-40].

In most of the follow-up papers, the entire 100-nt sequence was used without truncation.
For an aptamer that binds to such a small target and given its predicted secondary structure (Figure
3C), it is unlikely that the entire sequences would be needed. Very recently, a truncated sequence
was reported by taking the 21-mer sequence from nucleotide number 80 to 100 (Figure 3C) [41].
However, these nucleotides belonged to the fixed region of the library and are therefore unlikely
to be able to bind As(II). For the truncated sequence, the main evidence of binding was from a
change of the CD spectra upon adding As(III), although no control DNA sequences were tested.
Some of these doubts led us to carefully examine the binding of this aptamer. Using isothermal
titration calorimetry (ITC), we obtained no sign of binding of either As(IIl) or As(V) (Figure 3C)
[35]. In addition, we used a few DNA staining dyes to probe DNA structural changes, such as
SYBR Green I (SG) to probe duplex, thioflavin T (ThT) to probe G-quadruplex, and thiazole
orange (TO) to probe both duplex and G-quadruplex [42, 43]. If aptamer binding occurs, the dyes
can either be displace by the target or sometimes enhanced binding can occur, both of which may
influence the fluorescence intensity. However, none of them showed much fluorescence change
upon adding up to 1 mM As(III) (Figure 3D). On the other hand, large changes were observed with
the positive control DNA sequences by adding Hg** or K*.
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Figure 3. (A) The immobilized arsenic species used for the aptamer selection. (B) The alignment
of selected DNA sequences. (C) The predicted secondary structure of the Ars-3 sequence. (D) ITC
traces and integrated heat of As(IIl) and As(V) titration into the Ars-3. (E) Fluorescence change
upon adding various concentrations of As(III) to Ars-3 in the presence of three different DNA
staining dyes. Group 7 comprised positive controls using T30 with Hg>*, or G1s DNA with K. (A,
C) Adapted from ref. [34] with permission. Copyright 2009 American Chemical Society. (B, D,
E) Adapted from ref. [35] with permission. Copyright 2019 American Chemical Society.

To understand why the many reported sensors were able to detect As(III) with Ars-3, we
studied the literature in detail and found that quite a few papers used gold nanoparticles (AuNPs)
to develop colorimetric sensors [38-40, 44]. Although each work has a different design, the general
idea for the simplest system is described in Figure 4A. Once As(IIl) binds to the aptamer, the
aptamer would fold into a compact structure, preventing it from adsorbing onto the AuNPs. Upon
adding salt, the non-protected AuNPs were aggregated leading to a red-to-blue color change. This
method was originally used for the detection of complementary DNA [45, 46]. Since DNA binds
to its complementary strand with a very high affinity, few free target DNA would be present in the

system. For aptamer-based detection, however, the potential interactions between target analytes
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and AuNPs has not been considered [18, 47]. We suspected that another mechanism might also be
possible (Figure 4B) [48], in which the added As(III) can adsorb onto AuNPs. The adsorbed As(I11)
would then inhibit the adsorption of DNA. Since the AuNPs were not protected by the DNA,
adding salt would yield a blue color. Although the final color change was the same, the
mechanisms were very different. In Figure 4B, any DNA sequence would have a similar result.
This was indeed what we observed (Figure 4C), where the As(IIl) containing samples turned blue
regardless of whether the aptamer or a random 30-mer DNA was used. The papers also tested a
few control analytes such as As(V) and metal cations. These metal cations resulted in red color
since they cannot adsorb onto AuNPs and would not inhibit DNA adsorption. We also tested a few
anions, and many with strong affinities to gold also resulting in blue color (Figure 4C). To confirm
As(III) adsorption onto AuNPs, we performed ITC and only As(IIl) (Figure 4D) but not As(V)
(Figure 4E) showed adsorption.

Therefore, we believe that many of the papers using Ars-3 detected As(II) adsorption by
AuNPs instead of detecting As(IIT) binding to the aptamer. In addition, gold surfaces were also
used to interface with Ars-3 and its derived sequences for developing electrochemical sensors [49],
piezoelectric sensors [50], SERS sensors [51, 52], fluorescence dequenching sensors [53], and SPR
sensors [34]. These sensors might also be affected by the adsorption of As(IIl) to their gold

surfaces.
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Figure 4. Schemes demonstrating two mechanisms of aptamer and AuNP based As(I1I) detection,
where (A) relies on the aptamer binding to As(III), and (B) relies on As(III) adsorption onto AuNPs.
Adapted from ref. [48] with permission. Copyright 2019 American Chemical Society. (C)

Photographs showing the color of AuNPs in the presence of various ions with Ars-3 or a random
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30-er DNA. After adding NaCl, the As(IIl) containing samples both turned blue. ITC traces of
titrating (D) As(III), and (E) As(V) into AuNPs. Adapted from ref. [35] with permission. Copyright
2019 American Chemical Society.

Ampicillin

Ampicillin is a member of the beta-lactam family of antibiotics and is commonly used to treat both
humans and animals. The misuse and overuse of ampicillin has caused residues to be left in food
products which have been shown to lead to health complications such as allergies, seizures and
breathing difficulties in humans. Aptamers were selected for ampicillin using the target
immobilization method, where ampicillin was immobilized on tosyl-activated magnetic beads [54].
After 13 rounds of selection, three aptamers were obtained (AMP4, AMP17, AMP18, Figure 5A)
with dissociation constants of 9.4, 13.4 and 9.8 nM respectively. Their K4 values were determined
using FAM-labeled aptamers incubated with ampicillin immobilized beads, the fluorescence
intensities of which were measured at various concentrations of the aptamer. To prove the sensing
characteristics of the resulting aptamers, colorimetric AuNP-based assays were performed similar
to that described in Figure 4A. However, this type of assay is not always accurate, especially when

target analytes can interact with AuNPs.

A recent study by Bottari et al. aimed to take a closer look at the actual binding between
ampicillin and the three aptamers by using ITC. The results were then compared to two other well
characterized aptamers, the cocaine/quinine binding aptamer (MN4) [55], and the L-argininamide
(10LD) [56]. The corresponding ITC thermographs show no binding events related to ampicillin
when the aptamers were titrated (Figure 5B). Compared to the ITC thermographs of MN4 when
titrated with quinine (Figure 5C), there is a clear lack of thermal binding events between ampicillin
and its aptamers. Due to the type of assay used to evaluate the binding characteristics (AuNP assay),
interactions between the AuNPs and ampicillin itself were also evaluated (Figure 5D). A clear
indication of interactions between AuNPs and ampicillin was observed, while adding an aptamer
had little effect. We suspected that the change of AuNP color was mainly driven by the adsorption
of ampicillin, just like in the case of the As(III) example described above. This is not the first time
that the interaction between antibiotics and AuNPs in a colorimetric assay interfered with the

results of sensing. Another study for the detection of kanamycin showed that the color of the
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AuNPs changed regardless of the sequence of DNA used [57]. Therefore, extra care should be
taken to ensure that there is minimal interaction between target molecules and AuNPs. Otherwise,

such an assay cannot be used.

Aside from ITC, the authors also used native nano-electrospray ionization mass
spectrometry and proton NMR to measure the binding between ampicillin and its aptamers. These
techniques were chosen since they could probe K4 values in different regions. However, neither
methods indicated specific binding of these aptamers. Therefore, these assays collectively

disproved these sequences as aptamers for ampicillin [58].
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Figure 5. (A) Sequence and secondary structures of AMP4, AMP17, and AMP18 [45, 59]. (B)
ITC traces of AMP17, AMP4, AMP18 titrated with 280 uM ampicillin. (C) ITC traces of the MN4
aptamer titrated with 50 uM quinine. (D) Heat generated from each injection of titrating ampicillin
into AuNP with AMP17 (full dots) and AuNPs alone (empty squares). Figures adapted from ref.
[58] with permission. Copyright 2020 American Chemical Society.

Chloramphenicol
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Chloramphenicol (CAP) is a potent antibiotic, but it was banned in the EU, USA, and China due
to its side-effects which lead to leukemia, aplastic anemia, and grey baby syndrome [60]. However,
its illicit use continues to date. CAP has an overall neutral charge (Figure 6A, left side). Based on
its structure, it has hydrogen bonding donors/acceptors, as well as potential charge, pi-pi stacking
and hydrophobic interactions with DNA. Therefore, it should be a good target for aptamer binding.
In 2011, an aptamer selection was performed by immobilizing the structure on the right side of
Figure 6A on magnetic beads via the primary amine group (Figure 6B) [61]. Compared to CAP,

however, the immobilized molecule did not have the two chlorine atoms.

The round 8 library was cloned and sequenced, a few sequences of which are shown in
Figure 6C. The K4 values were measured based on binding to the magnetic beads of selection.
Although free CAP was also used as a binding assay, this assay still relied on the beads as
competitors. The fraction of aligned sequences seemed to be low, and the underlined conserved
regions appeared in distinct parts of the secondary structure. The as-selected CAP aptamers were
80-nt, and one sequence was predicted to fold in a structure with two hairpins linked by a large
loop (Figure 6D). No truncation study was performed in the original selection work [61], and more
rigorous binding assays such as ITC have yet to be carried out. A few subsequent biosensor works

also used this full 80-nt sequence [62, 63].

The first truncation of this CAP aptamer was reported in 2014, which simply deleted the
20-nt segments on both the 3" and the 5’ sides, leaving only the 40-nt in the middle (Figure 6E,
left) [64]. However, little rigorous binding assays were performed on this truncated aptamer. By
simply examining the predicted secondary structures, such truncation would completely disrupt
the two original stem-loops, resulting in a distinct secondary structure. We reasoned that if the
CAP binding pockets resided in regions 1, 2 or 3, or a combinations, (Figure 6D) none of these
features would be left from the original aptamer after the truncation [65]. Regions 1 and 2 were
fully disrupted, whereas region 3 was folded into a stable hairpin. Therefore, by simply examining
the structures, it is unlikely that the truncated sequence could retain the same binding mechanism
as the original aptamer. Nevertheless, this truncated sequence has since gained popularity for

biosensor design, which has likely been due to its shorter length.

We continued by performing ITC and DNA staining dye-based fluorescence spectroscopy,

but none of them demonstrated the binding of the truncated aptamer. Thus, we do not believe that

12
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this truncated sequence is a real aptamer [65]. Whether the original 80-nt one is a real aptamer or

not still requires more stringent studies.
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Figure 6. (A) The structure of CAP (left), and the molecule used for immobilization (right). (B)
The chemistry of target immobilization. (C) Aptamer sequence alignment. Figures adapted from
ref. [61] with permission. Copyright 2011 Elsevier. The predicted secondary structures of (D) the
original 80-nt aptamer divided in three regions, (E) the truncated 40-nt aptamer, and the two
control sequences with the four highlighted base pairs in the stem in the switched position (Stem
Mutant), and mutations in the loop (Loop Mutant). Figures adapted from ref. [65] with permission.

Copyright 2020 Springer.

Isocarbophos and phorate

Pesticides are commonly used in agriculture and have been documented to contaminate both food
production as well as the environment. Organophosphorus pesticides are the most commonly used
class of pesticides. They can cause adverse health problems in humans, posing a serious risk to
public health. As a result, there has been an increasing interest for the selection of aptamers and

the development of aptasensors for these pesticides [66].

Aptamers have been selected for some of these pesticides, specifically isocarbophos,

phorate, omethoate, and profenofos (Figure 7A). Although these four pesticides share some
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similarity on the phosphate part, the structures are still vastly different, especially for the chemical
groups that can potentially interact with DNA. Nevertheless, Wang et al still used a mixture of
these four pesticides as targets, and a few DNA sequences were selected using the library
immobilized selection after 12 rounds of selection [67]. The degree of alignment of the random
region appeared to be low (Figure 7B). The authors developed a molecular beacon based
competitive assay, where the aptamers could bind to either their targets or hybridize with the
beacon. Among them, SS2-55 and SS4-54 were found to have the highest binding affinity to
isocarbophos. For these two sequences, the authors measured the K4 to be between 0.8 to 2.5 uM
for all the four pesticide molecules. This is a surprising result since the four pesticides are quite
different, and the common part with two methyl groups attached to the phosphate is unlikely to
interact with DNA with low micromolar affinity, since only very weak van der Waals forces can
act in this case. For comparison, the adenosine binding aptamer uses n-r stacking and hydrogen
bonding only to achieve a K4 of ~6 uM [13, 29]. A subsequent work performed rational aptamer
truncation studies based on their secondary structures [68]. Although the title of this paper claimed
the use of fluorescence polarization, the method was still based on the molecular beacon

fluorescence intensity.

When these aptamers were more carefully scrutinized, it was recently found that they did
not respond to the presence of the pesticides to the degree that had been previously reported. For
example, when attempting to develop an aptasensor based on fluorescence anisotropy, the selected
aptamers were unable to interact with the pesticides even at very high concentrations [69]. Even
though the method of using fluorescence anisotropy (r) to assay target analyte binding has been
successfully employed in the past with hairpin [70], G-quadruplex [71], and unknown aptamer
structures [72]. Figure 7C shows the discrepancy between the changes in the Ar value of the
supposed aptamers for organophosphate pesticides and other small molecule aptamers from the
literature [73]. Ar values were calculated based on the release or capture of the SG dye upon
binding with the target. Compared to the ochratoxin aptamer (as a positive control) and the values
of the other aptamers in the literature, no significant interaction was detected between the

organophosphate aptamers and their intended pesticide targets.

ITC further confirmed this conclusion. Figure 7D (the first two traces) shows the ITC traces

generated when the SS2-55 and SS24-35 are titrated with isocarbophos, compared to the titration
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of just buffer with isocarbophos (Figure 7D, the third trace). The aptamers only show a very small
heat change, inconsistent with the reported dissociation constants. In this way, these traces could

explain the lack of fluorescence anisotropy output upon the binding of the target.
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Figure 7. The structures of the four pesticides used as a mixture for the selection. (B) Sequence
alignment of the selected aptamers. The underlined regions were the constant nucleotides and the
others were randomized. Figure adapted from ref. [68] with permission. Copyright 2014 Elsevier.
(D) ITC traces of SS2-55 (left), SS24-35 (middle), and buffer (right) titrated with isocabophos. (C)
Changes in Ar values of SS2-55 (Iso with isocarbophos), and SS24-35 (Iso(100) ,Iso(500),and
Pho(500) for 100, 500 uM of isocarbophos respectively, and 500 uM of phorate), the ochratoxin
A aptamer, and values of other small molecule aptamers in the literature. (A, B) Adapted from
ref.[67] with permission. Copyright 2012 Springer. (C, D) Adapted from ref. [69] with permission.
Copyright 2021 Elsevier.

Dopamine

Dopamine is a key neurotransmitter and it’s detection has attracted the attention of many
researchers [74]. An RNA aptamer for dopamine was reported by Mannironi et al. in 1997 by

immobilizing dopamine on a column via its primary amine (Figure 8A) [75]. After 9 rounds of
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selection, the library was sequenced. Out of the 44 obtained sequences, there were 14 unique ones,
but sequence alignment among them was poor. The most abundant sequence was further analyzed
after alkaline hydrolysis to determine its minimal binding structure as shown in Figure 8B. The
binding was measured via affinity column elution, and the RNA aptamer had a K4 of 2.8 puM.
Extensive mutation studies were performed to confirm specific binding and seven analog
molecules were tested to confirm selectivity. While this RNA aptamer was used for designing
biosensors [76], it’s application was limited due to poor stability and high cost of RNA. As such,
a DNA aptamer for dopamine would be highly desirable.

An interesting attempt was made to simply convert the RNA sequence to DNA (Figure 8C),
and it was reported that this DNA analog could still bind dopamine [77]. Most of the aptamer-
based dopamine sensing work then used this RNA-derived DNA. However, an electrochemical
characterization argued against the selective dopamine binding ability of this DNA aptamer [78].
Recently, a new selection was performed using the library immobilization method (Figure 8D)
[23], and this aptamer demonstrated good binding affinity based on ITC measurements [79]. A
subsequent side-by-side comparison of the two DNA aptamers also failed to show the binding of
the RNA-derived DNA aptamer [80]. For example, Figures 8E and 8F are the ITC traces of the
RNA-derived aptamer and a mutant of it, neither of which showed binding. Figure 8G is the newly
selected DNA aptamer, which demonstrated strong binding of dopamine. Mutating key nucleotides

in this aptamer abolished the binding activity (Figure 8H).

The binding of the RNA-derived aptamer was only characterized by fluorescence
anisotropy, taking advantage of the fluorescence of dopamine [77]. However, it was pointed out
that the starting anisotropy values were too high for dopamine, suggesting potential artifacts in the
measurement [80]. Based on the literature survey, it is likely that dopamine binding to this RNA-

derived DNA aptamer is nonspecific.
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Figure 8. (A) The immobilized dopamine used for the selection of its RNA aptamer. Figure
adapted from ref. [75] with permission. Copyright 1997 American Chemical Society. The
predicted secondary structures of (B) the RNA aptamer, (C) the RNA-derived DNA aptamer, and
(D) the newly selected DNA aptamer using the library immobilization method. ITC traces of
titrating dopamine into (E) the RNA-derived aptamer, and (F) its mutant, and (G) the newly
selected DNA aptamer, and (H) its mutant. Figures adapted from ref. [80] with permission.
Copyright 2021 Wiley-VCH GmbH.

Possible reasons for obtaining non-aptamers

The above sections reviewed five examples of small molecule binding DNA aptamers. Although
most of them have been extensively used in biosensor design, rigorous binding assays indicated a
lack of specific binding in each case. Aptamer binding is the basis of all subsequent bioanalytical

applications. Aptamers need careful biochemical characterization including truncation and

17



392
393
394
395
396

397
398
399
400
401
402
403
404
405
406
407
408
409
410
411

412
413
414
415
416
417
418
419
420

421

mutation to optimize and confirm binding. As more labs have started to carry out aptamer selection
experiments, and more and more aptamers have been reported, rigorous binding assays have
lagged behind. We believe that a gap exists between aptamer selection and biosensor design. This
gap is the characterization of aptamers. In this section, we analyze possible reasons leading to non-

binding aptamers.

First, as discussed in the aptamer selection section, all selections can eventually generate
sequences in the final library, but the sequences could be due to nonspecific binding. Most of the
above aptamers were generated using the target immobilization method. However, the selection
libraries were also exposed to beads and test tubes, in addition to the immobilized target. Therefore,
if the target density was not sufficiently high, and the library was not subjected to stringent counter
selections against the beads and tubes, it is quite possible that the library could bind to these
surfaces instead of the target. Some target analytes, especially metal ions, are difficult to
immobilize. Although Ni?>" and Zn?" were immobilized by chelators for aptamer selection [81, 82],
those RNA aptamers have yet to be used to design biosensors and few follow up works used them.
Arsenic is another example, as its immobilized state was quite different from the inorganic arsenic
used for detection [34]. Additional problems can arise from preferential amplification of certain
sequences during PCR [83]. All these factors may lead to the enrichment of non-aptamer sequences.
Fortunately, such problems can be identified by sequence alignment, as non-specific binding to
surfaces would likely result in random and poorly-aligned sequences [84]. Further confirmation

would then come from the binding assays.

Second, compared to antibodies, the types of binding assays for aptamers are far more
versatile [16, 17]. Many of the assays were derived from biosensors. However, not all assays are
reliable for all target analytes and are sometimes susceptible to artifacts. For example, using citrate-
capped AuNPs as a binding assay for newly selected aptamers could be problematic. Analytes that
can adsorb onto the gold surface would interfere with both the stability of AuNPs and the
adsorption of aptamers [18]. Without carefully designed control experiments to test these potential
artifacts, such assays alone would be insufficient to validate aptamers. We have analyzed some
As(III) sensors and believed that the use of AuNPs or gold surfaces could be a key reason for the

observed signals.
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Conclusions and future perspectives

In this paper, we reviewed a few recent works claiming that some aptamers could not bind to their
targets. It is interesting that such scrutiny came quite late. This is probably due to a few reasons.
Firstly, it’s more difficult to demonstrate non-binding than binding: many more techniques, under
a diverse range of buffer conditions, and aptamer/target concentration ranges, need to be carried
out to disprove an aptamer. Such work might be originated from careful control experiments or
the development of new biosensing methods, where the expected results could not be obtained. In
most cases, such projects might be abandoned without publishing the negative results.
Nevertheless, based on some recently published papers, we can ascertain that publication is
certainly possible. We recommend that works are re-examined for binding instead of attempting
to obtain some concentration-dependent signals. Although reporting a sequence that cannot bind
to the intended target, does not seem to add new knowledge, such works are also valuable, since
they can prevent further misleading and confusion in the field. Such reports can also encourage

new efforts to obtain working aptamers.

We expect more works to revisit other aptamers and test their binding, especially those
without previous systematic binding assays (e.g. ITC, truncation studies and test of mutants). For
most newly selected aptamers, only using AuNPs or DNA staining dyes to perform label-free
assays is insufficient. In addition, the majority of the aptamers discussed here were obtained from
target immobilization. We expect more work to be done on the library immobilization method [27].
For example, a high quality dopamine aptamer was obtained via the library immobilization method
[23]. In addition, aptamers for many sugars, neurotransmitters, and illicit drugs were also obtained
using this method [23, 25, 85]. We expect that many other molecules can also be selected using
this method. It would also be interesting to have more side-by-side comparisons between these
two selection methods. Finally, all the examples reviewed here are small molecules. Further work

might be carried out to validate protein binding aptamers as well.
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