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Abstract

Aptamers are promising biorecognition elements with a wide applicability from therapeutics to biosensing.
However, to successfully use these biomolecules, a complete characterisation of their binding performance in
the presence of the target is crucial. Several multi-analytical approaches have been reported including
techniques to describe kinetic and thermodynamic aspects of the aptamer-target interaction, and techniques
which allow an in-depth understanding of the aptamer-target structures. Recent literature shows the need of
a critical data interpretation, a combination of characterisation techniques and suggests the key-role of the
characterisation protocol design. Indeed, the final application of the aptamer should be considered before
choosing the characterisation method. All the limitations and capabilities of the analytical tools in use for
aptamer characterisation should be taken into account. Here, we present a critical overview of the current
methods and multi-analytical approaches to study aptamer-target binding, aiming to provide researchers with
guidelines for the design of characterisation protocols.
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Abbreviations:

Adenosine triphosphate (ATP), biolayer interferometry (BLI), circular dichroism (CD), deoxyribonucleic acid
(DNA), electron microscopy (EM), electrospray ionisation (ESI), enthalpy variation (AH), entropy variation (AS),
fluorescence anisotropy (FA), fluorescence polarization (FP), Gibbs free energy variation (AG), ion mobility
(IM), isothermal titration calorimetry (ITC), binding constant (Kp), kinetic isothermal titration calorimetry
(kinITC), loop-mediated isothermal amplification (LAMP), molecular dynamics (MD), mass spectrometry (MS),
microscale thermophoresis (MST), mass-to-charge ratio (m/z), nuclear magnetic resonance (NMR), quartz
crystal microbalance (QCM), rotating droplet electrochemistry (RDE), ribonucleic acid (RNA), small-angle X-ray
scattering (SAXS), systematic evolution of ligands by exponential enrichment (SELEX), surface enhanced Raman
scattering (SERS), serial femtosecond crystallography (SFX), surface plasmon resonance (SPR), surface plasmon
resonance imaging (SPRi).



1. Introduction

Aptamers are short deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) single strands with a specific three-
dimensional conformation, or fold, that are able to selectively bind a given target. Aptamers can vary in length
(20-100 nucleotides) and can have various structural motifs, such as stems, loops, hairpins, bulges and
pseudoknots [1]. The concept of aptamers was developed in the beginning of the 1990’s in the labs of Gold
[2] and Szostak [3,4]. Aptamers are selected from large pools of randomised oligonucleotide sequences by a
process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX) [2,5]. Compared to other
traditional molecular biorecognition elements such as antibodies or enzymes, aptamers offer considerable
advantages. First, they can be designed for a wide range of possible targets, going from small molecules to
tumour cells [6,7]. Second, they are a synthetic chemical product rather than a biological one. This brings forth
the ease of modification, high reproducibility and purity and a low production cost. Furthermore, aptamer
sequences are not immunogenic since they are generally not targeted by the immune system [6]. Finally, they
are stable over a broader temperature and pH window and have a longer shelf-life compared to antibodies or
enzymes [8].

In the last 25 years, the number of publications dealing with aptamers and their applications has increased
exponentially as shown in Figure 1. Nowadays aptamers are largely applied in therapeutics [6,9], diagnostics
[10], drug delivery [11,12] and in sensing devices as biorecognition elements [13—15]. There were also
developments in the selection process for aptamers and multiple variations exist, such as FluMag SELEX [16]
which is nowadays the most commonly used one, capture-SELEX [17] developed specifically for small
molecules and graphene oxide SELEX [18] that does not require immobilization of aptamer, or target, in
contrast to other SELEX approaches.
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Figurel — Number of publications per year related to aptamers and their applications. The plot shows the exponential growth of the
publications in the field over the last 15 years. Bibliographic analysis performed with Scopus searching for the following keywords:
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“aptamer*”, “aptamer* AND biosensor*”, “aptamer* AND therapeutic*”, “aptamer* AND drug delivery*” and “aptamer* AND
diagnostic*” per year. Data from Scopus retrieved on 14/01/2021.

Despite the advances in SELEX procedures and the variety of aptamers applications, examples of non-
functioning aptamers (unable to bind their target) were recently reported in literature, showcasing the key-
role of a complete characterisation of the aptamer-target interactions [19-21]. Zong and Liu [19] reported an
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arsenic(lll)-binding aptamer, which has been used in more than two dozen peer-reviewed articles, and showed
that there was no specific binding. In 2020, Bottari et al. [20] and Tao et al. [21] described the lack of binding
of a previously reported ampicillin and chloramphenicol aptamer, respectively. These studies were all based
on multi-analytical approaches involving complementary techniques ranging from isothermal titration
calorimetry (ITC) to native mass spectrometry (MS). The results emphasise the need for a thorough
characterisation of aptamers before proceeding to their application. This need for a critical evaluation of
aptamer performance was also claimed during the 2019 meeting of the international society on aptamers, in
Oxford (UK). Furthermore, McKeague et al. [22] found that the use of certain techniques can enhance or
reduce the affinity of a given aptamer, indicating the need for multiple characterisation strategies and a critical
choice of these methods depending on the final application.

Here, we provide a critical overview of analytical techniques that can be used for the characterisation of
aptamer binding and structure. We focus on newer analytical methods rather than classical methods (e.g.
equilibrium dialysis, chromatography approaches and gel-based methods) that can be used for studying
aptamers. These classical methods were previously discussed by Mirando-Castro et al. [23]. First, techniques
to retrieve kinetic and thermodynamic information on the binding event are discussed. A distinction is made
between techniques used in solution and on a confined surface since immobilisation can alter the affinity
[24,25]. Moreover, label-free methods and analytical protocols in which a label (such as a fluorophore) is
required are addressed separately. Second, we focus on techniques providing information on the aptamer and
aptamer-target structures. This part is divided in high- and low-resolution techniques which can provide
structural information.

2. Kinetic and thermodynamic studies of the binding event

Determining the extent at which the aptamer-target interaction occurs represents a fundamental step of
aptamer characterisation. Kinetic and thermodynamic parameters help in the decision of choosing an aptamer
over another. Yang et al. [26] selected aptamers for steroids based on the higher affinity towards the target
even though other sequences were also specifically binding to the target.

The analytical methods used in this frame can be divided in two main clusters: methods in which interactions
are studied in solution (section 2.1) and methods in which aptamer-target kinetics are characterised at a
confined surface after immobilization of one of the binding partners (section 2.2).

2.1 In solution

Several analytical techniques can provide kinetic or thermodynamic information on the aptamer-target
interaction. When studying the interaction in solution, there are two possibilities: using label-free methods
(section 2.1.1) or methods in which either the aptamer, the target, or both carry a label (section 2.1.2).

2.1.1 Label-free methods

Isothermal titration calorimetry and related methods

ITC, first described by Wiseman et al. [27], directly measures the heat exchange of biochemical reactions, or
molecular interactions, at constant temperature. Experiments are performed by titrating a target into a
solution containing the aptamer and the heat which is released or absorbed after each addition is monitored
[28]. ITCis regarded as a standard characterisation method which enables drawing a detailed thermodynamic
picture of aptamer-target molecular interactions not only for small-molecules but also for cell targets [29,30].
From the ITC thermogram, and its corresponding binding curve, it is possible to obtain information on the
binding constant (Kp) and the reaction stoichiometry.



Philip Johnson’s group has extensively used ITC to study the cocaine binding aptamer [31-34]. On the most
recent work [34] they considered the changes in the Gibbs free energy (AG) to study the (de)stabilising effect
of dangling nucleotides on the aptamer-target complex stability. To validate the possibility to relate these
structural features with the variation of a thermodynamic parameter, such as AG, the authors used the
adenosine triphosphate (ATP) aptamer as a model system. This approach underlined the importance of using
appropriate control experiments, such as using a model system and negative controls, depending on the
design of the experiment to aid ITC data interpretation.

Despite its potential, ITC can be easily subjected to misinterpretation (i.e. non-appropriate fitting). An example
of that is the difference in Kp values reported by Amato et al. [35], using ITC, and by Zavyalova et al. [36], using
a turbidimetric assay, when studying the RA36 oligonucleotide which consists of two repeats of the thrombin-
binding aptamer. The discrepancy was investigated by Antipova et al. [37] and their findings supported the
theory of Zavyalova et al. that RA36 has two binding sites with a different affinity. Therefore, the difference in
Ko of the original papers could be explained by the use of a one-set-of-site binding model instead of a two-
stage binding process. This shows that the method to fit the experimental data is of great importance for
correct ITC results [38]. The fitting will be optimal if the so-called c-value (which is equal to nK,[A], wherein n
is the number of binding sites per aptamer A), ranges between 10 and 500. It is, however, not always possible
to work in this window of c-values, particularly for low affinity systems. In case the aptamer concentration
cannot be increased to obtain c-values in this range, fixing the binding stoichiometry (N) during data analysis
can minimize the error for experiments performed at low c-values. Another approach could be the use of
displacement methods in which a higher affinity target that binds competitively with the target of interest is
used [39,40]. These examples show that ITC is a powerful technique that should be hand with care, otherwise
it may lead to conclusions that do not reflect the processes taking place.

Additional insights about the binding mechanism can be acquired by performing ITC measurements at
different temperatures and considering the enthalpy variation (AH) vs. temperature, i.e., by following the
changes in the heat capacity. Amano et al. [41] ascribed the negative heat capacity observed for the aptamer-
target complex formed between the high-affinity RNA aptamer and its target protein to the burying of a large
hydrophobic region upon binding. Thermodynamic parameters (AH and entropy variation (AS)) were also used
to determine the structure switching mechanism of cocaine aptamers upon binding to the target [42]. Zhang
et al. [43] used the adenosine aptamer, that contains multiple binding sites, to show that the combination of
rational sequence design and ITC analysis allows the characterisation of each binding site separately and the
comparison of their thermodynamic behaviour. Also a one-site aptamer was developed for adenosine, using
ITC to prove the 1:1 binding model and test it towards possible interfering compounds normally interacting
with the corresponding wild type aptamer [44].

Conventional ITC is suitable for studying aptamer-target interactions with a Kp in the nM - uM-range [45]. For
systems which interact more strongly, it becomes unreliable due to the large variation in injection heat when
the molar ratio of aptamer/target is only increased slightly. This problem can be overcome by using ligand-
displacement ITC as first proposed by Sigurskjold [45]. Kuo et al. were later able to use this method to
determine a Kp in the pM-range for a streptavidin-binding aptamer [46].

Apart from providing a complete thermodynamic characterisation, ITC apparatus and new processing methods
allow to directly analyse association kinetics from raw ITC data. Burnouf et al. [47] developed a new processing
method named kinetic ITC (kinITC) in which the shape of each injection peak is analysed to obtain kinetic
information. This can be applied to a large variety of systems from folding to ligand binding. ITC-based kinetics
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was first applied to long timescale reactions aiming to avoid complications related to the time needed for heat
flow detection in the calorimeter cell. The optimisation of ITC empirical response model enables now to follow
reactions occurring in the order of ten seconds [48]. A kinITC method was incorporated in, for example, the
AFFINImeter software to obtain a full thermodynamic and kinetic description of one-step interaction systems
[49] (a complete introduction can be found in [50]). Despite these recent advances, the applicability of kinetic-
based ITC to aptamer-target systems is still limited and the majority of the examples are related to enzymatic
systems (i.e. to tackle inhibitors binding [51]).

Native mass spectrometry

Native electrospray ionisation mass spectrometry (ESI-MS) allows the characterisation of non-covalent
complexes, such as aptamer-target complexes, due to the transfer of the sample from solution to the gas-
phase using a soft ionisation method and the use of gentle experimental conditions during the analysis [52].
Native MS delivers information about the stoichiometry of the binding (given that the Kp is in the nM to low
UM range) and allows the simultaneous identification and characterisation of multiple species, which are co-
existing in equilibrium (e.g. aptamer, target and complex), based on the mass-to-charge ratio (m/z) of each
species [53].

Native MS was employed as a fast screening technique to determine the potential binding of natural molecules
to a thrombin-binding aptamer folded into a G-quadruplex structure [54]. The screening allowed to detect the
formation and/or the coexistence of complexes with different stoichiometries, 1:1 and 1:2. Moreover, by
performing competition experiments the authors indirectly proved stacking interactions between one of the
alkaloid targets and the G-tetrads. Marchand et al. showed that also the enthalpic and entropic contributions
to the formation of a complex can be identified using a temperature-controlled nanoelectrospray source
(Figure 2) [55]. Using G-quadruplexes as an example, insights into the driving forces behind target binding
could be obtained by looking at the thermodynamic signatures. Gilbakan et al. determined the binding
selectivity and stoichiometry of three small molecule-binding aptamers and also showed that native MS can
provide accurate aptamer-target binding affinities (by incorporating the correct controls) and can help to
refine the model for aptamer-target binding equilibrium [56].
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Figure 2 — Native MS was used to detect and quantify each specific stoichiometry: number of strands in the G-quadruplex, number of
potassium ions (in green) and number of ligands (in yellow). By using a temperature-controlled electrospray source, the behaviour of
the complex at different temperatures was monitored. From this, temperature-dependent equilibrium constants and thus the
enthalpic and entropic contributions to the formation of each stoichiometry were determined. Reprinted with permission from [55].
Copyright (2018) American Chemical Society.

A careful experimental design is needed when performing native MS experiments to ensure non-denaturing
conditions. Porrini et al. showed that duplexes up to 36 base pairs undergo compaction in the gas-phase due

to phosphate group self-solvation prevailing over Coulomb repulsion [57]. However, Daems et al. [58]
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demonstrated that key-features of aptamers and their targets are preserved in the gas-phase. The authors
used a set of related cocaine-binding aptamers, displaying a range of folding properties and ligand binding
affinities and showed that their apparent quinine-binding affinity, qualitatively matched the previously
reported Kp values obtained by ITC [59-61] as shown in Figure 3. By combining native MS with ion mobility
(IM) spectrometry, which provides information on the size and shape of ions, the authors found differences in
IM-behaviour between the free aptamer and aptamer-quinine complexes. These differences were attributed
to a small target-induced conformational changes and were found to inversely correlate with the affinity of
binding. This MS-based approach provided a fast way to study the aptamer-target recognition.
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Figure 3 — Native IM-MS measurements of four cocaine-binding aptamers (MN19, MNS-7.9, MN4, and 38-GC) and a randomized
sequence in complex with quinine. A) The relative abundance of the aptamer and complex are shown in grey and red, respectively. B)
Changes in IM-behaviour, i.e. the arrival time, for all aptamers. More rigid aptamers (MN4 and 38-GC) were found to undergo smaller
conformational changes than flexible aptamers (MIN19 and MINS-7.9). Reprinted with permission from [58). Copyright (2021) Elsevier.

Electrochemical methods

To avoid covalent labelling, redox probes and rotating droplet electrochemistry (RDE) methods can be
employed. The kinetic RDE setup developed by Limoges and co-workers, which is depicted in Figure 4, allowed
to i) work in hydrodynamic conditions (avoiding slow diffusion limitations), ii) have a real-time monitoring and
iii) assure a rapid mixing of the reactants in the microliter droplet [62]. Challier et al. [29] combined RDE with
fluorescence polarization (FP), ITC and quartz crystal microbalance (QCM) to characterise the binding process
of L-tyrosinamide to its aptamer, highlighted in Figure 4. The authors found that the interaction occurs via an
induced-fit mechanism in which the L-tyrosinamide first binds to the 5’-end of the aptamer after which the
aptamer folds around the target.

Redox-active molecules were also used in other approaches. Guyon et al. [63] proposed a displacement
strategy in which non-redox-active aminoglycosides bind to an RNA riboswitch, or 16S RNA, and displace a
redox-active target. This increases the diffusion rate of the redox-active target and leads to an enhancement
of the electrochemical signal. Paromomycin was found to be an efficient redox spy probe to study the binding
of several aminoglycosides. Also loop-mediated isothermal amplification (LAMP) has been used in combination
with aptamers and redox-active molecules [64,65]. Xie et al. [64] developed an electrochemical method for
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the detection of Ochratoxin A. In this approach, a situation in presence and absence of the target is compared.
In absence of the target, the aptamer can undergo amplification during the LAMP reaction resulting in a high
amount of dsDNA, which is then able to capture the intercalating methylene blue in solution. The aptamer-
target complex is, however, less prone to undergo amplification and as a result free methylene blue is present
in solution which can undergo the electrochemical reaction and results in a signal. Recently, Martin et al. [66]
offered an interesting overview of intercalating and non-intercalating redox probes compatible with dsDNA
(such as osmium complexes, methylene blue and derivatives, Nile blue, etc.) by comparing their performance
upon the same LAMP reaction. They concluded that intercalating probes result in a higher LAMP sensitivity.
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Figure 4 — Scheme of the kinetic rotating droplet electrochemistry (RDE) setup developed by Limoges using a screen-printed three-
electrode electrochemical microcell (with a carbon working electrode, a silver reference electrode and a carbon counter-electrode),
on the right. Aptamer-target interaction processes investigated with the RDE method, on the left. Reprinted with permission from
[29]. Copyright (2016) American Chemical Society.

Fluorescent-based methods

In case the aptamer or target has intrinsic fluorescent properties, these can be used to characterise the
aptamer-target interaction in solution although only a few recent examples are available in the literature.
Jaeger et al. [67] used the intrinsic fluorescence of ciprofloxacin to study its binding to an RNA aptamer
selected for this target. The fluorescence of ciprofloxacin is quenched upon binding to the aptamer and the
change in intensity can be correlated to the amount of target bound. This allowed the authors to determine
the Kq of the aptamer-target complex. Moreover, by using derivatives of ciprofloxacin the influence of different
side groups was investigated. Fadock et al. [68] used an ochratoxin A aptamer with fluorescent nucleobase
analogues at different positions to study the folding and binding. A fluorescent signal is observed upon binding
of the target and this can be used to measure the aptamer affinity. Furthermore, since certain probe locations
hampered binding of the target, insights in the binding location were obtained.

2.1.2 Labelled methods

Aptamer-target binding kinetics can be characterised in solution also with the help of labelled-based
strategies. Once one of the binding partners is labelled with a fluorophore or a quencher, the aptamer-target
interaction is indirectly monitored by the changes in fluorescence. These strategies allow estimating aptamer-
target kinetics and they are often combined within versatile methods. Additional information regarding the
binding mechanism can be acquired by modifying the label or its position (i.e. labelling a different region of
the aptamer). In general, the presence of labels may affect the aptamer-target binding process thus labelled-
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based aptamer-target characterisations require to be supported by other techniques or a complete series of
negative controls. The extensive optimisation often required for labelled-based strategies makes them more
suitable for the characterisation of aptamer-target complexes of interest for assays or sensing applications
than extensive aptamer screening.

Fluorescent-based methods

Well-known for cellular and tissue imaging, fluorophores have been extensively used to label biomolecular
complexes, such as protein-protein and DNA/RNA-protein complexes [69], and to map their interactions even
at a single nucleotide level [70]. Once a fluorophore is covalently attached to one of the binding partners,
aptamer-target interactions can be monitored by following the changes in the fluorescent quantum yield,
through quenching phenomena, fluorescence anisotropy/polarization (FA/FP), etc.

Among these techniques, FA is commonly used in aptamer-target characterisation methods [71]. FA records
the polarised fluorescence emission of the label in horizontal and vertical directions under polarised excitation
light and correlates its rotation speed to the fluorescence lifetime. The changes in anisotropy/polarization
reflect the changes in the mobility of the fluorophore (i.e. local rotation or molecular volume), for instance, by
the structure-switching of the labelled aptamer upon target binding.

Initially limited to macromolecule-aptamer characterisation, FP/FA methods are now also designed for
studying aptamers for small-molecules thanks to, for example, molecular mass amplifying strategies [72] or
nanomaterial-based enhancement [73,74]. In these methods, the nature and position of the fluorophore label
plays a key-role, as exemplified in the study for an aptamer-based FA assay for immunoglobulin E reported by
Zhao et al. [71]. To optimise the assay, the authors compared a series of aptamers, which differed only in the
position of the fluorescein label, Figure 5. Depending on the location of the fluorescein on the DNA sequence,
the Kp was significantly influenced. This also allowed to discriminate close-contact sites and identify the strong
affinity binding region. An accurate identification of this region required a large series of experiments in which
the target is tested in presence of truncated or modified aptamers, as previously shown in the study of
aptamer probes for B1 with tetramethyl rhodamine label [75]. In both examples, the authors underlined that
their studies were conceived to be further applied in the design of methods and aptasensors.

Fluorescent Labeling at Close-Contact Site
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Figure 5 — Fluorescence anisotropy analysis of IgE and its aptamer with a single fluorescein label (FAM). The site of the label influences
the movement of the label and therefore also the light emitted. Slow local rotations lead to emission of polarised light, while rapid
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rotations lead to depolarised emission. The results show the label at the T10 position can detect binding of the aptamer to IgE, while
the aptamer with label at the 3’ or 5’ end does not detect the binding. Reprinted with permission from [71)]. Copyright (2020) Elsevier.

Indeed, fluorescent-based methods in general are not suitable for simple characterisation or screening of
aptamer-target kinetics and should be evaluated in consideration to the final aptamer-target application. To
optimise the design of the labelled aptamers, a structural characterisation by X-ray crystallography can be
included, as previously done for fluorescent-labelled RNA aptamers used in transcript tracking [76]. By using a
fluorophore-labelled aptamer and a quencher-labelled complementary sequence, Yang et al. investigated the
cross-reactivity of aptamers for steroids [26]. In the presence of a steroid which binds to the aptamer, a
fluorescent signal is observed. By comparing the amount of fluorescence observed, the affinity of multiple
targets could be distinguished. Fluorophore labels are often combined also with heterogenous methods. The
transition from in-solution to at a confined surface (section 2.2) might affect the aptamer performance at a
different extent, as discussed by Amaya-Gonzalez et al. [77]. In that work, the authors reported a comparison
between biotin and fluorescein labelling showing that fluorescent labels are not always the best choice.
Therefore, it is suggested to consider other labelling strategies when relatively high and unreliable Kp values
are obtained with fluorophore labels.

Microscale thermophoresis

Another method in which the fluorescence of a labelled molecule is detected, is microscale thermophoresis
(MST). MST is based on the movement of molecules through temperature gradients, the so-called
thermophoresis. This movement, which is detected by fluorescence, depends on the size, charge, and
hydration shell of an aptamer and at least one of these parameters changes upon binding of a target [78].
Typically, MST is used to determine the binding affinity of an aptamer-target system in which either the target
[79] or the aptamer [80,81] is labelled. The technique can, however, also provide some other insights when
using multiple aptamers or targets. Rubio et al. [82] showed that two aptamers for the protein B-conglutin
bind to different sites of the proteins using a competitive MST assay. Furthermore, Skouridou et al. [83]
investigated a progesterone aptamer and range of steroids with small structural differences. The affinity of
the aptamer against all steroids was determined using MST and by overlaying this information with the
structures of the steroids, the moieties involved in binding could be identified. MST might not be able to detect
binding if the aptamer does not undergo significant conformational changes as shown by Prante et al. [84]
using an 25-hydroxivitamin D aptamer. This aptamer did not show any response at room temperature but at
35 °C, which is closer to the melting temperature of the aptamer, a binding curve could be obtained. This is
due to the fact that the aptamer adopts a less structured state at elevated temperatures and folds into its
native form upon addition of the target and allows detection using MST.

2.2 At a confined surface

The first report of an aptamer being used in a biosensor dates back to end of the 20™" century when Hieftje et
al. showed that aptamers could be used in biosensing by immobilising a fluorescently labelled anti-thrombin
DNA aptamer on a glass support and selectively detecting thrombin in solution [85]. Nowadays aptamer
immobilisation protocols are commonly used in the design of optical, electrochemical or mass-sensitive
aptasensing strategies [25,86—88]. Covalent immobilization protocols were reported requiring to modify the
aptamers with specific linkers (chemical functionalities, such as thiols) [89,90], but also non-covalent methods
resulted successful, like the electrostatic interaction-based one described by Farjami et al. [91].

Despite its covalent or non-covalent nature, the immobilisation process can influence the aptamer-target
binding. Potryrailo et al. reported beneficial effects in terms of affinity [85], while other researchers observed
a drop in the affinity constants when working at confined surfaces and this drop was ascribed to steric
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hindrance effects related to the proximity of the aptamer to the surface of interest [24,25]. Also the nature
and length of the linker/spacer used for covalent immobilisation was found to influence the affinity [24,77,92].
Increasing the spacer length generally results in a more accessible aptamer and a better affinity towards the
target, but too long spacers can reduce the affinity due to a smaller surface density of the aptamer or
interaction of the spacer with the aptamer resulting in an incorrect fold [24,92].

Once at a surface, the aptamer-target binding can be characterised through different methods, which are
mostly applied in aptasensing and here briefly though critically discussed. For completeness, even techniques
which are not providing binding information, in terms of affinity and conformational changes, are mentioned
to emphasise the difference in between binding characterisation (qualitative and/or quantitative information
about the aptamer-target binding) and binding monitoring (verification of the occurrence of the binding).

2.2.1 Optical methods

Optical detection methods are commonly used in aptasensing strategies to monitor the binding of a target to
its aptamer but to a lesser extent for the characterisation of aptamer-target kinetic behaviour. Optical sensing
platforms canrely on, e.g., fluorescence or colorimetric assays [93], surface-enhanced Raman scattering (SERS)
[94], surface plasmon resonance (SPR) [95,96] and bio-layer interferometry (BLI) [97]. Since optical methods
are usually used for sensing purposes and not for characterisation of aptamers and their complexes, only few
examples of optical-based strategies will be presented.

Surface plasmon resonance

SPR has been extensively used as a label-free method to detect aptamer-target interactions at a confined
surface providing information on kinetics and affinity depending on the setup design [98,99]. In general, SPR
platforms include a transducing element (planar metal chip), which interrelates the biochemical and optical
domain allowing to monitor the changes in reflectivity, and an electronic component [100,101]. The variation
in the refractive index (reflectivity) reflects the changes in mass concentration at the chip surface, which is
related to the binding event. In a conventional SPR experiment, the reflectivity recorded in resonance units is
measured at a fixed angle and wavelength to assure the optimum sensitivity towards the selected aptamer-
target complex.

The adaptability of these platforms depends on the possibility to immobilise one of the interacting partners
(aptamer or target) on the sensor surface and add the other one in solution. In case the target is a small
molecule (< 1000 daltons), it is usually the target that is immobilised while the aptamer is in solution to obtain
a detectible variation in reflectivity. Once the architecture is optimised, a wide range of binding conditions can
be screened as showed by Minagawa et al. in the selection and characterisation of a salivary a-amylase
aptamer [102]. After measuring the Kp of the candidate sequences, the authors studied the binding specificity
of the one with higher affinity by testing it in presence of other related salivary biomarkers. Importantly, the
binding affinities determined via SPR platforms cannot be directly compared with these obtained with other
techniques, as clearly showed by the dataset presented by Sass et al. [81]. Here, the Kp for an anthracycline
aptamer and a truncated form calculated via SPR was two orders of magnitude higher than that determined
using MST, which is a labelled immobilisation-free strategy. This example underlines how the immobilisation
step can influence the binding and suggests the importance of designing the characterisation protocol of an
aptamer by considering its final application. Also the aptamer surface density can have a significant influence
on the target binding as shown by Simon et al. [103]. The authors used a high throughput SPR imaging system
(SPRi) and showed that the optimal surface density of the aptamer is dependent on the target size; they did
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so by studying two different aptamers, one for the protein immunoglobulin E and one for the peptide 6xHis-
tag.

In addition, SPR was directly combined with SELEX to select an aptamer against a structured RNA, derived from
the transcription factor XBP1. SPR was allowed to follow the evolution of the aptamers throughout the SELEX
cycles and the SPR-SELEX combination resulted in a simultaneous aptamer selection and real-time evaluation
of their binding affinity [104]. A similar principle was reported by Jia et al. [105] in which SPRi was combined
with SELEX to select and characterise aptamers against the protein lipocalin-1.

Surface-enhanced Raman scattering

SERS showed a wide applicability in multi-analytical aptamer-target characterisation studies. Since 2009, SERS
potential for monitoring aptamer conformational changes was uncovered. Conformational changes can be
quantified by a spectral cross-correlation function, as described by Neumann et al. [106] making SERS a
suitable complementary technique in aptamer binding studies. Recently, Cui et al. [107] successfully combined
the data obtained via BLI, SERS and molecular dynamics (MD) simulations for determining the affinity and
conformational changes of the theophylline-binding aptamer upon binding of its target, as summarised in
Figure 6. The authors took advantage from the label-free, sensitive and real-time technology of BLI to first
evaluate the affinity, which often proceeds aptasensing design [108,109] but does not allow to gain
information about conformation changes. The latter were monitored indirectly by comparison of the
differences in the SERS spectra and carefully analysing the signals related to the aptamer nucleobases.
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Figure 6 — The kinetic parameters of theophylline binding to its aptamer were determined using BLI. The combination with SERS and
MD simulations allowed the authors to analyse the conformational changes of the aptamer and finally an in-depth understanding of
the aptamer-theophylline binding process was obtained. Reprinted with permission from [107]. Copyright (2020) Elsevier.

2.2.2 Electrochemical techniques

Highly sensitive electrochemical techniques, such as electrochemical impedance spectroscopy, but also
potentiometric and amperometric techniques, are widely applied in aptasensing [110-112]. However, their
application is often limited to monitor the aptamer-target binding event and not to evaluate kinetic or affinity
parameters. Nevertheless, Eissa et al. reported an electrochemical SELEX platform in which the Kp values of
aptamers against 11-deoxycortisol, immobilised at the electrode surface, were determined via square wave
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voltammetry by estimating peak current changes upon aptamer binding [113]. Afterwards, the authors
selected one aptamer and applied this in a voltammetric label-free aptasensor. Despite the sensitivity of
electrochemical-based sensing strategies, even down to the sub-picomolar range [114], they cannot be used
to gain further information about the binding event itself.

2.2.3 Mass-sensitive techniques

Quartz crystal microbalance (QCM) is a label-free, mass-sensitive technique in which the resonance frequency
of a quartz crystal varies when the mass on the crystal surface changes [115]. Challier et al. [29] used QCM,
with dissipation monitoring, to study the effect of surface immobilisation of a L-tyrosinamide-binding aptamer.
The Kp was estimated from these experiments by looking at shifts in QCM frequency at various concentrations
of the target and fitting these data. It was found that these values were up to two orders of magnitude higher
than the Kp determined in solution by ITC. These results show again that immobilisation of the aptamer can
have a significant influence on the aptamer performance. QCM was also combined with SELEX by Hu et al.
[116] to monitor the QCM frequency in real-time throughout each selection round and consequently
determine the Kp-values of selected aptamer candidates for acrylamide.

3. Structural studies

Aptamers can adopt a wide range of structural motifs, such as loops, hairpins, pseudoknots and G-
quadruplexes. These structural elements define the aptamer structure, which is crucial for target binding.
Understanding the structural properties and conformational changes upon binding of a target is therefore a
fundamental step in the understanding of how an aptamer works and further prove its selectivity toward the
ligand. In this frame, we describe the main analytical techniques to study aptamer structure which can be
divided in two main sections: high-resolution techniques where an atomic resolution is reached (section 3.1)
and low-resolution techniques which provide general information on the size and shape of the aptamer
(section 3.2).

3.1 High-resolution techniques

There are only three techniques which can provide atomic resolution structures: nuclear magnetic resonance
(NMR) spectroscopy, X-ray crystallography and electron microscopy (EM). NMR spectroscopy, commonly used
for aptamers in complex with small molecules, and X-ray crystallography, mainly used for aptamer-protein
complexes, are discussed in more detail in section 3.1.1 and 3.1.2, respectively. Finally, in the category of EM,
especially cryo-EM is interesting since molecules are frozen but hydrated at cryogenic temperatures [117].
Therefore, cryo-EM allows imaging of samples in their native state. Despite its great potential, cryo-EM has
not been used to determine aptamer structure so far.

3.1.1 NMR spectroscopy

NMR spectroscopy has been used since the 1990s to study the 3D structure of aptamers and aptamer-target
complexes. The use of NMR spectroscopy is limited to relatively small biomolecules (< 40 kilodaltons) due to
broadening and overlap of NMR signals when molecules become too complex. Secondary and tertiary
structure determination of free-form aptamers is difficult since they often have an undefined, heterogeneous
form in their unbound state. However, NMR spectroscopy is an excellent tool to study the structures of
aptamer in their bound state. Currently, over one hundred aptamer-target structures have been determined
by NMR spectroscopy [118].

Structure determination of aptamers is often difficult due to overlap of signals, but even when the structure
cannot be determined, important information on aptamers can be obtained. The imino proton region of
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guanosine, thymidine and uridine (10 to 15 ppm) provides information about the base pairing in aptamers, as
was demonstrated by Minagawa et al. [119] and by Philip Johnson’s group [32,120,121]. The first used the
imino proton signals of an aptamer against salivary a-amylase measured at different temperatures to obtain
information on the thermal stability of the aptamer. The disappearance of signals from 40 °C onwards
indicated disruption of the base pairs and the consequent unfolding of the aptamer. Neves et al. [32] showed
that the imino signals can indicate how well-structured certain aptamers are. They did so by using a set of
cocaine-binding aptamers with different stem lengths. Aptamers with many sharp peaks in the imino region
were found to be rigidly structured while fewer and broad peaks are attributed to loosely structured and
dynamic aptamers. Similar conclusions were drawn by analysing the exchange rate of imino protons of two of
these cocaine-binding aptamers. The exchange rate values were higher for the more dynamic aptamers
compared to the rigidly structured one [120]. Upon binding of the target, the exchange rate was reduced
indicating a more stable and less solvent accessible structure. Interestingly, base pairs which were already
preformed also experience a reduction in dynamics upon binding [121]. Verdonck et al. [122] studied a duplex
with imidazole-tethered thymidines. These thymidines can interact with a nucleotide in the opposite strand
and form a so-called pKs-motif, which increases the thermal stability of the duplex [123]. Using a combination
of MD simulations and nuclear Overhauser spectroscopy, the authors confirmed the formation of pKy-motifs
in the duplex. Furthermore, they applied the same principle to a L-argininamide-binding aptamer and found
the motif occurs and stabilises the aptamer while maintaining the binding capacity.

By comparison of the NMR signals in the absence and presence of a target, conformational changes upon
target binding can be monitored. Oguro et al. [124] showed this for a spermine-binding aptamer which has a
stem-loop structure. The terminal side of the structure is loose while the loop side forms a stable structure,
and the binding of spermine induced a conformational change. More recently, structural changes of a
tetramethylrhodamine-binding aptamer upon binding of the target were monitored [125]. The authors found
the aptamer undergoes extensive structural changes and forms a stable three-way junction upon binding.
Slavkovic et al. [126] used a combination of thermal stability, ITC and NMR experiments to determine why the
ATP-binding aptamer binds two copies of the target cooperatively. By investigating the aptamer and two
related constructs, a population shift mechanism was discovered which results in a cooperative binding
mechanism.

Besides the commonly used *H NMR, also fluorine-19 (*°F) NMR, first reported by Marshall et al. [127] in 1977,
can be used to analyse structural features of nucleic acids. *°F NMR has several advantages compared to H
NMR [128]: (1) the **F nucleus is highly sensitive to changes in the environment and is therefore ideal to study
conformational changes; (2) *°F is absent in natural compounds and incorporation of a °F probe in nucleic
acids, either nucleotide-based within the sequence [129] or at the end of the sequence [130], generates
spectra which are easy to interpret. Ishizuka et al. [131] used °F NMR to investigate the thrombin-binding
aptamer with G-quadruplex structure (Figure 7). Several aptamer variants with a single *°F probe incorporated
at each thymine position were used to: (1) monitor structural changes in function of temperature and (2)
determine thermodynamic parameters of the G-quadruplex. Moreover, the binding of thrombin to the
aptamer was followed by considering the changes in chemical shift.
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Figure 7 —19F NMR and *H NMR spectra of the thrombin-binding aptamer with an °F-labelled nucleotide at the T10 position at 25 or
70 °C. The quadruplex is unfolded at 70 °C which results in a change of chemical shift in 1°F NMR and a disappearance of the signals
in 1H NMR. Reprinted with permission from [131]. Copyright (2017) American Chemical Society.

NMR was also used to obtain structural information on nucleic acids in living cells [132,133]. Recently, Broft et
al. [134] studied a riboswitch using in-cell NMR and observed binding of 2’-deoxyguanosine to the aptamer
domain of the riboswitch. This technique holds great potential to investigate structure-function relationships
of aptamers within cells to monitor aptamer treatment.

3.1.2 X-ray crystallography

X-ray crystallography is mostly used to investigate aptamers in complex with relatively large molecules, such
as proteins (a detailed overview of the use of X-ray crystallography to study aptamer-protein interactions was
provided by Gelinas et al. [135]). A crystal structure provides detailed information on the interactions between
the two binding partners. It is, however, often difficult to obtain well-diffracting crystals since the co-
crystallisation depends on many factors such as the purity of the compounds, the conformation of the aptamer
and the ratio between the aptamer and its target. Therefore, finding the conditions which provide suitable
diffracting crystals is usually a time-consuming process of trial and error [136]. Dynamic and conformationally
flexible molecules are difficult to crystallise as was recently shown by Schmidt et al. [137]. The authors studied
an aptamer against the flexible peptide ghrelin and were not able to crystallise the aptamer or peptide alone
due to the many conformational changes they undergo. The crystal structure of the aptamer-ghrelin complex
was, however, determined since this might be more rigid compared to the two components alone.

Regular X-ray crystallography provides static information of a molecule, but Stagno et al. [138] used serial
femtosecond crystallography (SFX) with an X-ray free-electron laser to determine transient states of the
adenine riboswitch aptamer domain. During SFX experiments, snapshots of static structures are recorded and
over time this indicates conformational changes of processes in the picosecond to millisecond timescale. Upon
binding of adenine, structures of four states of the adenine riboswitch aptamer domain were determined.
Later, Ding et al. [139] used SFX in combination with NMR to determine the conformational flexibility of the
same riboswitch aptamer domain in both the free and bound form. This technique holds great potential to
obtain high resolution data on conformational changes of aptamers and their complexes.

3.2 Low-resolution techniques

Several techniques can provide structural information on the aptamer conformation without providing a full
atomic resolution structure. These so-called low-resolution techniques provide general information on the size
and shape of the aptamer or provide information on secondary structure elements. The two frequently used
techniques providing this type of information are circular dichroism (CD) spectroscopy and small-angle X-ray

scattering (SAXS).
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3.2.1 Circular dichroism spectroscopy

CD spectroscopy is a widely used technique to study the secondary structure of aptamers and their
conformational changes upon biding. Various secondary structural elements have distinguished CD spectra
with specific maxima and minima in ellipticity in function of the wavelength. The main advantages of CD
spectroscopy are that it is relatively inexpensive, fast and has a high sensitivity [140]. As CD spectroscopy only
determines the global features of macromolecules, it is often used in combination with other techniques.

CD spectroscopy is frequently applied to study aptamers with a G-quadruplex structure. Zhang et al. [141]
studied the PW17 aptamer in which G-quadruplex formation is induced by the presence of potassium ions
(Figure 8). It was shown that at low K* concentrations the aptamer is loose and unstable and upon increasing
the K* concentration the aptamer folded into a parallel G-quadruplex. Wiedman et al. [142] determined a G-
guadruplex structure of an aptamer against posaconazole, an antifungal drug. They found that the G-
quadruplex structure is essential for binding the target and that Mg?* enhances the folding of the G-
guadruplex. CD spectroscopy was also used in combination with online predicting tools for an aptamer against
the antibody rituximab [143]. Six different aptamers were studied, and it was found that two aptamers fold
into a G-quadruplex, while the other four adopt a structure similar to B-DNA helices. More recently, Aljohani
et al. [144] used the change in the intensity of the ellipticity as a measure of the conformational change and
strength of the binding. They studied an aptamer against dabigatran etexilate, an anti-coagulant, together with
a truncated form and found that upon addition of the target the truncated form has a more sensitive response.
Therefore, they stated the truncated form is a better binder than the native aptamer.
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Figure 8 — A) CD spectra of the PW17 aptamer with G-quadruplex structure. Spectra are recorded with K* concentrations from 0.02
mM to 5 mM from bottom to top. B) The CD intensity at 264 nm is plotted in function of the K* concentration. The CD spectroscopy
results show the G-quadruplex formation in induced by the presence of K* and that from 2 mM K* onwards a stable structure is formed.
Reprinted with permission from [141]. Copyright (2016) American Chemical Society.

CD spectroscopy can also be used to investigate the structural stability of aptamers. Yang et al. [54] reported
CD-melting curves of a thrombin-binding aptamer in the free form and bound to the natural product
jatrorrhizine. It was found that this target increases the thermal stability, and thus the conformational stability,
of the G-quadruplex structure.

3.2.2 Small-angle X-ray scattering

SAXS is often used as a complementary method and allows to investigate the spatial molecule structure and
conformational changes induced by either varying conditions (e.g. temperature and pH) or target binding
[145]. From SAXS results, a spatial distribution of the electron density of the aptamer can be built to obtain
the general aptamer shape (Figure 9).
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The structure of two aptamers against the interleukin-6 receptor were investigated using SAXS and were found
to have an elongated shape and existed as a dimer in solution [146,147]. Recently, Schmidt et al. [137] studied
an aptamer against the peptide ghrelin with non-natural L-nucleotides which are resistant to nucleases. SAXS
experiments showed the aptamer undergoes a conformational change and becomes more compact upon
binding of the target. Moreover, the experiments allowed to derive the molecular weight and suggested the
aptamer exists as a dimer in solution, while presenting a 1:1 stoichiometry aptamer-ghrelin. Tomilin et al. [148]
proposed a four-step process to obtain a 3D structure of a thrombin-binding aptamer. From SAXS results, a
structural envelope was built. Using MD simulations, a 3D model was build based on the primary and
secondary structure of the aptamer and in a final step this model was compared with the experimental SAXS
data to further refine the model.
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Figure 9 — The general working principle to obtain information on the aptamer shape using SAXS. SAXS experiments are performed on
an aptamer in solution and consequently a structural envelope is built from these SAXS results. Adapted from Tomilin et al. [148].

4. Conclusions

This review aimed the description of the main analytical tools for aptamer characterisation, including their
limits and potential, to answer the need for a more critical evaluation of aptamer performance recently
emphasised in the literature. By dividing the analytical techniques presented in respect of the information they
provide, we aim to help researchers to identify the most suitable characterisation protocol for the desired
application. Therefore, it is fundamental to distinguish kinetic and thermodynamic studies from structural
ones. The examples presented per section underline the consequences that the choice of a certain analytical
protocol can have and how misleading the data interpretation can be, with further implications in the following
applications (i.e. non-functioning aptamers applied in aptasensors).

The techniques discussed in this review are compared in Figure 10 concerning the type of information
provided. Several techniques provide quantitative or semi-quantitative kinetic and/or thermodynamic
information on the binding event (e.g. binding affinity and/or stoichiometry), while they do not provide any
structural information. Only two techniques, i.e. native (IM-)MS and SERS, provide information on the binding
event and structure of the aptamer-target complex. Both techniques only provide qualitative information on
the binding (e.g. ranking of binding affinities) and low-resolution structural information (e.g. general shape).
Low-resolution structural information can also be obtained by CD and SAXS but these do not provide any
information on the binding event. Finally, high-resolution structural information (e.g. a structure at atomic
resolution) can be obtained by NMR spectroscopy or X-ray crystallography.
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Figure 10 — Overview of the information on aptamer-target complexes obtained using each of the discussed techniques. The
information concerns the binding, the structure or both. Binding information can be the quantitative, semi-quantitative or qualitative
while for structural information the level of resolution is considered (high or low).

These general observations lead to the conclusion that multi-analytical approaches are recommended to
thoroughly characterise aptamers and aptamer-target complexes. In this frame, the design of the analytical
protocol plays a key-role and the choice of the analytical tools require an extensive knowledge and continuous
updates. The critical choice of the analytical tools needs to consider the final application of the aptamer since
certain techniques can report different affinities of a given aptamer. Indeed, the examples throughout the text
showed that introducing a label to the aptamer or immobilising the aptamer can alter the aptamer behaviour
(i.e. testing the aptamer complex in solution or at a confined surface). Therefore, a rational choice between
label-free, labelled or immobilised approaches is recommended.

Apart from the accurate evaluation of the applicability and performance of the described analytical
techniques, several other parameters should be taken into account when designing the characterization
protocol, such as costs, speed, amount of sample and user-friendliness (Figure 11). The costs include the
instrument costs, its maintenance and the protocol-related costs (e.g. sample preparation). The speed ranges
from minutes to hours for an analysis and is important to consider, especially for screening purposes for which
you preferably have a fast technigue. The amount of sample includes both the concentration (nM to mM-
range) and volume (uL-range) required to perform an analysis. Finally, the user-friendliness of the techniques
is evaluated. This parameter does not only include the easiness of performing the experiment but also
following procedures such as data analysis and interpretation.
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Figure 11 — Comparison of the discussed techniques in terms of costs, speed, amount of sample required and user-friendliness.

It is worth noticing that the rising interest in an in-depth characterisation of aptamer-target complexes is
leading to the development of new analytical tools often already known for other applications. One of the
examples is kinetic ITC for studying the kinetics of aptamer-target binding or on a structural side, cryo-EM.
Despite the variety of tools already available it is fundamental to be able to map the gaps of these techniques
in terms of information provided and limits of applicability. Certain multi-analytical approaches cannot be
afforded/applied in routine studies for the development of aptamers for medical treatments, etc. There is still
the urgent need to design, or redesign, new analytical tools able to provide high performance and rapid
analysis with affordable costs.
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