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� The molecular recognition capability
of two anti-pesticide aptamers were
investigated through fluorescent and
ITC approaches.

� They did not specifically bind in so-
lution with the reported micromolar
dissociation constants.

� This work highlighted the need to
validate the aptamer-target interac-
tion by using multiple characteriza-
tion strategies.
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a b s t r a c t

Herein, we originally aimed at developing fluorescence anisotropy biosensor platforms devoted to the
homogeneous-phase detection of isocarbophos and phorate pesticides by using previously isolated DNA
aptamers. To achieve this, two reporting approaches displaying very high generalizability features were
implemented, based on either the complementary strand or the SYBR green intercalator displacement
strategies. Unfortunately, none of the transduction methods led to phorate-dependent signals. Only the
SYBR green displacement method provided a small output in the presence of isocarbophos, but at an
analyte concentration greater than 100 mM. In order to identify the origin of such data, isothermal
titration calorimetry (ITC) experiments were subsequently performed. It was shown that aptamers bind
neither isocarbophos nor phorate in free solution with the claimed micromolar dissociation constants.
This work puts forward some doubts about the previously described aptasensors that rely on the use of
these functional DNA molecules. It also highlights the need to carefully investigate the binding capa-
bilities of aptamers after their isolation and to include appropriate control experiments with scrambled
or mutated oligonucleotides.
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1. Introduction

The usage of pesticides in agriculture is well-known to cause
very serious problems in the food and environment contamination,
putting the health of humanity at risk [1]. Indeed, organophos-
phorous pesticides (OP), the most used pesticides, vary in their
toxicities [2], but most of them are poisonous and can cause acute
or chronic damage to humans.

Currently, the methods used for pesticide detection generally
imply gas chromatography, liquid chromatography, and liquid or
gas chromatography coupled to mass spectrometry detection
(HPLC-MS, GC-MS) [3e5]. Although these approaches are sensitive
and trustworthy, most of them are complicated, time consuming,
and expensive, and require highly qualified technicians [6]. Thus,
rapid, sensitive, specific, and easy-to-use analytical methods are
being developed to meet the need for environmental pollution
control and early warning. Biosensors are promising in this context
due to their advantages of low cost, easy operation, fast response,
and high sensitivity. As compared with common antibodies or
enzymes used in elaborating biosensors, aptamers display better
stability, lower molecular weight, easy modification and low cost,
and are considered as excellent candidates for developing apta-
sensors devoted to the pesticide detection. Hence, there is a great
interest for designing new aptasensors able to detect pesticide
residues [7] and, to that end, a large number of pesticide-binding
aptamers have been recently selected [8].

Among them, DNA aptamers that bind to four OP isocarbophos,
phorate, omethoate and profenofos have been reported in 2012 by
Wang and colleagues [9]. In vitro selection was performed on the
basis of the structure-switching method using an immobilized
random ssDNA library. Two ssDNA sequences, SS2-55 and SS4-54,
were identified. The authors stated that the apparent dissociation
constant between the functional DNA molecules and the four
organophosphorus pesticides lies between 0.8 and 2.5 mM. The
same authors have subsequently engineered a series of variants
that better interact with OP [10]. A molecular beacon (MB) was
used for the competitive binding to aptamers and the fluorescence
intensity changes of MB was calculated as inhibition ratio. Among
them, the aptamer SS-24e35 obtained from a construct of SS2-55
and SS4-54 displayed the highest activity in binding to iso-
carbophos and profenofos with inhibition ratios of over 85% and
70%, respectively.

These three aptamers, adsorbed or grafted on a sensing surface,
have been employed in the design of various heterogeneous-phase
biosensors. In 2014, Pang et al. developed a rapid Surface Enhanced
Raman Spectroscopy (SERS) method to detect and discriminate four
specific pesticides (isocarbophos, omethoate, phorate, and profe-
nofos) by using the immobilized SS2-55 aptamer [11]. More
recently, the surface-grafted SS24e35 aptamer was applied for
developing an electrochemical aptasensor to sense the profenofos,
phorate, isocarbophos and omethoate analytes [12]. Most attention
was focused on the design of colorimetric nanoparticle-based
aptasensors. For instance, the detection of six OP (isocarbophos,
phosalone, methamidophos, acephate, trichlorfon, dursban) [13], or
phorate [14], was achieved with the SS2-55 aptamer adsorbed or
grafted onto gold nanoparticles (AuNP) surfaces. SS2-54 and
SS24e35 aptamers were respectively used for AuNP colorimetric
detection of isocarbophos [15] and omethoate [15,16]. Li et al. also
described an aptasensor for the determination of phorate based on
SS2-55-templated silver nanoclusters [17].

Among aptamer-based sensors, homogeneous-phase platforms
such as fluorescent sensors are very performing, due notably to
their high intrinsic sensitivity, high efficiency, simplicity, speed and
the capability for automated high-throughput and multiplexed
analysis [18e20]. To date, only one study by Zhang et al. [10] has
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focused on the design of FRET-based DNA aptasensors for the iso-
carbophos and phorate determination. Thereby, the original aim of
this study was to elaborate fluorescence anisotropy (FA) systems
that would be capable to sense these two OPs. Themeasurement by
FA adds another dimension of observation to the fluorescence-
based experiment, providing information on the local environ-
ment, fluorescence lifetime and molecular mass. One of the ad-
vantages of fluorescence anisotropy studies as compared to
fluorescence intensity (FI) ones is that since the measurements are
ratiometric in nature, they are not dependent on the actual light
intensity values or the fluorophore concentration.

To achieve our goal, we decided to implement two reporting
strategies that exhibit the most desirable features in terms of assay
generalizability, i. e. based on displacement schemes that involve
either a complementary stand of the functional oligonucleotide or a
DNA intercalator (SYBR Green). These indirect approaches are
characterized by their easiness and broad applicability, regardless
of aptamer structure. Indeed, significant FA responses have been
reported for hairpin (ATP and Hg(II) detection) [21], quadruplex
(ochratoxin A detection) [22], or unknown (tyrosinamide detec-
tion) [23] motifs.

Unfortunately, regardless the used approach, we found that the
afore described OP aptamers did not respond to the presence of
analytes with the apparent affinities claimed by the authors. Well-
validated small-molecule aptamers directed against L-tyrosina-
mide, D-arginine-vasopressin or ochratoxin A were concomitantly
tested to confirm the generalizability of the FA-displacement
methods used. ITC experiments were then carried out to ascer-
tain whether the tested aptamers recognize OP compounds with
the reported micromolar dissociation constants. We found that the
DNA oligonucleotides (in the micromolar concentration range) are
unable to interact with the analytes, even at a concentration as high
as 500 mM. We finally discussed the requirements to prove the
proper functionality of an aptamer, with the need to multiply
characterization strategies within more than one assay platform.

2. Materials and methods

2.1. Chemicals

Sodium chloride (NaCl), SYBr green I (SG), L-tyrosinamide (L-
Tym), ochratoxin A (OTA) were purchased from Sigma-Aldrich
(Saint-Quentin, France). D-arginine-vasopressin (AVP) tri-
fluoroacetate salt were supplied by Bachem (Weil am Rhein, Ger-
many). Magnesium chloride hexahydrate (MgCl2, 6H2O) was
purchased from Fisher Scientific (Illkirch, France). HCl and NaOH
were provided by Carlo Erba (Val de Reuil, France). All chemicals
were at least of analytical grade. Water was purified using a Milli-
pore (Bedford, MA) filter with a reverse osmosis cartridge.

Pesticides (isocarbophos and phorate) were purchased from Dr.
Ehrenstorfer GmbH and stocked in ethanol at 4 �C at 10 mM con-
centration. L-Tymwas prepared inwater at 10 mM concentration. A
stock solution of AVP was prepared at 1845 mM inwater. Ochratoxin
A was dissolved in methanol to obtain stock solution (2.5 mM).

All DNA samples were from Eurogentec (Seraing, Belgium),
stock solutions were made at 1 mM concentration with pure water
and stored at �20 �C. The sequences are listed in Table 1.

Buffers were prepared every week and stored at 4 �C. For all
experiments, the oligonucleotides dedicated to pesticides or other
targets were diluted in 2X or more concentrated buffer (it depends
on experiments), denatured at 80 �C during 5 min, kept at room
temperature for 30 min. Pesticides were added to obtain a final
concentration of 5% ethanol. For all the experiments and wells, the
binding buffer for SS2-55 and SS-24e35 aptamers dedicated to
pesticides with a respective length of 55 and 35 mer, consisted of



Table 1
Oligonucleotides sequences. Complementary sequences are in green and red.
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10 mM Tris, pH 8, 10 mM NaCl, 10 mM KCl, 10 mM MgCl2 and 5%
ethanol. For L-Tym assays, the buffer used was mainly composed
with 10mM Tris, pH 7.5, 25mMNaCl, 5 mMMgCl2 with 5% ethanol.
For AVP, the binding buffer used was composed of 10 mM Tris, pH
7.5, 50 mM KCl, 3 mMMgCl2 and 2.5% ethanol. For OTA, the binding
buffer consisted of 10 mM Tris, pH 8.5, 120 mM NaCl, 5 mM KCl,
20 mM CaCl2 and 2.5% ethanol.

2.2. SYBR green displacement

Titration curves of aptamers ranging from 8 to 512 nM (for SS2-
55 and SS-24e35), 1e32 nM (for Apt-Tym-38 and Apt-Tym-49),
4e8000 nM (for Apt-OTA or Apt-AVP) in the absence and in the
presence of respectively 100 mM of isocarbophos and 500 mM of
phorate, 100 mM of tyrosinamide, 3 mM of OTA and 500 mM of AVP
were performed. After, titration curves of the targets, ranging from
(0e500 mM for isocarbophos), (0e100 mM for L-Tym),
(400e25 600 mM for OTA) and (6.25e100 mM for AVP) were realised
with an appropriate concentration of aptamer showing the higher
difference of anisotropy between aptamer alone and aptamer with
target. The reagents were mixed in the wells in the following order:
after denaturation, DNA aptamer and targets were first pre-
incubated for 15 min at room temperature or 4 �C followed by
the addition of SG. The final concentration of SG in the wells was
fixed to 1.05 mM as previously reported [24]. Experiments were
performed in triplicate. Reading measurement were realised
immediately or after 30 min of incubation time, depending on ex-
periments realised.

2.3. Complementary strand displacement

To establish the titration curves of aptamer (ranging from 20 nM
to 1280 nM) in the presence and in the absence of isocarbophos
(100 mM or 500 mM), phorate (100 mM) or L-Tym (100 mM), struc-
tured aptamers and analyte solutions were mixed into individual
wells (final volume ¼ 100 mL). After 15 min at room temperature,
the complementary strand (CS) (20 nM) was added and the solu-
tion was kept at room temperature for 15 min in the dark. Blank
wells of the microplate received 100 mL of the binding buffer. All
experiments were done in triplicate. Finally, the microplate was
placed into the microplate reader for the measurement.

2.4. Fluorescence anisotropy measurements

The fluorescence anisotropy (FA) was measured in black
96ewell Greiner Bio-Onemicroplates (Courtaboeuf, France) using a
Tecan Infinite F500 microplate reader (M€annedorf, Switzerland).
Excitation for SG based assay was set at 485 ± 20 nm and emission
was collected with 535 ± 25 nm bandpass filters. For comple-
mentary strand displacement, the measurement was done with
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excitation filters at 590 ± 20 nm and emission filters at
635 ± 25 nm.

Fluorescence anisotropy change Dr was calculated as follows:
Dr ¼ r � rf where r is the anisotropy of the hybrid (dye-labelled

CS or SG with aptamer) in presence of target and rf is the anisotropy
of the dye-labelled CS or SG with aptamer in absence of target.

2.5. ITC measurements

Calorimetry was performed with a MicroCal iTC200 Titration
Calorimeter from Malvern (Palaiseau, France) and the data were
analyzed using software Origin, Microcal Analysis Origin Launcher.
The experiments were carried out at 15 �C. Aptamers and targets
were dissolved in the same buffer, (see previous section for binding
buffer composition, except for OTA, which was composed of 10 mM
Tris, pH 8.5, 120 mMNaCl, 5 mM KCl, 20 mMMgCl2, 3.66% ethanol).
All the solutions were degassed to avoid air bubbles.

The aptamer concentration in themicrocalorimeter cell (0.2 mL)
varied from 8 to 30 mM. A total of 20 injections of 2 mL of target
solution at concentrations varying from 300 to 500 mMwere added
at intervals of 120 s while stirring at 750 rpm. Control experiments
were performed by injection of target into the buffer solution. At
least two independent titrations were run.

3. Results

3.1. SYBR green displacement assays

The proof-of-principle of the SG-based FA strategy was previ-
ously established using the SG as probe and various functional DNA
molecules as recognition elements. Three different model systems
involving unstructured (23 mer) and hairpin-like (25 mer and 22
mer T-rich functional DNA) motifs were used for the respective
detection of L-tyrosinamide, adenosine and Hg(II) (Fig. 1) [24]. As a
function of the target nature and the induced-fit binding process of
functional DNA, the mechanism is based on either the SG release or
catch upon ligand binding. Therefore, positive or negative FA re-
sponses can be observed depending on the relative contributions of
direct competition and allosteric switch processes.

This method was first applied using a 55 and a 35 mer aptamers
named SS2-55 and SS-24e35 for the isocarbophos recognition
(Fig. S1A). As expected, due to the short lifetime of the SYBR Green
(in the picosecond range) relative to the time scale of rotation (in
the subnanosecond range), the FA signal of the free dye was high,
about 0.300 (data not shown). Upon complexation with the
aptamer, the FA signal decreased with the dye/base ratio dimin-
ishing, as the result of both the considerable increase in t (in the
nanosecond range) and a resonance energy homotransfer (RET)
effect between closely located dyes within DNA. The titration
curves displayed a plateau within the 2e64 nM and 64e128 nM



Fig. 1. Comparison of SG fluorescence anisotropy change Dr value for OP tested and
other targets from this study or literature data:40 In red colour: results obtained with
aptamers dedicated to OP pesticide. In green colour: results with well-validated
aptamers dedicated to small molecules. In blue colour: data from literature. The
dotted line is the maximum standard deviation (sD ¼ 0.007) obtained from experi-
ments conducted in the absence of targets (n ¼ 20) Iso for 100 mM of isocarbophos
with SS2-55 aptamer, Iso (100), Iso (500) and Pho (500) for respectively 100, 500 mM
of isocarbophos and 500 mM of phorate with SS24e35 aptamer. Ade for 1000 mM of
Adenosine, L-Tym for 20 000 mM of L-tyrosinamide, Hg(II) for 312 nM of HgCl2 and
OTA for 25 mM of ochratoxin A. Experimental conditions for OP: Binding buffer: 10 mM
Tris, pH 8, 50 mM NaCl, 10 mM KCl, 10 mM MgCl2 and 5% ethanol, SG: 1.05 mM,
Aptamers: 8 nM, reading immediately at room temperature for Iso and Iso (100),
Reading after 30 min of incubation at 4 �C for Iso (500) and Pho (500). Experimental
conditions for OTA: Binding buffer: 10 mM Tris, pH 8.5, 120 mM NaCl, 5 mM KCl,
20 mM CaCl2 and 2.5% ethanol, SG: 1.05 mM, Aptamers: 2 mM, reading immediately at
room temperature. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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ranges for SS2-55 and SS-24e35 aptamers, respectively, with a
minimal value around 0.090e0.100. After this clear transition, an
anisotropy increases higher for SS2-55 than SS-24e35 was
observed with the DNA size increasing due to the enhancement in
the apparent mass. Titration curves were established in the pres-
ence of 100 mM of isocarbophos (Fig. S1A) and then compared with
those conducted in the absence of analyte. No difference in
anisotropy was observed for SS2-55 whereas we evidenced an Dr
value of about 0.012 with the SS-24e35 aptamer at 8 nM (Fig. 1).
The distinct sequence length of the two oligonucleotides could
explain the different behaviour between the two aptamers. Indeed,
a higher length could induce the non-specific binding of SG to
nucleobases that would be not implied in the target recognition
process, leading to a detrimental effect on the FA response. This
interpretation is supported by results reported in Fig. S1B, observed
with Apt-Tym-38 (38 mer) and its truncated version Apt-Tym-23
(23 mer). A release of SG (Dr around 0.010) was recorded with
Apt-Tym-38 whereas a greater extent of release occurred with Apt-
Tym-23 (Dr around 0.020 for 100 mM of L-Tym) [24]. Nevertheless,
the results obtained with Apt-Vaso-55 and Apt-Tym-49 indicated
that SG displacement strategy is able to produce a FA change even if
4

the sequence of aptamer was long (Fig. S1B). The minor Dr value of
0.003 at 100 mM isocarbophos, recorded using the SS2-55 aptamer
(Fig. 1:Iso) might suggest that the binding interaction of this
aptamer was of lower magnitude than those of Apt-Vaso-55 and
Apt-Tym-49 with (Kd of 1.1 mM [25] and 1.7 mM, respectively) [26].

As the temperature change is known to greatly impact the
interaction of both the SG dye and the aptamer stability as well as
the FA signal [24], 500 mM of isocarbophos or phorate was added to
SS-24e35 and reading measurements were performed after 30min
of incubation at 4 �C. For isocarbophos, the Dr value slightly
increased with the target increasing concentration and tempera-
ture decreasing (from ~0.010 to ~0.020). Unfortunately, no differ-
ence in anisotropy was observed in the absence and presence of
500 mM of phorate, showing a negligible Dr value (Fig. 1). This in-
dicates that phorate is unable to induce SYBR green displacement.
The lack of response observed with phorate could originate from its
different molecular structure as compared with isocarbophos. The
aromatic residue, only retrieved in isocarbophos, could be able to
interact with DNA through a larger interface and then displace
more easily the SYBR green intercalator. It might be suspected that
the target binds non-specifically to the functional DNA, explaining
in turn the low Dr variation when the isocarbophos concentration
was five-fold increased (from 100 to 500 mM). In contrast, a much
enhanced Dr response was observed at saturation concentration
with a variety of previously described aptamers involving hairpin,
G-quadruplex or unstructured DNA motifs. The reported Dr values
were respectively 0.064, 0.061, �0.070 or �0.030 for Ade, L-Tym,
Hg(II) and OTA, respectively (Fig. 1). Of note, the saturation con-
centration obtained for Ade (1000 mM)was lower than that of LTym
(20 000 mM). This difference had been explained by the occurrence
of both SG release and capture mechanisms [24]. A similar mech-
anism for the SS24e35 aptamer binding could occur.

3.2. Complementary strand displacement assays

Strand displacement assays based on a fluorescence anisotropy
signal transduction approach was developed using the SS-24e35
aptamer, as previously described for numerous compounds such as
L-tyrosinamide [23], ATP [21], and ochratoxin [22]. This method
exploits the ability of nucleic acids to generate duplex structures
with complementary sequences (CS). In the absence of the target,
base pairing between the complementary sequences of the
aptamer and CS is privileged. Upon target addition, the aptamer
reorganisation led to the aptamer-CS duplex destabilization, lead-
ing to the release of the CS that generates a detectable FA signal
decrease.

Herein, two Texas red (TR)-labelled complementary strand (TR-
CSA and TR-CSB) (Table 1) corresponding in large part to the
sequence used in the original aptamer selection [10], were used as
probes. On the basis of previous results obtained for L-tyrosinamide
structure-switching assay [23], the Texas red fluorophore and a 9-
mer CS were chosen to design the probe. It has been shown that,
for a 12-mer CS, the fluorescein dye slightly raises the assay
sensitivity as compared to the TR label, whereas the fluorescein
labelled 9-mer CS does not afford the duplex formation with the
aptamer. On the other hand, the same 9-mer CS tagged with the TR
label is able to successfully form duplex with the functional oligo-
nucleotide and is comfortably displaced upon target binding [23].
In addition to the length and the type of the fluorophore, another
important parameter in the signal response is the CS:aptamer ratio
[27]. For all the aptamers, the CS probe concentration was set to
20 nM and various aptamer concentrations ranging from 20 to
1280 nM were tested in the absence and presence of targets.

First, to verify that ethanol did not adversely affect the CS
displacement, 5% of ethanol was added to the L-tyrosinamide
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binding buffer. The titration curves (Fig. S2A) with the Apt-Tym
concentration increasing were established using the TR-tagged CS
previously described and 100 mM of L-tyrosinamide [23]. The
addition of the target resulted in a large FA decrease for all the
tested aptamer concentrations (with a Dr max value
around�0.070 at 1280 nM of Apt-Tym-38). At the 320 nM aptamer
concentration (1:16 CS:aptamer ratio), the CS displacement by the
free target is optimal, indicating that a large amount of aptamer is
favorable to the assay and showing that 5% ethanol affects neither
the duplex formation nor the CS displacement. Of note, the aptamer
concentration increase led to the Dr enhancement, better than that
realised with the 1:1 CS:aptamer stoichiometry (Fig. 2: L-Tym
versus L-Tym*).

For aptamer SS24e35, despite the presence of a higher salt
concentration, weaker strength hybridization was observed with
TR-CSA and TR-CSB as compared with the Apt-TymeCSeTym sys-
tem (data not shown). In contrast to Apt-Tym, no displacement of
either complementary strands TR-CSA or TR-CSB was observed for
the SS-24e35 aptamer in the presence of 500 mM of isocarbophos
(Fig. S2A and Fig. 2) or 100 mM of phorate, and this, whatever the
tested CS:aptamer ratio. Such finding is quite surprising because
this strategy is known to be extremely generalisable and was suc-
cessfully applied to various aptamers for L-Tym [23], ATP [21] or
Fig. 2. Comparison of fluorescence anisotropy change Dr value for 500 mM of iso-
carbophos and 100 mM of phorate with CS displacement strategy with TR-CSA and TR-
CSB on SS24e35 aptamer and other small molecules from this study or literature data
[21e23]. In red colour: results obtained with aptamers dedicated to OP pesticide. In
green colour: results with well-validated aptamers dedicated to small molecules. In
blue colour: data from literature. The dotted line is the maximum standard deviation
(sD ¼ 0.002) obtained from experiments conducted in the absence of targets (n ¼ 10).
Experimental conditions for isocarbophos and phorate: CS concentration: 20 nM.
SS24-35 aptamer: 320 nM; Binding buffer conditions: 10 mM Tris, pH 8, 50 mM NaCl,
10 mM KCl, 10 mM MgCl2 and 5% ethanol. Experimental conditions for L-Tym: CS
concentration: 20 nM. Apt-Tym aptamer: 20 nM or 320 nM (for L-Tym*) with 100 mM
of L-tyrosinamide; 10 mM Tris, pH 7.5, 25 mM NaCl, 5 mM MgCl2 and 5% ethanol.
Data literature conditions: [23]L-Tym**: CS concentration: 10 nM. Apt-Tym aptamer:
10 nM; L-Tym: 250 mM, 10 mM Tris, pH 7.5, 25 mM NaCl, 5 mM MgCl2 [21]ATP: CS¼
PNA7-TR:200 nM, Aptamer: 400 nM; ATP: 500 mM, 10 mM Tris, pH 8.5, 10 mM NaCl,
10 mM MgCl2 [22]Ochratoxin (OTA): CS: 10 nM, Aptamer: 10 nM, OTA: 110 nM, 10 mM
TRIS pH 8.5, 120 mM NaCl, 20 mM CaCl2, 5 mM KCl. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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OTA [22], showing Dr value of �0.021, 0.023 or �0.017 respectively
with 1:1 or 1:2 (for ATP) CS:aptamer ratio (Fig. 2). In addition, the
molecular beacon employed in the original work of Zhang et al. [10]
consisted of 20 bases where 15 of them are common to the two
used CS.

The two FA displacement approaches developed herein failed to
generate OP-dependent signals with the apparent affinities claimed
by the authors. Theoretically, such lack of significant response can
originate from two phenomena: (i) an ineffective reporting process
and/or (ii) the inaptitude for the DNA molecules to bind the targets
with the expected dissociation constants. Although of high gener-
alizability features, the displacement signalling approaches may
not work as well as intended in some cases. For example, Juncker
et al. have demonstrated that a shorter CS, having a much lower
hybridization free energy than the longer CS, displays no induced fit
binding and may not be displaced by its target [28]. With this in
mind, it might be possible that the 20 mer CS used by Zhang et al.
[10] is moved more easily than our designed CS. Furthermore, the
sensitivity of the SG displacement approach could be limited if the
catch mechanism related to the DNA structuration upon target
binding is significantly counterbalanced by a direct competitive
effect [24].

3.3. ITC assays

In order to address the issues, we then decided to characterize
the molecular recognition capabilities of the DNA molecules by
using Isothermal titration calorimetry (ITC). ITC is a technique that
directly measures the energetics associated with the binding of two
components. Moreover, since heat is universally generated or
absorbed during any molecular interaction, ITC has become a state-
of-art label-free analytical method for characterizing small mole-
cule aptamers [29]. When the affinity between the macromolecule
and the ligand is comprised between 104 M�1 and 108 M�1

(100 mM < Kd < 0.01 mM), the affinity and the enthalpy of binding
can be simultaneously determined in a single experiment. If the
affinity between the reactants is too low (Kd > 100 mM), neither the
affinity nor the enthalpy of binding can be reliably determined.
Many examples of ITC-based binding affinity calculation for
different small molecule-aptamer pairs have been successfully re-
ported in the literature (Table 2).

Binding data for a variety of aptamers tested in literature are
shown in Table 2 (in conditions similar to those realised with both
OP and aptamers). In general, the aptamer concentration is
comprised between 5 and 150 mM and the target concentration
ranges from 25 to 900 mM, for dissociation constants comprised
between 0.2 and 16 mM (as expected for isocarbophos and phorate).
The aptamer Apt-Tym-38 was also tested with 5% of ethanol to
verify that this percentage of organic solvent did not impact
binding constant affinity determination by ITC.

The ITC profiles at 15 �C for the binding of the two pesticides
(isocarbophos and phorate) to the two DNA aptamers are presented
Fig. 3 and Fig. S3. Each of the heat burst curves corresponded to a
single injection of the target solutions into the DNA solutions. The
resulting heat plotted as a function of molar ratio was depicted in
the lower panel where data points reflect the experimental injec-
tion heats while the solid lines reflect the calculated fits of the data.
Unfortunately, the titration of SS2-55 and SS24e35 aptamers by
isocarbophos or phorate showed only minor heat exchange, in
contrast with what is commonly reported in literature and recor-
ded herein for L-Tym and OTA (Figs. S4 and S5). The titration of L-
Tym to Apta-Tym-38 resulted in negative peaks that reveal
exothermic binding. Data processing with the ITC software gener-
ated a Kd value of 0.5 ± 2.2 mM at 15 �C for L-tyrosinamide, in good
agreement with the values of 0.63 ± 0.06 mMobtained for Apt-Tym-



Table 2
Examples of Kd determination and enthalpy change estimated by the ITC method for validated small molecule-aptamer systems. Non-exhaustive-list.

Small molecule Aptamer bases structure [small molecule] mM [Aptamer]
mM

Estimated Kd mM DH kcal mol�1 Ref

L-tyrosinamide 49
23 unknown

330
250

32
15

0.63 ± 0.06a

0.19 ± 0.02a
�16.1 ± 0.2 [30]

Adenosine 27 hairpin 500 10 16.4 ± 1.4 �14.1 ± 0.5 [54]
Cocaine MN4

36
TWJ

280 20 0.3 ± 0.1 �16 ± 3 [55]

Cocaine 38-GC
38
TWJ

500 20 2.6 ± 1.0 nd [56]

Quinine MN4
TWJ

230e2250
50

15 to 150
5

0.23 ± 0.03
0.17 ± 0.04

�14.5 ± 0.4 nd [57]
[29]

Argininamide Hairpin
24

7500 150 0.17 ± 0.015 nd [29]

deoxycholic acid WC
36
TWJ

1200e4200 20 to 85 16 ± 3 �7 ± 1 [58]

Iprobenfos
Edifenphos

EIA2
64
Hairpin

25 0.5 1.67b

0.038b
nd [59]

doxorubicin epirubicin daunorubicin AS1411NT 900 5 1.24 ± 0.042
2.22 ± 0.06
2.3 ± 0.06

�7.9 ± 0.021
�7.9 ± 0.024
�6.3 ± 0.019

[60]

a At 15 �C; TWJ ¼ Three Way junction; nd ¼ not determined.
b sD not determined.

Fig. 3. ITC analysis of binding affinity of SS2-55 (30 mM) A) and SS24e35 (30 mM) B) with 300 mM isocarbophos C) Control: Titration of isocarbophos 300 mM in buffer solution.
Experimental conditions: 50 mM Tris, pH 8, 50 mM NaCl, 10 mM KCl, 10 mM MgCl2, 5% Ethanol. Temperature: 15 �C.
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49 at the same temperature [30]. ITC results exhibit a lower
enthalpy variation (�9.4 ± 0.3 kcal mol�1 vs�16.1 ± 0.2 kcal mol�1)
and a lower TDS value (�0.35 kcal mol�1 vs �12.6 kcal mol�1) as
compared with Apt-Tym-49 [30]. Apart from the aptamer length
difference, these distinct values could be attributed to the presence
of 5% ethanol in the buffer. Control experiments performed by in-
jection of L-tyrosinamide into the buffer solution yielded insignifi-
cant heats of dilution (Fig. S3).

From these data, we can conclude that, in homogeneous-phase,
neither isocarbophos nor phorate display binding to SS24e35 or
6

SS2-55 aptamers with dissociation constants in the micromolar
range. These findings could explain the lack of significant
displacement-based FA output upon binding of analytes under the
current conditions.

4. Discussion and conclusion

Pesticide residue detection is a key approach for the manage-
ment of pesticide contamination, which requires development of
new methods for highly-sensitive detection. Under this
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circumstance, novel aptamers have attracted great attention of
researchers because of their well-known superiorities. Some pub-
lications have now highlighted the need to multiply characteriza-
tion techniques of aptamers after the SELEX procedure as well as to
carry out control experiments with scrambled sequences and non-
cognate compounds to establish the aptamer binding and
specificity.

In 2015, Mc Keague et al. have performed a comprehensive ex-
amination of a panel of traditional affinity binding assays using a
set of aptamers for the small molecule target, ochratoxin A. They
proposed a workflow that allows specific recommendations for
each step of the in vitro procedure (i.e. aptamer screening, charac-
terization, and functional validation for optimal integration into
Aptamer-Based Applications) that will ensure that new aptamers
are entirely and securely characterized [31]. The characterization is
a key step of the whole SELEX procedure and the multiplication of
different binding evaluation procedures between an aptamer and
its target is an essential prerequisite for further aptamer use.

Some model aptamers devoted to small molecules such as
adenosine [32], L-tyrosinamide [33], cocaine [34], or ochratoxin A
[35] have proved their worth in the development of the different
biosensor platforms. As an example, the anti-adenosine aptamer
was studied in all directions with different transduction ap-
proaches as electrochemical, mass-based [36] and optical like
fluorescence anisotropy (FA). For instance, in FA approach, different
strategies involving direct [37], split assembly [38], kissing as-
sembly [39], enzymatic protection [40] nanomaterial amplification
[41], protein amplification [42], recycling amplification [43], or dye
displacement [44] were successfully applied, highlighting the per-
formant selection and the binding recognition properties of such
functional DNA molecules.

From the aptamer selection to the biosensor design, there are
many check points that guarantee the analytical results, such as the
employment of scrambled DNA sequences, the choice of concurrent
analytes as controls and independent methods for binding constant
determination. Recently, Zong and Liu have performed large bind-
ing assays on the arsenic binding aptamer named Ars-3 using ITC,
DNA staining dyes, and gold nanoparticles (AuNPs). After carefully
comparing Ars-3 and a few random control DNA sequences, they
concluded that Ars-3 does not recognize As(III) [45]. Some authors
have highlighted that gold nanoparticles can bind to different tar-
gets [46]. For example, the adsorption of As(III) on the AuNP surface
[47] can produce the exact same colour response for colorimetric
sensing than the positive assay (þ target) with aptamer, creating
artefacts in AuNP-based biosensors. This publication challenges
about the characterization of certain aptamers for which there is a
lack of controls. More recently, De Wael et al. have compared
different analytical methodologies to validate or disprove the
binding capabilities of ampicillin-binding aptamer sequences. The
target binding potential was evaluated in solution using ITC, native
nano-electrospray ionization mass spectrometry and 1H nuclear
magnetic resonance spectroscopy. Here again, the authors
concluded that there are no reasons to believe that complexation
occurs within the low nM to high mM range [29].

Regarding the anti-pesticide aptamers investigated in the pre-
sent work, rare are the studies for which all the controls were
carried out. Only one publication related to the OP determination
exhibits adequate controls to reveal the binding interaction be-
tween the SS24e35 and omethoate [16]. For other ones, including
the one byWang et al. [9], control experiments are missing. In most
cases, pesticides analogues are used to test the aptasensor speci-
ficity; however, no investigation with scrambled sequences and
target alone in the presence of sensing materials is conducted
[11,14e16] At best, analogous pesticides and/or scrambled se-
quences [17] are examined but the effects of the target adsorption
7

onto the AuNP surface are rarely investigated [13].
The response of an aptamer in solution can be significantly

different from that reported with the same functional oligonucle-
otide immobilized onto a biosensor surface. For examples, several
studies on microarrays have reported differences in aptamer af-
finity when compared with solution-based measurements [48].
Positively charged surfaces, immobilisation densities, aptamer
orientations as well as spacer moieties may directly influence
aptamer’s folding and consequently binding [49]. Manipulation of
the conditions (specific incubation times, temperatures and buffer
conditions as well as the presence of blocking agents to decrease
non-specific binding) can promote the interaction of weak binding
sequences with their target, where binding was not previously
observed [50]. In addition, surface-based interaction can be
improved relative to solution-based binding through enhancement
in the local concentration. As shown for IgE in SPRi, the amount of
target bound goes through a maximum as function of the aptamer
surface density. In the low surface density range, the target binding
increases with the aptamer surface density until the limit of steric
hindrance is reached in the bound target layer. After that, the bound
IgE amount decreases as the aptamer surface density is further
increased [51].

Thus, the results obtained in this study highlighted the necessity
to validate the binding potential of new isolated aptamers various
and complementary techniques involving homogeneous methods,
which avoid surface effects. This is especially important for
aptamers that bind to small molecules. Recently, for a published
aptamer dedicated to a protein target, the authors went in the right
direction by portraying affinity measurements performed with
three different techniques combining heterogeneous (SPR) and
homogeneous (Microscale Thermophoresis and filter radio-
labelling) platform in three independent laboratories as it was
advised by Famulok and Mayer [52,53].
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