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Abstract
Aptamers are short single-stranded oligonucleotides (either DNA or RNA) that can fold into well-defined three-dimensional (3D)
spatial structures which enable them to capture their specific target by complementary shape interactions. Aptamers are selected
from large random libraries through the SELEX process and only a small fraction of the sequence is involved in direct docking
with the target. In this paper, we describe the possible truncation variants of zearalenone (ZEA) aptamer which might be an
effective binding region for the target. The originally selected zearalenone (ZEA) aptamer was 80-mer in length and shown to
bind the target with a high affinity (Kd = 41 ± 5 nM). Herein, computational docking simulation was performed with 15 truncated
variants to determine the predicted binding energy and responsible binding site of the aptamer-analyte complex. The results
revealed that 5 truncated variants had binding energy lower than − 7.0 kcal/mol. Circular dichroism analysis was performed on
the shortlisted aptamer and the conformational change of aptamers was observed with the presence of an analyte. Aptamer Z3IN
(29-mer) was chosen as the most enhanced affinity for its target with a dissociation constant of 11.77 ± 1.44 nM. The aptamer was
further applied in the electrochemical aptasensor of ZEA based on an indirect competitive format. The results demonstrated that
the truncated aptamer leads to an enhancement of the sensitivity of the biosensor.
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Introduction

Antibodies have been always considered the common biolog-
ical component to detect the specific analyte in biosensor

development. However, aptamers are the trending alternative
of antibodies, especially for the detection of small molecules
such as toxins, antibiotics, molecular markers, drugs, heavy
metals, and ions [1]. Aptamers are single-stranded, synthetic
oligonucleotides (DNA or RNA) that able to fold into 3-
dimensional (3D) shapes and can bind non-covalently to the
target molecule with high affinity [1]. Aptamers have been
widely used in the diagnostics of various substances due to
their inherent specificity and affinity. Numerous studies have
been reported on the application of aptamers for the detection
of mycotoxins, especially aflatoxin B1 (AFB1), ochratoxin A,
and fumonisin B1 (OTA) [2–9]. However, limited studies can
be found on zearalenone (ZEA) detection, especially via elec-
trochemical transducing platform [10–13]. ZEA is an
oestrogenic mycotoxin formed by several Fusarium species
and commonly contaminates cereals used for food and animal
feed. Besides estrogenic effects, ZEA may cause alterations in
the reproductive tract of the animals, especially mice, rats,
guinea pigs, rabbits, cattle, swine, and poultry, with pigs as
the most sensitive animals [14].
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During SELEX process, constant region of primer binding
site should be well designed to prevent primer-dimer pairs and
self-priming during PCR amplification as well as to reduce the
possibility of base pairing between the two constant regions
[15]. These two constant regions are the forward and reverse
priming regions that flanked the random nucleotides.
However, it is not necessary that each nucleotide of the se-
quence needs to be involved in the target binding, providing
that only the short part of full aptamer sequences is participat-
ing as the binding site [16]. This suggests that a short library,
which is cost-effective and more comfortable to manage, can
be employed for successful aptamer selection. But still, long
random sequences in a library are more suitable in providing
higher structural complexity, which is significant in isolating
aptamers with high affinity and also increase the prospect for
successful aptamer selection. That is why, the aptamers can
then be further truncated as desired, by eliminating the fixed
primer sequences as well as those identified not to be part of
the consensus motif [17]. Several studies have revealed that it
is crucial to minimise the length of the aptamer [16, 18].
Therefore, there is a need to study and determine the minimal
sequence for binding of an aptamer, once produced by the
SELEX process.

It is proven that truncation of an aptamer can improve the
binding affinity as well as the performance [19]. Moreover,
truncated aptamer may encourage better switching upon bind-
ing to the target that can be further employed in various de-
tection assays [19]. The secondary structure information of
aptamer can be predicted using computer simulation pro-
grams, giving guidance to the researcher on the conserved
stem-loop regions, which are expected to be involved in target
binding [20]. However, it cannot directly define at which po-
sition that the binding may take place within the full-length
aptamer. Due to that reason, truncation trials at different re-
gions of the full-length aptamer are required. Therefore, in this
study, we employed a computational docking method to pre-
dict the truncated aptamers’ efficiency.

Computational or molecular docking is generally achieved
between a small molecule (ligand) that is flexible and a rigid
macromolecule. The aims of the simulation are to understand
the molecular recognition, discover the prominent and
favourable binding side, predict the binding affinity of a li-
gand with the aptamer, and validate the ligand stability. This
docking simulation method is very efficient for the screening
of a large set of ligands and the refining of the structures of the
final complexes [21]. Molecular docking associates a confor-
mational search process and a scoring function to allocate the
binding affinity for a ligand [22]. This scoring function can be
empirical, force field-based, or knowledge-based. The molec-
ular mechanics’ energy and solvation models are essential in
assessing the ligand-nucleic acid complex, as predicted by the
docking program [23]. The predicted binding strength of the
ligand is extracted from the docking trajectories [22]. This

simulation approach disables the constraint in movement im-
posed on the aptamer and thus enabling for an induce fit in the
ligand-nucleic acid binding [21].

Indirect competitive format detection is generally
employed in detection of small molecules including ZEA,
due to the main challenges related to limited binding site.
Because of that, we report the development of an indirect
competitive aptasensor using a label-free aptamer previously
against ZEA [10]. In that report, the detection of ZEA was
performed by immobilising the ZEA onto the gold electrode
using cysteamine hydrochloride (Cys-HCl) and 1,4-
phenylene diisocyanate (PDIC) linker. The free ZEA in the
sample was allowed to compete with the immobilised ZEA for
the binding site of fixed amount ZEA aptamer. Herein, the
shortened aptamer is then integrated based on a similar assay.
The truncation of the aptamer leads to increased affinity to
their targets and enhanced the sensitivity of the aptasensor.

Materials and method

Reagents and chemicals

All routine reagents including ZEA (C18H22O5), cysteamine
hydrochloride (cys-HCl), 1,4-phenylene diisocyanate (PDIC)
linker, N,N-dimethylformamide (DMF), acetonitrile (ACN),
methanol (MeOH), potassium ferrocyanide (K4Fe(CN)6), po-
tassium ferricyanide (K3Fe(CN)6), magnesium chloride
(MgCl2), sodium chloride (NaCl), tris-hydrochloride (Tris
HCl), toluene, and sulphuric acid (H2SO4) were purchased
from Sigma-Aldrich (St. Louis, MO, USA https://www.
sigmaaldrich.com). Oligonucleotides were procured from
Integrated DNA Technologies (IDT, Singapore) with the list
of base sequences provided in Table S1 (see Supplementary
Information, ESM). The aptamer and analyte solutions were
prepared in binding buffer (50 mM Tris + 150 mM NaCl +
2 mM MgCl2). The Cys-HCl and PDIC solution were pre-
pared in ultrapure water and toluene, respectively. The redox
solution of 5 mM [Fe(CN)6]3−/4− redox pair (1:1 M ratio) was
prepared in 0.01 M phosphate-buffered saline, pH 7.4.
Millipore Milli-Q ultrapure water (18.2 MΩ cm) was used in
all experiments. All chemicals were of analytical grade and
used without further purification.

Instrumentation

All electrochemical measurements were performed using
Autolab PGSTAT302N potentiostat/galvanostat from
Metrohm (Herisau, Switzerland, https://www.metrohm.com)
connected to a computer operated by Nova 1.11 software. A
three-electrode system was used for all electrochemical mea-
surement consisting a gold working electrode, Ag/AgCl ref-
erence electrode (3M KCL), and Pt wire as the counter/
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auxiliary electrode (Austin, Texas, USA, https://www.
chinstruments.com/). Ten millilitres of the electrolyte
[Fe(CN)6]

3−/4− redox pair was used in the electrochemical
cell for each measurement. Circular dichroism (CD) measure-
ments were done using Jasco-810 spectropolarimeter (Jasco,
USA, https://www.jascoinc.com).

Protein search

The ZEA structure in PDB format for computational docking
was obtained from Protein Data Bank (PDB ID: 5KRC)
(https://www.rcsb.org/).

Truncation design of aptamer sequence

Several different truncation series of aptamer were studied to
ascertain which part of the full aptamer sequence is essential
for target binding. Fifteen truncated aptamers as provided in
Table S1 (see ESM) were generated based on secondary struc-
ture of the full-length aptamer (8Z31). The secondary struc-
ture of the aptamer was predicted using free access Mfold
software at http://www.unafold.org/mfold/applications/dna-
folding-form.php (the RNA Institute, Albany, NY). The
sequence was registered as FASTA format before proceeded
with the folding. The truncated aptamers were designed by
omitting different parts from the original aptamer structure,
and new secondary structures were predicted.

Aptamer-ZEA computational docking

The PDB structure of ZEA was used as a ligand of the exper-
imental object. This is due to smaller size compared to the
aptamer. Meanwhile, the ZEA aptamer sequence was used
as the receptor (macromolecule). The preparation of the recep-
tor and ligand was done using AutoDock Tools, while the
molecular docking was performed by AutoDock Vina, which
is an open-source docking programme that is widely used for
docking and virtual screening studies. In this study, the dot-
bracket formats of Mfold output were used as input for the
RNAComposer web server (http://rnacomposer.cs.put.
poznan.pl/), for designing the three-dimensional structure of
sequences. Since the output of RNAComposer is in RNA
form, the three-dimensional structures of the RNA sequence
were modified by changing the uracil bases to thymine bases
manually using Microsoft Word. The PDB formats of ZEA
and DNA sequence were used for molecular docking simula-
tion via AutoDock Vina. The binding sites of aptamer and
ZEA were studied using fully automated protein-ligand inter-
action profiler server (PLIP; https://projects.biotec.tu-dresden.
de/plip-web/plip/index). The outputs of AutoDock Vina were
visualised using PyMOL software.

Conformational evaluation of aptamer by circular
dichroism

Circular dichroism (CD) spectroscopywas used to observe the
conformational change of the aptamer in the presence of the
analyte. The analysis was performed as described in our pre-
viously published article [10], using 1.0 μM ZEA aptamer in
binding buffer, pH 7.4. The measurements were done in a 0.1-
cm path length, quartz cuvette in an optical chamber. The
chamber was purged with dry purified nitrogen gas
(99.99%) prior to use and was kept in the nitrogen atmosphere
along with the measurements. Each CD spectrumwas scanned
from 340 to 230 nm at 0.1 nm intervals, accumulation of three
scans at 50 nm/min with a 1-nm bandwidth, and a time con-
stant of 1 s.

Dissociation constant (Kd) determination of truncated
aptamer using electrochemical impedance
spectroscopy

The affinity of the aptamer towards ZEA was determined by
performing a binding assay using a constant amount of ZEA
(1000 ng/mL) immobilised on the electrode and various con-
centrations of the aptamer (0 to 250 nM). The immobilisation
of ZEA on the electrode was done similarly, as described by
Azri et al. (2020) [10] (see ESM). The measurements were
done by electrochemical impedance spectroscopy (EIS). The
measurements were recorded over a frequency range from
10 kHz to 1.0 Hz using an alternative voltage with an ampli-
tude of 10 mV, superimposed on a DC potential of 0.20 V (vs.
Ag/AgCl reference electrode). The measurements were per-
formed in a 0.01 M PBS buffer solution containing 5 mM
[Fe(CN)6]

3−/4− redox pair (1:1 M ratio). The saturation curve
was obtained, and the dissociation constant (Kd) for the ZEA
aptamer was calculated by one-site binding model using
GraphPad Prism 5 software (San Diego, CA).

Electrochemical detection of ZEA using truncated
aptamer

The zearalenone detection was done by a similar procedure
described in our previous study [10]. The aptamer was first
pre-treated by heating at 90 °C for 5 min, followed by cooling
for 10 min at both 4 °C and room temperature. Then, 10 μL of
the specific concentrations of free ZEA was pre-incubated
with 50 nM of ZEA aptamer for 10 min at room temperature.
The mixture was then transferred onto the immobilised Au/
Cys/PDIC/ZEA electrode and incubated for another 35 min.
The electrode was rinsed using 0.1 M Tris HCl prior to mea-
surement. The electrochemical measurement was conducted
using SWV, scanning from 0.45 to − 0.1 V at a scan rate of
0.125 V/s, with 0.02V amplitude and frequency of 25Hz. The
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measurement was done in a 0.01 M PBS buffer solution con-
taining 5 mM [Fe(CN)6]

3−/4− redox pair (1:1).

Results and discussion

Truncation design of aptamer sequences

The original 80-mer ZEA aptamer produced by SELEX was
obtained from previous study with a reported dissociation
constant (Kd) of 41 ± 5 nM [24]. The aptamer was further
truncated by removing the reverse and forward primer sites,
leaving a 40-mer ZEA aptamer. An indirect competitive elec-
trochemical aptasensor using the 40-mer aptamer was suc-
cessfully developed by our group [10]. Herein, this aptamer
was further truncated into a shorter sequence. As it is known
that only a particular section of the aptamer is critical for the
binding target, hence, truncation of aptamer may lead to an
improvement in aptamer binding [25]. Thus, as a first step to
establish the structure-activity relationship of the ZEA
aptamer towards its target, the ZEA aptamer sequence was
subjected to Mfold software using the default DNA parame-
ters. This analysis predicted the secondary structure of the
ZEA aptamer, as shown in Fig. 1 with a minimum free energy
of − 7.00 kcal/mol. This predicted secondary structure
displayed that the ZEA aptamer contained two stem-loop-
like forms. Therefore, to identify their independent role sub-
jecting to which part was responsible for the binding, the
parent aptamer was truncated into 15 guided variants
(Z31A–Z31O). Aptamer Z31A is a similar 40-mer aptamer
that had been used in previous study. This aptamer was in-
cluded for a comparison with other truncated aptamers.

The truncation variants were primarily selected empirical-
ly, but it has also been described that predicted secondary
structures can be used as guidance [16, 26]. The analyte-
binding regions of an aptamer were often located in the stem
and loop [27]. Besides, some linear parts could also be oblig-
atory for supporting the binding between the aptamer and its
target [19]. In this study, the truncation design was done by
considering the three stem-loop-like sections, including (a)
left-side hairpin loop, (b) right-side hairpin loop, and (c)
multibranch loop (Fig. 1). A series of base changes were in-
troduced within those three sections in an attempt to identify
the sequence/structural elements necessary for binding to
ZEA. This was due to changes in the full sequence of only
one base would significantly alter the aptamer structure and
affinity. Therefore, these changes were made to either pre-
serve or disrupt these various structural elements [26]. The
truncated aptamers were designed with lengths ranging from
13- to 46-mer. Inherent in these experiments is the assumption
that the base changes only create local changes in the DNA
aptamer structure and not a global change in folding [26].
Figures of the truncation designs of all 15 variants are

provided in the ESM (Fig. S1), where the bases in red repre-
sent the new ssDNA sequence of the truncation was made.

The new truncated sequences were re-subjected into the
Mfold software to obtain new secondary structures, as shown
in Fig. 2. Based on the structures, almost all of them showed a
hairpin structure with one or two loops and stems. A hairpin
developed when a single strand DNA was folding back itself
to form a helix capped at one end with a loop of single-
stranded residues [28]. For this to occur, the DNA sequence
must contain at least approximately a dyad symmetry.
Analysis of the nucleotide contents showed that the pyrimi-
dines (cytosine and thymine) were dominant in most of the
loop structures. Truncated variants of Z31A, Z31D, Z31G,
and Z31H were the most extended sequences among all fif-
teen candidates, which consisted of 40-mer, 46-mer, 36-mer,
and 41-mer bases, respectively. These four variants were trun-
cated by involving both left-side and right-side hairpin loop
sections and subsequently have a similar trend of structure,
which consisted of two hairpins. Meanwhile, Z31E and
Z31F were variants derived from the left-side loop section,
which consisted of 17- and 20-mer bases. Although these
variants differed by a slight three bases, their secondary struc-
tures were seen to be different. Z31F has a new order of bases
in the loop, while Z31E had a similar loop trend compared to
the full-length aptamer structure.

To represent the right-side loop section, Z31B and Z31C
were designed as 31- and 25-mer bases, respectively. Based
on the secondary structure, the structure of these two variants
was almost similar. Both variants consisted of similar shape
and order of loop, with a different length of the stem. Based on
the results of prediction binding affinity, it was assumed that
the right-side hairpin loop might be responsible for the bind-
ing site. Hence, the aptamer was further truncated by focusing
only on the right-side hairpin loop, including the stem. Z31I
(13-mer) and Z31J (19-mer) were two variants representing
the stem section. This was to ensure that the stemwithout loop
was not obligated in the binding event. Meanwhile, Z31K,
Z31L, Z31M, Z31N, and Z31O were five variants that were
truncated by focusing on the right-side loop section. As shown
in Fig. 2, all these new truncated aptamers have similar
hairpin-like structure but only differed by their positions.

Table 1 provides the information on the lowest free energy
ΔG (kcal/mol), which was obtained from the secondary struc-
ture predicted by the Mfold software. Based on the results,
Z31E, Z31F, Z31I, and Z31J had high free energy values of
0.15, − 0.76, − 1.78, and − 1.78 kcal/mol, respectively. These
variants were derived from the left-side loop section including
stem section. From a thermodynamic perspective, the binding
of the aptamer with its target comprising enthalpy (ΔH) and
entropy (ΔS) changes could be defined by the change in free
energy of binding (ΔG), the main driving force of the forma-
tion of the aptamer-target complex. Binding enthalpy reflected
the energy change taking place when the aptamer binds to the
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target; it was negative in the case of the exothermic process,
implying the formation of energetically favourable non-
covalent interactions between both aptamers [29]. Therefore,
based on this basis, the right-side loop was assumed to con-
tribute to the binding event. Furthermore, the free energy de-
rived from the structure including the right-side loop was sig-
nificantly lower, compared to the left-side variants.

Binding simulation by computational docking

After designing the 2D structure of the truncated aptamers,
these aptamers were subjected to the RNA composer to obtain
the 3D structure of the aptamer. However, it is worth noting
that the sequence was changed to RNA structure by the soft-
ware, and therefore, the uridine (U) nucleotide needs to be
replaced manually back to thymines (T) for actual docking
of DNA aptamer-ligand complex. The aptamer-ligand struc-
ture has primarily directed to the development of a variety of
empirical scoring functions based on relatively simple de-
scriptions of intermolecular interactions. The automated
AutoDock Vina algorithm searched all possible interactions

between the aptamer and ZEA based on atomic contact ener-
gies. This method was reported to be successful in ranking
binding affinities when docked to a particular protein or in
rather qualitative approximations of molecular fit in fast
docking calculations [30]. It gives a score to each complex
so that the better complex has a higher score. However, in
terms of free binding energy, lower energy value represented
a better and stable complex. This was relatable to the Gibbs
free energy, where negative value showed that the ligand-
bound spontaneously without consuming energy [31].

AutoDock Vina binding energy scores of the truncated
aptamer-ZEA complexes are shown in Table 2. The free bind-
ing energy was calculated as:

ΔGbind ¼ ΔH–TΔS ð1Þ
where theΔH represents the enthalpic, and TΔS is the entro-
pic contribution. Typically, if a ligand binds to a protein, the
enthalpic term decreases due to favourable intermolecular in-
teractions and the formation of intermolecular bonds. Based
on the results, the binding energy value was slightly different
from each other. However, one-way ANOVA and Tukey

a Left hairpin loop

b Right hairpin loop
c Multibranch loop

Fig. 1 Secondary structure of
original Z31 aptamer as predicted
by Mfold and three stem-loop
sections involved in the trunca-
tion design
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Fig. 2 New secondary structure of truncated aptamers predicted by Mfold software
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HSD statistical test were done to evaluate the difference of
Vina score between each aptamer, and the results were includ-
ed in Table 2. The result of p value was compared to Z31A,
which referred to the truncated 40-mer aptamer. Five truncat-
ed variants, including Z31B, Z31G, Z31L, Z31N, and Z31O,
had lower free binding energy which were above − 7.0 kcal/
mol. However, excluding Z31L, all 4 variants were signifi-
cantly different from Z31A (p < 0.05). These five sequences
were further aligned to determine the order or similarity of
their base. As shown in Fig. 3, these 5 variants shared a similar
bases order of ‘TGGTACATTACTATCTGTAATGT’,

which strongly suggests that this section may be responsible
for the binding event.

From a fundamental point of view, such predictions were
an initial assessment of the physicochemical models on which
they were based, including the underlying representation of
the molecular interactions and conformational ensembles
[30]. The conformational analysis of docked structures by
PLIP showed that all aptamers bind to the specific locus in
the ZEA epitope and formed hydrogen bonds with the specific
aptamer binder residues in addition to the intramolecular hy-
drophobic interactions. At least two active binding residues

Table 1 Truncated variants of ZEA aptamer with various bases length and lowest free energy

Aptamer ID Sequence Lowest free energy, ΔG (kcal/mol)

Z31A TCATCTATCTATGGTACATTACTATCTGTAATGTGATATG − 5.40

Z31B TATGGTACATTACTATCTGTAATGTGATATG − 5.55

Z31C GGTACATTACTATCTGTAATGTGAT − 5.55

Z31D CAGATGTCATCTATCTATGGTACATTACTATCTGTAATGTGATATG − 6.33

Z31E GTCATCTATCTATGGTA 0.15

Z31F CAGATGTCATCTATCTATGG − 0.76

Z31G TCATCTATCTATGGTACATTACTATCTGTAATGTGA − 5.40

Z31H ATGTCATCTATCTATGGTACATTACTATCTGTAATGTGATA − 5.40

Z31I TATGGTACATTAC − 1.78

Z31J TATGGTACATTACTATCTG − 1.78

Z31K ACATTACTATCTGTAATGT − 4.34

Z31L TCTATGGTACATTACTATCTGTAATGT − 5.05

Z31M TATGGTACATTACTATCTGTAATGTGA − 5.55

Z31N ATGGTACATTACTATCTGTAATGTGATAT − 5.55

Z31O TGGTACATTACTATCTGTAATGTGATA − 5.55

Table 2 Vina score of the predicted docking of truncated ZEA aptamer towards ZEA and the possible intermolecular interactions

Aptamer ID Length Vina score (kcal/mol) Hydrophobic interactions Hydrogen bonds Salt bridges π-Cation interactions π-
Stacking

p value

Z31A 40-mer − 6.5 1 13 1 – – –

Z31B 31-mer − 7.3 1 8 4 – – 0.003*

Z31C 25-mer − 6.4 2 12 2 – – 1.000

Z31D 46-mer − 6.8 1 9 2 – – 0.707

Z31E 17-mer − 5.8 – 7 1 1 – 0.009*

Z31F 20-mer − 5.7 2 8 2 – – 0.003*

Z31G 36-mer − 7.1 2 12 4 – – 0.032

Z31H 41-mer − 6.9 3 11 2 1 1 0.324

Z31I 13-mer − 5.4 – 9 – 1 – 0.000*

Z31J 19-mer − 4.8 – 8 1 – – 0.707

Z31K 19-mer − 6.2 1 9 – – – 0.707

Z31L 27-mer − 7.0 1 8 3 – – 0.110

Z31M 27-mer − 6.5 2 4 4 2 – 1.000

Z31N 29-mer − 7.8 – 12 3 – – 0.000*

Z31O 27-mer − 7.2 2 8 3 – – 0.009*

*Represents p value less than 0.05
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that functioned as the hydrogen donors towards aptamer were
observed from almost all of the aptamer docking. These resi-
dues were responsible for maintaining the aptamer’s position
in docking. Nucleotide in aptamers has the ability to form salt
bridges and hydrogen bonds with the receptor to maintain the
dynamical interactions between two molecules [32].
Therefore, although the aptamers were moving during the
binding, these bonds were holding the aptamer in place, thus
affecting its affinity. The number of dynamic hydrogen bonds
formed between ZEA and each truncated aptamer is shown in
Table 2. Z31A, Z31C, Z31G, Z31H, and Z31N have more
than 10 hydrogen bonds, with Z31G and Z31N having the
highest number of the salt bridge. The intermolecular hydro-
gen bond occupancy could be considered as a benchmark in
determining the active binding residues [32].

Conformational evaluation of aptamer by circular
dichroism

Five out of fifteen truncated aptamers with the lowest binding
energy predicted by the computational software were further
evaluated using CD. The chosen aptamers include Z31B,
Z31G, Z31L, Z31N, and Z31O. The conformational changes
of these aptamers, if any, as a result of truncation, were stud-
ied. The aptamers were tested in the free and induced target-
bounded form of ZEA in solution, as illustrated by the CD
spectra in Fig. 4. All aptamers showed a negative peak at ~
250 nm and a positive peak at ~ 275 nm, which indicated that
B-form helix or hairpin structures primarily existed in the
unbound aptamer’s solution. These spectra were consistent
with the previous predicted secondary structures that evaluate
the hairpin structure of each truncated variants. From the re-
sults, the peaks have about the same intensity, and the integral
of the spectral curves was closed to zero. This situation was
known as spectrum conservative, which the base pairs were
less perpendicular to the long axis of the double helix indicat-
ing a comparatively weak chirality into the structure [33].

After ZEA binding, the truncated aptamer variants of
Z31B, Z31G, and Z31O showed similar features. An increase
of the ellipticity at 275 and 250 nm of the aptamer was ob-
served for aptamer Z31B (Fig. 4a), Z31G (Fig. 4b), and Z31O

(Fig. 4e), which indicated folding of the aptamer into a differ-
ent conformation. However, it could be observed that there
was a slight shift of the peak for Z31L (Fig. 4c) and a signif-
icant shift in Z31N (Fig. 4d). These results confirmed that the
target analyte induced a conformational change of the aptamer
and further demonstrated their sensing ability. The CD spectra
of truncated variant Z31N supported the work of predicted
binding affinity by computational approach in Table 2, which
showed that this truncated aptamer had the lowest Vina score
with numbers of hydrogen bonds. It can therefore be assumed
that the truncated variant of Z31N was the most effective
truncated variant in targeting ZEA.

Visualisation of the aptamer-ZEA docking

The docking results from the AutoDock Vina were further
visualised using PyMol software. Based on the results of the
Vina score, evaluation of intermolecular forces by PLIP, and
observation of conformational change by CD, a truncated variant
of Z31N was chosen as the best truncated aptamer. Figure 5
shows the 3D structure of the aptamer Z31N-ZEA complex pre-
dicted binding mode. The accessible surface area (ASA) struc-
ture in red represents the Z31N aptamer while the blue molecule
is ZEA analyte. It can be observed from the structure that ZEA
and the aptamer were perfectly docked to each other.

Dissociation constant (Kd) determination of truncated
aptamer using electrochemical impedance
spectroscopy

The binding affinity of the selected truncated aptamer (Z31N)
towards its target was further evaluated by electrochemical
binding assay. A constant amount of ZEA was immobilised
onto the electrode, and different concentrations of aptamer
(ranging from 0 to 250 nM) were used to estimate the Kd.
The Nyquist plots in Fig. 6a show that the semicircles were
gradually increased with the increasing concentration of the
aptamer, indicating the increment of charge transfer resistance
(RCT). This was attributed to more binding of the aptamer to
the ZEA on the electrode leading to higher negatively charged
DNA shielded on the surface. As shown in Fig. 6b, theKd was

Fig. 3 Similarities of bases order of the top five truncated aptamers which had the lowest free binding energies by multiple sequence alignment
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then calculated using non-linear regression analysis by plot-
ting the percentage change of the RCT [(R−R0)/R0%] vs. the
aptamer concentration (nM). From the binding curve, the Kd

of the truncated aptamer was calculated to be 11.77 ±
1.44 nM. These results supported that the truncation of the
aptamer into shorter sequence improved the binding affinity
of the aptamer, compared to the original aptamer, 41 nM
(measured by magnetic bead-based UV-vis, [24]) or 30.8 ±
7 nM (measured by EIS, Fig. S2 in ESM).

Electrochemical detection of ZEA using truncated
aptamer

The truncated aptamer of Z31N was further evaluated using the
previously developed indirect competitive format to confirm the
feasibility of the Z31N aptamer in detecting ZEA [10]. By
employing a similar approach, the detection of ZEA in solutions
was done with increasing ZEA concentrations from 0.0001

(0.314 pM) to 1000 ng/mL (3.14 nM). The competition occurred
between the immobilised ZEA and the free ZEA for a binding
site of a fixed amount of aptamer (50 nM). The electrochemical
detection was performed using the SWV technique, and the sig-
nal was analysed based on the (i0−i)/i0% signal. As shown in
Fig. 7a, the current increased with the increase of free ZEA
concentration in the solution. This was due to the limited amount
of aptamer available for binding to the immobilised ZEA on the
gold electrode surface, which subsequently reduced the presence
of the negatively charged aptamer onto the electrode surface.
Therefore, with a higher concentration of the analyte, lower
change in the sensor response (i0−i)/i0% was obtained.

A linear calibration plot is shown in Fig. 7b by plotting the
analytical response, (i0−i)/i0% signal vs. ZEA concentration
(ng/mL). The linear plot has a negative slope, which indicated
that the sensor response signal decreased as the ZEA concen-
tration increased. The calibration plot was fitted to a linear
equation (y =mx + c), where y is the (i0−i)/i0% signal, m is

Fig. 4 Circular dichroism spectra
of truncated variants a Z31B, b
Z31G, c Z31L, d Z31N, and e
Z31O in the presence of ZEA
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the slope of the gradient, and c is the y-intercept. The linear
range obtained was in the range of 0.001 to 100 ng/mL. The
best-fit values of the experimental data were y = − 4.77x +
36.72, with a coefficient of determination, R2 = 0.989. The
limit of detection (LOD) was calculated as 3 × SD of the
blank/slope to be 1.5 pg/mL (47 pM). Thus, the results con-
firmed that the Z31N aptamer enable to detect ZEA with an
enhanced sensitivity.

Conclusion

The ability of the computational docking program for predic-
tion of ligand-nucleic acid complexes was successfully exam-
ined in this study. This technique provides a simple, cheap, and

easy to perform without the need of doing wet laboratory
works. Computational docking is important in understanding
the complex binding orientation with the lowest binding ener-
gy. The intermolecular interaction results also provide an in-
sight on the tightness of aptamer-protein binding complex.
Truncation by eliminating the non-binding regions and predict-
ed free energy by computational docking simulation revealed
that the right hairpin loop was involved in binding. In addition,
the experimental study in determination of binding affinity by
EIS confirmed that the affinity of the aptamer was significantly
increased, compared to the 80-mer. The feasibility of the trun-
cated aptamer was further evaluated by implementation in an
indirect competitive electrochemical aptasensor and demon-
strated that the truncated aptamer leads to an enhancement of
the sensitivity of the biosensor.

Fig. 5 Three-dimensional
configuration of aptamer-analyte
complex molecules. The images
were captured by rotating the
complex molecule at 360°. The
red molecule represents Z31N
truncated aptamer, while the blue
molecule is ZEA

Fig. 6 aNyquist plots of the ZEA electrode before and after incubationwith different concentrations of Z31N aptamer and b non-linear regression plot of
(R−R0)/R0% signal of the binding vs. aptamer concentration (nM) which represents the binding affinity of the aptamer
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