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A B S T R A C T   

Malathion is an organophosphate chemical (OPC) and a toxic contaminant that adversely impacts food quality, 
human health, biodiversity, and the environment. Due to its small size and unavailability of sensitive sensors, 
detection of malathion remains a challenging task. Often chromatographic methods employed to analyze OPCs 
suffer from several shortcomings, including cost, immobility, laboriousness, and unsuitability for point-of-care 
settings. Hence, developing a specific and sensitive diagnostic sensor for quick and inexpensive food testing is 
essential. We discovered four unique malathion-specific ssDNA aptamers; designed two independent sensing 
strategies using fluorescence labeling and Thioflavin T (ThT) displacement. Selected aptamers formed the G4- 
quadruplex-like (G4Q) structure, which helped develop a label-free detection approach with a 2.01 ppb limit 
of detection. Additionally, 3D structures of aptamers were generated and validated using a series of computa-
tional modeling programs. Furthermore, we explored structural features using CD spectroscopy and molecular 
docking, probing ligands’ binding mode, and revealed vital intermolecular interactions with aptamers. Subse-
quently, the novel sensors were optimized to detect malathion from food samples. The novel sensors could be 
further developed to meet the demands of sensing and quantifying toxic contaminants from real food samples in 
field conditions.   

1. Introduction 

Twentieth-century witnessed a rapid demand for food and energy 
due to the population explosion, which necessitated the use of toxic 
OPCs to protect crops and animals [1]. Consequently, the consistent 
consumption of OPCs led to increased contamination of food, soil, water, 
and the environment [1,2]. This pollution is primarily attributed to the 
indiscriminate application of toxic OPC insecticides in agriculture and 
other human endeavors. OPCs applied for crop protection are the most 
harmful neurotoxic chemicals [2] as they escape into the environment 
quickly and can spread through food or water. Food safety, environment 

protection, and securing biosafety from toxic chemicals are priorities to 
fulfill the ‘sustainable development goals (SDGs)’ set by World Health 
Organization (WHO). 

OPCs are a group of organic chemicals that are highly hazardous and 
make up approximately 40% of total global insecticide consumption. Of 
all OPCs, malathion ranks among the topmost used insecticide. It is an 
artificially synthesized small molecule insecticide with the chemical 
formula of C10H19O6PS2 and a molecular weight of 330.36 Da. It is 
yellow-brown colored and has a garlic-like odor [1,3]. Malathion is 
commonly used to control agricultural insects and in public health. 
Additionally, it has been used as a pharmaceutical drug to treat head lice 
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at low concentrations [4]. Since its introduction, several formulations 
have been commercially available as a liquid (pure or mixture), dust, dry 
or wet powder, and emulsion. There are over a thousand registered 
products containing malathion that have been used worldwide [1,3]. 

The mode of action of malathion, like other OPCs, includes inter-
fering with the central nervous system of insects, where it binds to the 
enzyme acetylcholinesterase and blocks its activity [2]. As a result, this 
enzyme cannot break down the neurotransmitter acetylcholine into 
choline and acetic acid, a necessary reaction to allow cholinergic neu-
rons to return to their resting state after activation [2,5]. However, the 
neurotransmitter signals do not stop, which causes the insect to contract 
to death [5,6]. Hence, the contamination of food with insecticides poses 
significant implications for human health due to possible neurotoxicity 
and carcinogenic effects [7,8]. 

The excessive use of these hazardous insecticides leads to its 
dissemination into the soil, water, and natural resources, including food. 
Subsequently, these chemicals are biomagnified and, as a consequence, 
impact all living organisms, including humans [5,6,9–11]. Moreover, 
the uptake of the OPCs, like malathion, is relatively rapid by the ani-
mal’s body through the skin, respiratory tract, lungs, ingestion, and 
gastrointestinal tract [1,2,5,11]. If humans come in contact with mala-
thion, it may instigate immediate nausea, headache, chest stuffiness, 
severe spasms, drowsiness, impaired immune response, or even cause 
death [5,6]. Therefore, to protect from the deleterious effects of mala-
thion, it is crucial to design and develop highly sensitive assays for early 
detection and prevent contamination of natural resources such as food 
and water. 

Routinely used methods for the detection of malathion residues from 
food, water, soil, and the environment are high-performance liquid 
chromatography (HPLC) or gas chromatography (GC), or mass 
spectrometry-based assays [12,13]. Although these methods are sensi-
tive and reliable; however, they have significant drawbacks such as cost, 
complexity, inflexibility, time-consuming, and challenging to apply for 
real-time testing. Thus, developing a novel quick, robust, simple, and the 
cheaper analytical sensor is essential. Aptamer-based sensing assay 
provides an attractive alternative approach in OPC analysis, as apta-
sensors are easy to customize, inexpensive to synthesize, and can be 
developed as point of care technology (POCT). 

Aptamers are short ssDNA (or RNA) oligonucleotides, usually 30 to 
90 bases, with the structure-switching ability and possess a high po-
tential to bind to target molecules [14,15]. Aptamer technology was 
developed in the 1990s [14,15]. Since then, a number of aptamers have 
been reported for a wide variety of targets, from small molecules to 
single cells, including pathogen or protein detection [16]. Aptamers are 
selected through an in vitro selection process called systematic evolution 
of ligands by exponential enrichment (SELEX) [14]. Aptamers have 
advantages over other molecular recognition elements (MRE), such as 
antibodies, as they are easy to store, non-immunogenic, and bioethical 
because no animals are killed or used during the generation process 
[17]. Moreover, its synthesis could be fully automated using an artificial 
oligo synthesis platform [17,18]. Thus, an aptamer-based biosensor 
could be advantageous in food testing and biosafety analysis [19]. 

Here we report the discovery of novel structure-switching ssDNA 
aptamers specific to malathion using the SELEX process combined with 
affinity chromatography. Additionally, we found the aptameric se-
quences are rich in guanines and capable of G4Q structure formation, 
which can interact with ThT dye, thereby valuable for label-free 
detection of malathion. Furthermore, we used molecular modeling and 
docking to identify the binding pocket of malathion in the aptamer 
sensors. Moreover, we confirmed the secondary structure using CD 
spectroscopy and followed specific biophysical interactions of aptamer 
with ligands. Overall, the study designed two independent approach-
es—fluorescence labeling and ThT dye displacement to generate a 
quantifiable signal. Finally, we demonstrated the applicability of ssDNA 
aptamers for sensitive and selective detection of malathion from real 
vegetable samples. The assay could be further developed into a POCT in 

the future. 

2. Results and discussions 

2.1. Selection of candidate aptamer using the SELEX process and design to 
detect malathion 

A total of 18 rounds of the SELEX process were performed to identify 
highly selective and sensitive aptamers for malathion (Fig. 1A). For the 
first round, 500 pmoles of the initial library [20] were applied to the 
streptavidin resin column, and 100 μM malathion (Table S1) was used as 
a positive selection until the 13th round. The negative selections of 
parathion, paraoxon, and fenitrothion (1 μM each) were added from 10th 
onwards till the final round. From the 14th round, 1 μM of malathion was 
used (Table S1). The eluted ssDNA profile obtained after each round was 
amplified using PCR and separated by agarose gel electrophoresis. The 
ssDNA selected post-round 13, 15, and 18 were used to clone the frag-
ments, and of these, 24 random clones were picked for sequencing. The 
sequence analysis revealed 18, 15, and 12 groups among the selected 
clones (Table S2, S3, and S4). 

The DNA sequencing data after round 13 showed a high sequence 
similarity among all selected candidates. Short repeats of ‘TTT’ and 
‘GGG’ sequences were observed in 14 clones, i.e., 58%. Of these se-
quences, 18-mer long ‘ATGATCTTTAGTCAAAGGTGT’ was observed in 
6 clones accounting for 25% of sequenced candidates (Table S1). The 
number of grouped sequences were reduced after the 15th round 
compared to the number of groups from the previous sequencing round. 
However, the number of copies of the specific sequences increased with 
each round. This indicates that the SELEX process was successful and 
effective in the identification of appropriate ssDNA aptamers (Figure S1) 
[6,21]. The sequences have many similar features, and some have dif-
ferences of only a few nucleotides. One common feature these sequences 
had was a short region of 4 nucleotides, ‘GGGA,’ was observed in 14 
sequences accounted for 58%. So, a total of twelve subgroups were 
found in the sequencing data after the 15th round remarkably; these 
groups can be regrouped into three large clusters. The first cluster had 
eight sequences, which had only three nucleotides difference, and the 
level of similarity is 91%. The second group has seven sequences; these 
sequences shared a homology motif consisting of ‘five’ nucleotides 
(TTGCA); the level of homology in the group is 13.88%. The other group 
had many short similarities; they interfered with each sequence 
(Table S2-S4). Four candidate aptamers with the highest number of 
copies (10, 9, 9, 9) were chosen for further analysis and were name-
d–MalA1, MalA2, MalA3, and MalA4 (Table S5, Fig. 1B, and Figure S2). 
The secondary structure of these aptamers was predicted using the 
Mfold web server [22], and conditions like temperature and salt con-
centration (Mg2+, Na+, etc.) were the same as the SELEX process. 
Further, the estimated Gibbs free energy status of candidate aptameric 
sensors was − 9.07 (MalA1), − 8.95 (MalA2), − 8.48 (MalA3), and 
− 10.66 kcal/mol (MalA4) (Figure S2). The aptameric sequences of 
MalA1 and MalA2 (Fig. 1B) were adopted for fluorescence labeling 
(Fig. 1C) and label-free detection (Fig. 1D). 

2.2. Analysis of sensitivity of novel aptameric sensor using 6-FAM 
conjugation 

As a signal generation strategy, all candidate aptamers were first 
synthesized using covalent conjugation with a fluorophore, 6-fluores-
cein (6-FAM), at the 5′-end. To detect malathion, we designed a fluo-
rescence quenching assay using a 13-mer dabcyl quencher that binds to 
the aptamer and quenches the fluorescence (Fig. 1B–C). However, in the 
presence of malathion, the aptamer changes the structure and binds to 
the insecticide, and a change in conformation helps regain the fluores-
cence (Fig. 1C) [12,23]. The loss and gain of fluorescence were used to 
measure the aptamer’s binding affinity, specificity, and sensitivity. 
Using this strategy, we performed quenching assays with a 13-mer 
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Fig. 1. The SELEX process and assay design for structure-switching ssDNA aptamers. A. Illustration of the structure-switching dependent SELEX process, loading of 
ssDNA library that includes approximately 1016 molecules. Then mixing of libraries and capture strand (1:5) and incubation followed by loading onto the column. 
The unbound fraction of ssDNAs was washed away using negative selection pressure. The specific (positive) targets were added, and bound ssDNAs were collected by 
elution steps and were amplified by PCR reaction, cloned and sequenced; B. Prediction of secondary structures using Mfold web server (MalA1 and MalA2); C. 
Schematic of the assay design based on fluorescence-quenching and sensing model for detection of the organophosphate insecticide, malathion. In this assay, the 
FAM-labeled ssDNA aptamers were quenched by short-ssDNA carrying a dabcyl-quencher; and the quencher is released upon interaction with malathion (target 
molecule) due to structure-switching. The release of quencher results in gain of fluorescence signal; D. The graphical representation of label-free detection mode 
based on ThT dye displacement. The free form of ThT does not produce fluorescence signal by itself; however, it interacts with a special form of ssDNA called G4Q. 
This intercalation turns on the signal, hence the strategy is a valuable tool for label-free detection of targets. 
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dabcyl quencher for all 6-FAM modified aptameric sensors MalA1, 
MalA2, MalA3, and MalA4 (Figure S3). The quenching analysis showed 
that MalA1-FAM, and MalA2-FAM aptasensors yielded outstanding 
quenching efficiency (more than 80%) at a ratio of 1:5 of the sensor to 
the quencher (Fig. 2). Although MalA3 and MalA4 were specific to 
malathion but failed to yield sufficient quenching efficiency (less than 
80% yield), hence were not used for further analysis. 

Based on these quenching analyses we calculated the binding affin-
ities (Kd) [24]; Kd,eff1 of 28.5 nM (R2 = 0.9485) and Kd,eff1 of 37.40 nM 

(R2 = 0.9931) for MalA1 and MalA2; respectively (Fig. 2A–B). For 
detection of malathion, a fixed concentration of the sensor-quencher 
complexes (SQ), i.e., at a ratio of 1:5 was used; which corresponds to 
50 nM of the sensor to 250 nM of the quencher (the ratio is derived from 

Fig. 2A and B), while the variable concentration of malathion was 
added. After incubation of SQ complex with malathion, consequently, 
the quencher was released from SQ complexes; subsequently, gain in 
fluorescence was measured for both aptamers. Using this data, we 
calculated the second dissociation constant, Kd,eff2 = 4.61 (R2 = 0.9499) 
and Kd,eff2 = 2.057 (R2 = 0.97); for MalA1-FAM and MalA2-FAM sen-
sors, respectively (Fig. 2C and D). The Kd,eff2 is a unitless quantity. The 
final Kd was derived using Kd,eff1 and Kd,eff2. The calculated Kd of 6.18 nM 

and 18.18 nM were found for MalA1-FAM and MalA2-FAM sensors, 
respectively (Fig. 2E and F). Furthermore, we measured the limit of 
detection (LOD) for these 6-FAM sensors using the method described by 
Armbruster and Pry (2008) [25]. The LOD for MalA1-FAM and 
MalA2-FAM are 1.0 μM and 0.25 μM, respectively. 

Fig. 2. Analysis of sensitivity and measurement of the limit of detection using FAM-conjugated MalA1 and MalA2 aptameric sensors. A. MalA1-FAM quenching; B. 
MalA2-FAM quenching; C. MalA1-FAM sensor testing; D. MalA2-FAM sensor testing; E. Calculation of the limit of detection using MalA1; and F. Calculation of the 
limit of detection using MalA2. The aptamer concentration used was 50 nM. 
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2.3. Development of ThT-based label-free assay for malathion 

To develop a novel label-free assay using the ThT dye displacement 
approach, all candidate aptamers were modified by deletion of terminal 
nucleotides ‘eight’ from the 5′-end and ‘three’ from the 3′-end. The 
modified aptamers had a shorter stem and were named MalA-T sensors 
(Table S6, Fig. 1B, and Figure S2). Next, we evaluated the binding po-
tential of these sensors to ThT dye. The free form of ThT dye or the 
aptamers produces almost no fluorescence signal [6,9,26,27]. The 
characteristic feature of ThT dye is that its fluorescence is turned on 
upon binding with the aptamer that forms unique structures like G4Q [6, 

26]. In the presence of the target molecule like malathion, ThT dye is 
released from aptamer, which results in a decrease in fluorescence 
(Fig. 1D). Our analysis revealed that only two aptameric sen-
sors—MalA1 and MalA2-among four candidate aptamers displayed 
efficient binding interactions with ThT dye (Figure S4). However, upon 
successful interaction with the aptameric sensor, it formed an 
aptamer-ThT complex, which produces a significantly high fluorescence 
signal. We observed a more than tenfold increase in the fluorescence 
upon binding of ThT dye to the aptamer in the present study. The 
maximum signal of these aptameric sensors was observed at a ratio of 
1:6 of an aptamer to ThT dye (Figure S5). Such signal enhancement 

Fig. 3. The label-free strategy of ThT displacement for detection malathion. A. Estimation of dissociation constant (Kd) of MalA1 aptamer using ThT binding and 
lighting up of fluorescence; B. The measurement of the LOD for malathion using MalA1 ThT displacement assay; C. Measurement of malathion from cucumber 
vegetable extract using MalA1 aptamer and ThT dye; D. Estimation of dissociation constant (Kd) for MalA2 aptamer; E. The measurement of the LOD for malathion 
using MalA2 ThT displacement assay; F. Measurement of malathion from cucumber vegetable extract using MalA2 aptamer and ThT dye. The ratio of Aptamer:ThT 
was 1:6 with concentration in μM. 
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confirmed that these aptameric sensors could form a G4Q structure. 
G4Qs are known to strongly interact with ThT dye [6,26] and have been 
successfully used to develop label-free sensors [6,9,28]. 

Further, we corroborated the ability of our aptamers to form G4Q 
structures using ‘G4Hunter’ software. However, based on the ‘G4Hunt-
er’ program [29], only MalA1 aptamer yielded G4Q structure, but not 
MalA2 (Figure S6). Although the G4Hunter program failed to predict 
G4Q structure in MalA2 aptamer, it performed very well in the ThT dye 
displacement assay. Based on preliminary screening with ThT dye, the 
MalA1 and MalA2 aptameric sensors were chosen for further label-free 
analysis. The results showed that the MalA1 sensor was highly sensi-
tive against malathion and produced a Kd of 33.59 nM (Fig. 3A). On the 
contrary, the MalA2 sensor was slightly better, with lower sensitivity 
and a Kd value of 22.56 nM (Fig. 3B). The measured LOD of these sensors 
was found to be 7.5 nM and 9.2 nM, respectively (Fig. 3C and D). The ThT 
dye displacement produced better LOD compared to the 6-FAM 
labeling-based fluorescence assay. This could be attributed to specific 
differences in assay design, as in the case of 6-FAM labeling, the covalent 
modification of aptamers might interfere with its binding potential to 
the malathion. Whereas the ThT dye displacement assay does not 
involve such covalent modification of aptamers; as a result, the native 
structure of aptamers is not perturbed [26], and the aptamers retain a 
high-binding affinity to the ThT dye or malathion. Hence, making it 
possible to achieve very high sensitivity [21,23]. Furthermore, these 
sensors were successfully employed to detect malathion from vegetable 
tissue extracts (Fig. 3E and F). 

2.4. Molecular modeling of MalA1 and MalA2 aptamers 

The single-stranded sequences of MalA1 and MalA2 were submitted 
to Mfold [22] to generate 2D structures (Fig. 1B and Figure S6). The 
server predicts the possible conformations for both the query sequences 
and various statistical parameters. After detailed visualization, the best 
conformation was selected based on the lowest binding free energy 

value (Table S6). The dot-bracket confirmation of selected conformation 
was then submitted to RNAComposer to generate the equivalent 3D 
ssRNA structure. Subsequently, the generated structures were imported 
to DS and converted to 3D ssDNA using the “Build and Edit Nucleic Acid” 
module [30]. Finally, validation of the generated ssDNA model for both 
MalA1 and MalA2 was performed using MD simulations [31]. 

A 20 ns simulation was conducted to obtain a stable molecular three- 
conformation model for the MalA1 and MalA2 aptamers (Fig. 4). The 
geometrical feature root means square deviation (RMSD) plot of both 
the structures was used to check the stability of the 3D structures during 
the simulation run [32,33]. The backbone RMSD plot of MalA1 indi-
cated that structure fluctuated till 15 ns but after that became stable 
(Fig. 4A). Whereas MalA2 became stable after five ns of simulation, no 
significant fluctuation was observed (Fig. 4B). Consequently, the ulti-
mate 3D structures of MalA1 and MalA2 have been retrieved from the 
last 5 ns stable simulation trajectory (Fig. 4C–D). 

2.5. Probing of malathion binding pocket using molecular docking 

The docking study of selected ligands with aptamer MalA1 and 
MalA2 was performed using the PatchDock webserver and AutoDock 
program (Fig. 5) [34–36]. Since there was a dearth of information 
regarding binding sites, all the ligands were permitted to interact freely 
with both aptamers to find the most likely aptamer binding site during 
the docking experiment. A similar approach was adopted to predict the 
binding site of aptamers with their target in previous studies [37–39]. 
The docking solutions from both programs were analyzed based on the 
clustering of generated conformers. The clustering analysis revealed that 
in the case of PatchDock, more than two docking sites might be possible 
among all ligands. However, AutoDock results predicted two possible 
binding sites (Figure S7; data shown for reference compound ThT only). 
The two predicted possible binding sites were further analyzed, and the 
binding site with the largest cluster size and highest docking score was 
selected as the most suitable binding site (Figures S8-S9) [33,39]. 

Fig. 4. Molecular modeling of the 3D structure of MalA1 and MalA2. A and B. The graphical representation of backbone RMSD of MalA1 and MalA2, respectively; C 
and D. Three-dimensional model of MalA1 and MalA2 obtained after 20 ns MD simulations. 
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Fig. 5. The analysis of predicted intermolecular interactions of MalA1 and MalA2 aptamer with docked ligands. MalA1: A. Superimposition of all the selected 
MalA1-ligand complexes. B thru F: The intermolecular interaction of ligands ThT, malathion, parathion, fenitrothion, and paraoxon, respectively. MalA2: G. Su-
perimposition of all the selected MalA1-ligand complexes. H thru L: The intermolecular interaction of ligands ThT, malathion, parathion, fenitrothion, and paraoxon, 
respectively. The backbones of MalA1 and MalA2 were shown in tube representation with grey color, whereas interacting nucleotides were shown with grey color 
sticks. The ligands were shown with different color stick representations. The conventional hydrogen bonds were shown with dotted green lines, carbon-hydrogen 
bonds with light green dotted lines, electrostatic interactions, and pi-pi interactions with orange and pink dotted lines, respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Interestingly, we observed that the highest populated clusters from two 
different programs predicting the same binding pocket helped us select 
the eventual binding site. 

The best pose of each aptamer-ligand complex from PatchDock re-
sults was superimposed to gain details of the binding mode of the 
complexes, and it was observed that all the ligands docked with MalA1 
followed a similar binding mode (Fig. 5). Table 1 indicates that ThT 
showed a higher docking score than the other ligands. It was next fol-
lowed by malathion, parathion, fenitrothion, and paraoxon. The 
detailed molecular interaction analysis revealed that ThT forms a 
carbon-hydrogen (C–H) bond and pi-pi interaction with base C14 of 
MalA1 (Fig. 5B). Interestingly malathion, parathion, fenitrothion, and 
paraoxon formed hydrogen bond (H-bond) interactions with T15, G16, 
A17, and C–H bonds with C14, T15, C22, A20, A21, C22 of MalA1. 
Further, these ligands’ interaction was also strengthened by pi-pi T- 
shaped alkyl interaction with A12, A17, A20, T21, and C22 (Table 1; 
Fig. 5C–F). 

Although there were no predicted 3D simulated models for G4Q 
structures, we found that few 3D structures obtained via X-ray crystal-
lography are available (Figure S10A-B; Source: PDB database; PDB ID: 
5CMX quadruplex DNA aptamer and PDB ID: 7BQ3, DNA aptamer). We 
compared these structures with 3D simulated MalA1 and MalA2 ssDNA 
aptamer models (Figure S10C-D). There is a minimal similarity between 
these structures because of differences in approaches of experimental 
analysis versus computational-simulated structure. However, to get an 
idea of the G4Q-like structure in 3D, these PDB models were helpful and 
were closely related. The observation indicated the position of G4- 
quadruplexes in PDB (see the insets). Similarly, a typical pattern was 
noticed in the case of MalA1 and MalA2 aptamers, indicating the 
possible positions of G4Q formation in our models of MalA1 and MalA2 
(Figure S10C-D). 

The superimposition of the best pose of each MalA2-ligand complex 
from PatchDock results indicates that all the docked ligands follow a 
similar binding mode (Fig. 5G). Further, selected docking conformation 
indicates that malathion displayed the highest docking score, followed 
by ThT, parathion, fenitrothion, and paraoxon (Table 2). The detailed 
molecular interaction analysis revealed that ThT forms electrostatic 
interactions, C–H bond, and pi-pi interaction with T31, G45, A32, and 
G6 of MalA2, respectively (Fig. 5H). Malathion, parathion, and feni-
trothion formed H-bond interactions with nucleotides T43, whereas 
paraoxon forms H- bond interaction with G3 (Fig. 5I-L). All the ligands 
showed electrostatic interaction with T31; additionally, malathion 
showed electrostatic interaction with A32, and parathion, paraoxon, and 
fenitrothion showed interactions with G45. Further, various C–H bonds 
and pi-pi T-shaped alkyl interactions were observed with these ligands 
(Table 2 and Fig. 5I-L). 

2.6. Analysis of specific binding interaction using conformational changes 
in aptamer structure 

The biophysical analysis using circular dichroism (CD) spectroscopy 
can reveal the specific binding interaction of aptamers with its target 
molecules. CD is the most commonly used biophysical technique to 
follow structural changes in the secondary conformation of helices of 
nucleic acids and proteins (Reference). An aptamer may yield a change 
in spectra after circularly polarized light interacts in a specific manner 
with the target molecule. Moreover, aptamers with high guanine residue 
content produce robust spectra shifts in CD analysis; hence, they could 
be easily applied for the analysis of G4Q. After prediction using the 
G4Hunter program (Figure S6) and biophysical study of the interaction 
of aptamers with ThT dye (G4Q binding molecule), we explored struc-
tural changes in MalA1 and MalA2 aptamers upon interacting with 
malathion using CD analysis. 

Previously, our recent study demonstrated that CD spectroscopy is a 
valuable tool for revealing aptamer-specific binding interactions of 
small molecules such as ThT and fipronil. However, the spectral signa-
tures varied based on the composition and structure of the ssDNA 
aptamer. The G4Qs exhibit unique signature peaks based on parallel or 
anti-parallel orientation of the ssDNA aptamers [40]. We found that the 
CD spectrum of two of the studied aptamers fluctuated from canonical 
G4Q or B-DNA secondary structures. First, the CD spectra of control 
reagents like, ThT dye and malathion insecticide are aquired 
(Fig. 6A–B). Next, the spectra of MalA1 and MalA2 were generated, 
these yielded peculiar secondary structures; as both aptamers had dis-
played mixed spectral features of parallel and anti-parallel G4Q folding 
(Fig. 6C–D) [6,40]. Moreover, we examined the consequence of ThT and 
malathion binding on spectral signatures. Upon incubation with 
respective aptamers, both molecules interacted explicitly with the 
aptamer and produced robust conformational changes (Fig. 6C–D). It 
indicated these aptamers formed a G4Q-like structure, a prerequisite for 
developing label-free detection and quantification using ThT dye. 

2.7. Specificity test of the novel aptameric sensor using 6-FAM and ThT 
sensors 

The key feature of an ideal biosensor is its ability to discern the 
specific target molecule from a mixture of similar-looking chemicals. 
Therefore, we subjected the novel aptameric sensors MalA1 and A2 to 
testify to the specific target recognition potential. This study measured 
the nonspecific interaction with negative target insecticides, parathion, 
fenitrothion, and paraoxon using FAM sensors (Fig. 7A–B) and the ThT 
dye displacement assay (Figure S11A-B). The negative target species 
carry molecular features closely relevant to malathion (Fig. 7C). The 
results showed that all tested aptamers showed very high specificity for 
malathion and minimal binding to similar-looking nontarget chemicals. 
For successful deployment of a sensor to detect insecticides in field 
conditions, it must be definite to a given molecule. Hence, it proved the 

Table 1 
Molecular interaction between MalA1 and docked ligands.  

Sr. No. PatchDock score Hydrogen bond interactions Electrostatic interactions Carbon hydrogen bond π-π T-shaped/π-alkyl interactions 

Thioflavin T 4016 – – C14:O2 - ThT:C20 C14 - ThT 
Malathion 3804 C14:O3’ - MAL:S2 T15:O1P - MAL:P3 C14:H4’ - MAL:O8 

C14:H4’ - MAL:O8 
C22:H5′1 - MAL:O5 

C22 - MAL:C16 

Parathion 3546 A17:H61 - PT:O6 G16 - PT:O6 
G16:O1P - PT:N8 

T21:H5′1 - PT:O7 
A20:H1’ - PT:O7 

A12 - PT:C17 
A20 - PT 
T21 - PT:C17 
C22 - PT:C17 

Fenitrothion 3412 A17:H61 - FEN:O7 
T21:O3’ - FEN:S1 

G16:O1P - FEN:N8 
A17 - FEN:O6 

C14:H4’ - FEN:O3 
C22:O4’ - FEN:C16 

A17 - FEN:C15 

Paraoxon 3374 A17:H61 - FEN:O6 G16:O1P - FEN:N8 T15:H4’ - FEN:O7 
T15:H5′1 - FEN:O7 
T21:O2 - FEN:C11 

A12 - FEN:C18 
A20 - FEN  
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specificity potential of the MalA1 and A2 sensors. The MalA2 sensor 
displayed higher selectivity against all negative targets (Fig. 7 and S11) 
and did not bind to nonspecific targets. 

2.8. Analysis of real samples using novel MalA2-ThT sensor 

After identification and design of the aptameric sensors, we tested 
the feasibility of the MalA2-ThT sensor for the detection of malathion 
from real food using vegetable extracts. The results demonstrated the 
applicability of this sensor for selective analysis of positive target and 
accurate quantification of malathion in vegetable extracts of cucumber 
and Chinese cabbage (Fig. 8A–B). The vegetable extracts were spiked 

with 10 nM (2.686 ppb) malathion solution. As samples were spiked with 
a higher concentration of malathion, the fluorescence intensity 
decreased proportionately, indicating the direct displacement of ThT 
dye by malathion in the assay. Plant pigments are known to generate 
autofluorescence [41,42]. Plant tissue extracts were diluted to minimize 
the autofluorescence effect on analysis [6,9], and the diluted samples 
performed relatively better (Figure S13). 

In contrast, the control experiments with negative targets (even at 
higher concentrations) failed to decrease fluorescence; this showed that 
the negative targets could not displace ThT dye. Hence, no structural 
switching happened in the sensor due to nonspecific interactions. This 
specific ThT dye displacement was useful for plotting the quantification 

Table 2 
Molecular interaction between MalA2 and docked ligands.  

Sr. No. PatchDock score Hydrogen bond interactions Electrostatic interactions Carbon hydrogen bond π-π T-shaped/π-alkyl interactions 

Thioflavin T 4088 – T31:O1P - ThT:N2 
G45:O1P - ThT:N2 

A32:O2P - ThT:C20 G6 - ThT 

Malathion 4124 T43:O2 - MAL:S2 
T43:O4 - MAL:S2 

T31:O1P - MAL:P3 
A32:O2P - MAL:P3 

A4:N3 - MAL:C15 
A4:C2 - MAL:O9 
C5:O2- MAL:C18 
T31:O1P - MAL:C19 
A32:O2P - MAL:C19 
C44:O2 - MAL:C15 

A4 – MAL:C17 

Parathion 3418 T43:O2 - PT:S1 T31:O1P - PT:P2 
G45:O1P - PT:N8 

C5:H1’ - PT:O3 
T31:O1P - PT:C11 

A4 - PO 

Paraoxon 3344 G3:H22 – PO:O6 T31:O1P – PO:P1 
G45:O1P – PO:N8 

C5:O2 – PO:C10 
A4:H4’ - PO:O7 
A4:H1’ - PO:O7 
T43:H1’ - PO:O5 

A4 - PO 
G6 - PO:C17 
G6 - PO:C17 

Fenitrothion 3214 T43:O2 - FEN:S1 T31:O1P - FEN:P2 
G45:O1P - FEN:N8 

C5:H1’ - FEN:O3 
G45:H4’ - FEN:O7 
T31:O1P - FEN:C16 

A4 - FEN:C15 
A4 - FEN:C15  

Fig. 6. The conformational changes and structural-switching mechanism of novel G4Q aptamers analyzed based on circular dichroism (CD) spectroscopy. A. The CD 
spectra of malathion only; B. The CD spectra of ThT dye alone; C. The CD spectra of MalA1 alone, MalA1 with malathion, MalA1 with ThT, and MalA1 with 
malathion and ThT; D. The CD spectra of MalA1 alone, MalA1 with malathion, MalA1 with ThT, and MalA1 with malathion and ThT. (Concentrations used for CD 
analysis were as follows: MalA1 and MalA2 at 15 μM, 50 μM malathion, and 15 μM ThT). 
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curve. In other words, the assay was precise to malathion, and there was 
no competition between negative targets and ThT dye with aptameric 
sensors. Furthermore, our comparison of cost and time required to 
perform the label-free detection assay was relatively much smaller than 
the standard HPLC method. Various regulatory agencies have set up a 
maximum permissible residue level of 0.2 ppm–8 ppm in different food 
and vegetables [43]. The present sensor displayed a LOD of 2.01 ppb, 
demonstrating the possibility of deployment in practical applications to 
assess food contamination with malathion. Overall, the analysis proved 
that the MalA2 is a precise and ultrasensitive sensor for malathion 
detection. 

3. Materials and methods 

3.1. ssDNA library and chemical reagents 

For the identification and selection of malathion-specific aptameric 
sequences, an ssDNA library reported by Nakatsuka et al. was used [20]. 
The ssDNA library was chemically synthesized and purchased from the 
COSMO Tech Company (Seoul, South Korea). The small-molecule 
OPCs—malathion, paraoxon, parathion, and fenitrothion were pur-
chased from Kemidas Company (Suwon-si, Gyeonggi-do, Korea). Other 
molecular biology grade chemicals, including Tris-HCl, HCl, NaOH, 

Fig. 7. Assessment of target recognition potential of novel ssDNA aptamers. A. Recognition specificity of MalA1-FAM sensor; B. Recognition specificity of MalA2- 
FAM sensor; and C. Molecular structure of organophosphate chemical insecticides, malathion, parathion, fenitrothion, and paraoxon. 

Fig. 8. Optimization of novel biosensor MalA2 for analysis of malathion from real vegetable food samples—cucumber and Chinese cabbage. A. Cucumber extract; B. 
Chinese cabbage extract. The label-free malathion detection assay using 1 μM MalA2: 6 μM of ThT at different dilutions of respective vegetable extracts. Each column 
represents: Column 1 is the fluorescent signal of 1x ThT buffer alone; Column 2 is the signal of 6 μM ThT alone; Column 3 is the signal of 1 μM MalA2 aptamer alone; 
Column 4 is the signal of complex S: ThT at ratio 1:6 in the 1x vegetable extract; Column 5 is the signal of complex Sensor: ThT at ratio 1:6 in the 10x vegetable 
extract; Column 6 is the signal of complex Sensor: ThT at ratio 1:6 in the 100x vegetable extract; Column 7 is the signal of complex Sensor: ThT at ratio 1:6 in the 
1000x vegetable extract; and Column 8 is the signal of complex S: ThT at ratio 1:6 in the spiked ThT buffer (positive control). 
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NaCl, KCl, HEPES, TBE, TAE, MgCl2, ThT, and agarose powder, were 
procured from Sigma-Aldrich Co, Ltd (Seoul, South Korea). 

3.2. Stock solutions and buffers used during the SELEX process 

The SELEX buffer (SB; 20 mM HEPES, 1 mM NaCl, 10 mM MgCl2, 5 
mM KCl, and pH 7.5) was used to select and identify aptamers during the 
SELEX process [21]. The separation buffer (SEPB; 20 mM HEPES, 300 
mM NaCl, pH 7.5) was used to separate the strands of dsDNA into ssDNA 
after PCR amplification. The ThT buffer (ThTB; 10 mM Tris-HCl, 10 mM 
NaCl, and pH 7.5) was used to perform label-free detection using ThT 
dye. All insecticides were dissolved in 1 mL of acetone to make a stock 
solution and were diluted in an aqueous buffer to make working solu-
tions of desired concentrations in ppm or molarity (Table S10). 

3.3. PCR conditions 

A small-scale PCR was used to check the profile of aptameric se-
quences identified after each round. The PCR consisted of 5 μL of 10x 
PCR buffer, 1 μL of dNTP mixture (10 mM), 5 μL of each primer (4 pmol/ 
μL), 31.25 μL of nuclease-free water, and 0.25 μL of Taq polymerase 
(5U/μL), and 2.5 μL of DNA template solution from the eluted/collected 
fractions. The PCR program for DNA amplification comprised of:1 cycle 
of 95 ◦C for 2 min, N cycles of [92 ◦C for 15 s; 59 ◦C for 30 s; and 72 ◦C for 
45 s], and 1 cycle of 72 ◦C for 2 min. Typically, we used N = 10 cycles; 
however, the number of cycles can be adjusted depending on the PCR 
yield and requirement. To check the quality of PCR products, the elec-
trophoresis was performed at 100 V for 25–30 min on 3% agarose gel. 
Gel staining was performed with ethidium bromide (EtBr), and Chem-
iDoc MP Imaging System was used to record the images. 

3.4. New library preparation and enrichment 

Large-scale PCR (1 mL) was used to prepare a new library for the next 
round of the SELEX process. The biotinylated reverse primer was added 
to this step. Five PCR reactions, each with a 10 μL PCR master mix, were 
run at different PCR cycles (N = 8, 10, 12, 14, and 16). The products of 
all PCR reactions were compared by separation on agarose gel electro-
phoresis at 100 V for 20 min. This step helped to optimize the number of 
cycles for DNA amplification using large-scale PCR (Figure S12). The 
PCR products were concentrated to 1/10th of the original volume (100 
μL) by centrifugation at 19,320g and using 10 KDa Amicon® filters. A 
mini-column was prepared with 250 μL streptavidin resin and washed 
six times using 1x SB. The concentrated PCR product was loaded onto 
the column, and the eluted solution was collected. The step was repeated 
three times. Then the column was washed ten times using 1x SB. A 
stopper was used to close, to which 400 μL of 0.2 M NaOH was added and 
incubated for 10 min at room temperature (RT). Next, the eluent was 
collected, an equal volume of 0.2 M HCl was added to neutralize the pH 
to 7.5, and 750 μL of 2x SB was added to this. After this, the solution was 
concentrated to 100 μL by 3 KDa Amicon® filters by centrifuging at 
19,320g for 5 min. Finally, the ssDNA concentration was measured, and 
100 pmole of a new library was used for the next round of the SELEX 
process. 

3.5. Cloning, sequencing, and sequence similarity analysis 

The most abundantly ssDNAs with high malathion affinity were 
eluted, selected, and cloned using T-Blunt™ PCR Cloning Kit for 
sequencing (Cat# SOT01-K020, SolGent, Co. Ltd, Seoul, South Korea). 
The cloning steps were performed following the manufacturer’s in-
structions. DNA for cloning was prepared as follows: all positive eluents 
were concentrated by centrifugation at 19320g in 10 KDa Amicon® 
filters and washed two times with 400 μL of distilled water. The PCR 
reactions were performed using a small-scale PCR protocol. The PCR 
program used was as follows: 1 cycle of 95 ◦C, 2 min, N cycles of [92 ◦C, 

15 s; 59 ◦C, 30 s; 72 ◦C, 45 s], and final elongation cycle of 72 ◦C for 2 
min. The number of cycles (N) varied based on the concentration of DNA 
mostly, we used N = 10. The amount of PCR products was measured 
using a Nanodrop® machine (OD 260 nm/280 nm), and quality was 
checked by comparing the strength of bands on agarose gel electro-
phoresis (Figure S1 and S12). Twenty-four random white clones were 
chosen, and the plasmid DNA was isolated from each colony and was 
sequenced. The sequences were analyzed, and a similarity check was 
performed using the web-based Omega server. Then, the secondary (2D) 
structure of novel ssDNA sequences was predicted and optimized for 
each aptameric sensor. The Mfold web server was used to predict 2D 
structure ssDNA aptamers. The program also predicted the stability and 
free energy of the 2D structure of each aptamer. 

3.6. Fluorescence labeling and sensing using quenching assay 

The ssDNA aptamers were labeled with 6-FAM and were referred to 
as the MalA-F sensor. The MalA-F sensor (S) concentration was fixed at 
50 nM, while different dabcyl quencher (Q) concentrations were used to 
optimize the sensor to quencher ratio. We found that 1:5 ratio of S:Q was 
optimal for performing quantification studies. A 60 μL of the sensor was 
mixed with 60 μL of different quencher concentrations separately, and 
the mixtures were heated to 90 ◦C for 5 min, allowed to cool down 
slowly at RT for 20 min. A 100 μL of this newly formed SQ complex was 
loaded onto a 96-well black/clear bottom plate for fluorescence mea-
surement. The excitation wavelength used was 485 nm, and the emis-
sion was collected at 535 nm. The fluorescence analysis was performed 
using the SpectraMax Gemini™ XPS/EM Microplate reader machine. 
The fluorescence data were analyzed, and the curve was plotted by using 
nonlinear regression, dissociation-one phase decay function (GraphPad 
Prism 5.0 software). The dissociation constants were calculated using as 
per Hu and Easley (2011) [24]. 

The dissociation constant of quenching assay (Kd,eff1) was calculated 
by follow equation:  

Kd,eff1 = [Aptamer][Quencher]/[Aptamer-Quencher] … Equation             (1)  

3.7. Evaluation of 6-FAM labeled aptameric sensors 

For evaluation of the FAM-labeled sensor, only when the quenching 
effect was significantly higher than 80% the ratio of sensor-quencher 
(SQ) was chosen for sensor testing. The SQ complex was heated to 
90 ◦C for 5 min and cooled at RT. Then 60 μL of SQ complex was added 
to 60 μL of a sample solution containing a target of different concen-
trations and incubated at RT for 40 min 100 μL of this mixture was 
loaded to a 96-well black/clear bottom plate for fluorescence mea-
surement. The fluorescence data were recorded and analyzed using 
nonlinear regression and the dissociation one-phase decay function 
(GraphPad Prism 5.0 software). Then second Kd, i.e., Kd,eff2, a unitless 
constant, was measured. Kd,eff2 denotes an equilibrium of target-induced 
structure-switching resulting in the release of quencher and gain of 
fluorescence, which was calculated as follows:  

Kd,eff2 = [Quencher][Aptamer-Target]/[Aptamer-Quencher][Target] … Equa-
tion                                                                                               (2) 

The final Kd was measured as indicatedbelow:  

Kd = Kd,eff1/Kd,eff2 … Equation                                                          (3)  

3.8. Label-free detection using ThT displacement assay 

Non-modified ssDNA sequences were used as aptameric sensors and 
referred to as MalA-T sensors. The MalA1 and MalA2 aptamers were 
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heated to 90 ◦C for 5 min and allowed to cool at RT for 20 min. The 
concentration of ThT dye was fixed at 5 μM, while the variable con-
centrations of the MalA-T sensor were added. The mixtures of MalA-T 
aptamer (60 μL) and ThT dye (60 μL) were allowed to interact and 
incubated for 40 min at RT A 100 μL of mixture MalA-T with ThT were 
loaded to a 96-well black/clear bottom plate for fluorescence observa-
tion by excitation at 425 nm and measuring emission at 492 nm. The 
fluorescence intensities were recorded, and the curve for each experi-
ment was plotted using the nonlinear regression, dissociation-one phase 
decay function (GraphPad software 5.0). Alternatively, the concentra-
tion of aptameric sensors were kept constant (at 1.0 μM), and a different 
ratio of ThT dye was added. The mixture was heated to 90 ◦C for 5 min 
and cooled to RT for 20 min. The mixture was incubated at RT for 40 
min. Of this, 100 μL of the mixture was loaded to a 96-well black/clear 
bottom plate for fluorescence measurement using 425 nm excitation and 
492 nm emission. The fluorescence data were plotted using the 
nonlinear regression, dissociation-one phase decay function (GraphPad 
software 5.0). 

Next, we used the ratio of MalA and ThT when the fluorescence 
signal got saturated for real sample analysis. A 60 μL of MalA-ThT 
complex was added to 60 μL of the target with variable concentra-
tions. These solutions were kept at RT for 40 min. Of these, a 100 μL of 
solution (MalA-ThT-Target) was loaded onto a 96-well black/clear 
bottom plate for fluorescence analysis. 

3.9. Molecular modeling of MalA1 and MalA2 

Three-dimensional (3D) models of aptamers MalA1 and MalA2 were 
generated using computational resources. Due to the unavailability of 
computational tools for 3D ssDNA modeling, the first step of the 
modeling study is the prediction of 2D secondary structure [30,31,44]; 
this was accomplished using the structure prediction web server pro-
gram ‘multiple fold’ (Mfold, http://www.unafold.org/) [22]. Both 
aptamers’ sequences were provided as input in the FASTA format. The 
ionic condition and temperature were set to [Na+] = 1.0 mM, [Mg++] =
0.0 M, and 37 ◦C, respectively, with remaining parameters set to stan-
dard. The resulting output 2D conformations from Mfold were analyzed. 
Based on the thermodynamic profile, the most stable conformation was 
selected to generate the 3D structure of ssDNA aptamers. The 
dot-bracket confirmation of the selected 2D conformation was down-
loaded from the Mfold server and was subsequently submitted to 
generate the equivalent 3D RNA structure using the RNAComposer web 
server (https://rnacomposer.cs.put.poznan.pl/) [44]. 

The generated RNA PDB structure of MalA1 and MalA2 was visual-
ized in Discovery Studio (DS) v19 (www.accelrys.com) and subse-
quently converted to DNA by replacing each ribose sugar (-OH) on 2′ to 
deoxyribose (H) and the modification of the uracil residue by replacing 
the H-5 atom to the methyl group (CH3) using the ‘Build and Edit Nucleic 
Acid’ module of DS. Furthermore, molecular dynamics (MD) simulations 
were used for aptamer minimization and refining. The MD simulations 
were performed using Groningen Machine for Chemical Simulations 
(GROMACS v5.1.4) [45]. The topology files for MalA1 and MalA2 
simulations were generated using the AMBER99SB-ILDN force field 
[46]. Each aptamer structure was placed into a dodecahedron box, and 
the TIP3P water model was used for solvation independently. The 
MalA1 and MalA2 systems were neutralized by 44 and 45 Na+ ions. The 
prepared systems were then subjected to an energy-minimization step 
with the steepest descent algorithm and were subsequently equilibrated 
with the constant number of particles, volume and temperature (NVT), 
and pressure (NPT) for 500 ps. Finally, the simulation run of 20 ns was 
performed for MalA1 and MalA2 following detailed simulation pro-
cedures explained in previous reports [47,48]. The simulation results 
were analyzed using DS, and the obtained refined 3D models were used 
to predict binding affinity with selected ligands using a molecular 
docking study. 

3.10. Molecular docking of MalA1 and MalA2 with selected ligands 

The docking study was performed using an automated online web-
server PatchDock, a geometry-based web server that identifies the 
binding site using local feature mapping [34]. PatchDock divides the 
receptor and ligand Connolly dot surface representation into concave, 
convex, and flat patches [49,50]. Then in order to create potential 
transformations, complementary patches are matched. These trans-
formations were further evaluated by scoring function based on geo-
metric fit and desolvation energy [51]. Finally, the consensus clustering 
approach was applied to determine the top-scoring complex. The ligands 
viz., malathion, parathion, fenitrothion, paraoxon, and ThT were ob-
tained from the PubChem database (https://pubchem.ncbi.nlm.nih. 
gov/) [52] and subsequently minimized in DS and saved as a protein 
data bank (PDB) format for molecular docking. Thirty docking con-
formers were generated and analyzed for each ligand based on 
consensus number, docking score, and molecular interactions. The 
PatchDock results were validated using the PyRx tool and AutoDock 
Vina program [35,36]. The AutoDock vina performs flexible docking in 
a defined binding pocket. The whole surface of the aptamer was covered 
during the docking run to get all the possible binding modes. The gird 
box was centered at X: 69.10, Y: 68.75, Z: 31.97 for MalA1, and at X: 
54.51, Y: 53.02, Z: 24.04 for MalA2, respectively. The docking was set 
up for 10 genetic algorithm runs using Lamarckian conformational 
search. The AutoDock results were also analyzed based on clustering of 
generated conformers, and the lowest energy pose was then compared 
with PatchDock results. 

3.11. Real plant tissue analysis 

We used various vegetables and fruits to develop a novel application 
of aptameric sensors to detect malathion in real plant tissue. For which, 
50 g of plant tissue (Chinese cabbage, cucumber, chili, and apple) were 
ground with 2 × SB using a blender. The plant tissues were spiked with 
various mock concentrations at the early and late grinding stages. The 
mixture was filtered using filter paper, and then the solution was 
centrifuged at 19320 g for 10 min. The solution was adjusted pH to 7.5 
(using strong alkali, 2.0 M NaOH). The plant tissue was ten times diluted 
to minimize autofluorescence (Figure S13) [6,7,9]. 

4. Conclusions 

Four candidate aptamers were identified after 18 rounds of the 
SELEX process. We designed and developed two independent 
approaches—fluorescence labeling (6-FAM conjugation) and label-free 
detection (ThT displacement) to detect the malathion from food. 
Further, we evaluated the sensitivity and specificity of these sensors 
against malathion by studying interactions with other nonspecific OPCs. 
Additionally, the aptamer-ligand interactions and structural features 
were elucidated using the biophysical method of CD spectroscopy as 
well as computational simulations. Furthermore, MalA1 and MalA2 
aptamers exhibited a high affinity for ThT and produced a strong fluo-
rescence signal. Although MalA1 had a ‘GGGG’ rich sequence, both 
aptamers were found to interact with ThT dye, possibly via the forma-
tion of the G4Q-like structure. Moreover, the MalA2 aptamer displayed a 
better affinity for malathion and low cross-reactivity with the negative 
targets. It is the first report to demonstrate a G4Q-like aptamer sensor 
with high sensitivity and selectivity for malathion detection from 
vegetable samples. Label-free aptameric sensors could enable rapid, 
cheap, ultrasensitive, and specific detection of OPCs, such as malathion 
from real vegetable food samples. Ultimately, the aptamer technology 
could contain contamination of toxic OPCs in food, water, natural re-
sources, and the environment. 
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