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A B S T R A C T

An aptasensor with dual-outputs was developed for malathion detection. Fe-MOF was synthesized to design 
favorable signal probes for catalytic amplification. Owing to the excellent peroxidase-like activity of Fe-MOF, the 
redox reaction was catalyzed to produce the dual-outputs of colorimetric and electrochemical. In this sensing 
strategy, malathion was captured by the aptamer on sensing interface, leading to the release of signal probe. 
Thanks to the catalytic amplification of Fe-MOF and the high capture effect of aptamer, the aptasensor produced 
a sensitive response for malathion. Based on the dual-signals of absorbance and current, the detection method for 
malathion was developed ranging from 10 ng/mL to 500 ng/mL. The detection limit of malathion was 5.8 ng/mL 
for colorimetric output and 4.6 ng/mL for electrochemical output. Furthermore, the aptasensor exhibited high 
specificity and good repeatability in malathion detection. Finally, the aptasensor was applied to detect malathion 
in fruit and vegetable samples with satisfactory recovery.

1. Introduction

Pesticides play an important role to eradicate pests, control vectors 
of the diseases, and improve productivity for agriculture. However, their 
residues can remain in plant tissues, and cause problems to human 
health. There are about three million cases of pesticides poisoning every 
year, where the most common pesticides are organophosphates (Abdo 
et al., 2021). Organophosphorus pesticides are a type of organic chem
icals containing phosphorus. Organophosphorus pesticides are annually 
used up to 2 million tons worldwide, and it is approximately 40 % of 
total global pesticide usage (W. Li et al., 2023). Malathion is one of the 
most commonly used organophosphate pesticides in planting of fruit 
and vegetable. It is also commonly used as a protectant in storage of 
agricultural products. The primary toxicity mechanism of malathion is 
the inhibition of the activity of cholinesterase and subsequent accumu
lation of the neurotransmitter acetylcholine. Human body exposed to 
malathion may be related to a variety of clinical conditions, including 
cancer, reproductive problems and neurological disorders (Pupim et al., 
2023). The quantitative determination of malathion is necessary for 
health. Traditionally, malathion was detected by precise instrument, 

including high-performance liquid chromatography (Bazmandegan- 
Shamili, Haji Shabani, Dadfarnia, Rohani Moghadam, & Saeidi, 2017), 
gas chromatography and mass spectrometry (Gupta, Singh, Nayak, Das, 
& Jan, 2022). Reliable detection results can be obtained by these 
methods. Nonetheless, they suffer from some drawbacks, such as time- 
consuming and labor-intensive analysis procedure. Therefore, it still 
needs to explore sensitive and selective method for malathion detection.

Sensing techniques possess significant advantages of high efficiency, 
fast response and convenient operation in quantitative analysis (Liang 
et al., 2021). Recently, a series of sensing methods have been developed 
for malathion measurement, such as colorimetric (P. Li, Zhan, Tao, Xie, 
& Huang, 2023), electrochemical (C. Zhu, Wang, Yu, Chen, & Han, 
2023), fluorescence (Chen et al., 2020), and surface-enhanced Raman 
spectroscopy (Serebrennikova, Komova, Aybush, Zherdev, & Dzantiev, 
2023). Among these methods, colorimetric and electrochemical attract 
much attention. Colorimetric method is convenient to rapidly achieve 
the target information by the visual color change. Generally, the trig
gered color change can be directly observed by the naked eye, and it is 
easy to obtain the measurable color signal by spectrometer or camera 
(Thajee, Paengnakorn, Wongwilai, & Grudpan, 2018). Electrochemical 
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is another reliable analysis method. In comparison with optical methods, 
the electrochemical signal is produced by the electron transfer reaction 
on working electrode, which is not susceptible to external environ
mental factors of light, temperature and humidity. In order to achieve 
advantages of both methods, it is required to develop a sensor with the 
dual-outputs of colorimetric and electrochemical. Besides, the detection 
result from dual-signals method is more reliable than that of single- 
signal method, because the outcomes obtained from dual-signals 
method can be used to verify each other.

In order to improve the sensitivity of sensors, enzymes are usually 
employed as catalytic labels for signal amplification. For example, 
peroxidase is often used to catalyze H2O2-mediated redox reaction in 
colorimetric and electrochemical analysis. The substrate can be oxidized 
by peroxidase, and then produces color or current change. Peroxidase 
usually plays an important role in colorimetric and electrochemical 
sensors. However, natural enzymes have intrinsic disadvantages such as 
high production cost, low operational stability, difficult preparation, 
and susceptibility to denaturation. To overcome these drawbacks of 
natural enzyme, nanomaterials have been explored to imitate the cata
lytic activity of enzyme, which are known as nanoenzymes (Li et al., 
2023). Compared with natural enzymes, nanoenzymes have unique 
features, including low cost, high stability and easy preparation (Shu 
et al., 2022). Inspired by the catalysis of Fenton’s reagent (containing 
Fe2+/Fe3+ ions), the nanomaterial with intrinsic peroxidase-like activity 
is firstly discovered in Fe3O4 nanoparticles (Gao et al., 2007). After that, 
lots of nanomaterials have been proved with the peroxidase-like cata
lytic activity (Wang, Dong, & Wei, 2023). Metal-organic frameworks 
(MOFs) are a kind of crystalline porous materials formed by self- 
assembly of inorganic metals and organic ligands via coordination 
bonds. Because metal nodes and organic ligands of MOFs are similar to 
the reaction centers of natural enzymes, MOFs are found with excellent 
enzyme-like activity (Zhang et al., 2019). Therefore, MOFs have a great 
prospect in the preparation of sensors with colorimetric and electro
chemical dual-outputs.

The interference of complex matrices in real samples still poses a 
challenge to precisely quantify malathion. To eliminate the interference, 
it is required for sensing interface to recognize malathion specifically. 
Aptamer, as a single-stranded and short oligonucleotide molecule, has 
high affinity and specificity for the target. In contact with the target, 
aptamer can form a complex three-dimensional structure to bind with 
the target (Davydova & Vorobyeva, 2024). In comparison with anti
bodies, aptamers offer distinct advantages such as simple synthesis, 
long-term stability and site-directed label. Since the malathion specific 
aptamer has been selected by a systematic evolution of ligands by 
exponential enrichment process (Williams, Maher, & Sooter, 2014), it 
has been applied to prepare various of single-signal aptasensors, 
including surface-enhanced Raman scattering (Nie et al., 2018), color
imetric (Bala, Mittal, Sharma, & Wangoo, 2018), fluorescence (Bala 
et al., 2018), and electrochemical sensors (Xu et al., 2021). Therefore, 
the aptamer is an ideal recognition element for the fabrication of mal
athion sensor with dual-outputs.

In this work, an aptasensor with colorimetric and electrochemical 
dual-outputs was proposed for malathion detection utilizing aptamer as 
recognition element and Fe-MOF as signal producer. The malathion- 
binding aptamer was immobilized on a microplate (MP) by the biotin- 
streptavidin interaction. The Fe-MOF was synthesized by a sol
vothermal method, and then bonded with the complementary DNA 
(cDNA) of aptamer utilizing Au nanoparticles (AuNPs) as linker. Based 
on the hybridization reaction between aptamer and cDNA molecules, Fe- 
MOF was attached to the microporous plate. Because of the peroxidase- 
like activity, Fe-MOF could catalyze 3, 3′, 5, 5′-tetramethyl benzidine 
(TMB) oxidation in presence of H2O2, producing measurable colori
metric and electrochemical signals. The sensing assay was developed on 
the specific capture of malathion by aptamer, resulting in the release of 
Fe-MOF from microporous plate. Benefiting from the specific recogni
tion of aptamer and the catalytic amplification of Fe-MOF, the proposed 

dual-outputs aptasensor exhibited high sensitivity and selectivity.

2. Materials and methods

2.1. Reagents and materials

Acetic acid, sodium acetate, sodium citrate, TMB, trichloroethyl 
phosphate (TCEP), bovine serum albumin (BSA), chlorpyrifos, methyl- 
parathion, demeton, phoxim, malathion, pluronic F127, and phos
phate buffered saline with 0.05 % (v/v) Tween-20 (PBST, pH = 8.0) 
were obtained from Shanghai Macklin Biochemical. FeCl3⋅6H2O, 
HAuCl4⋅3H2O, H2O2 (30 %), 2-aminoterephthalic acid (NH2-BDC) and 
3-aminophenol were purchased from Aladdin Reagent Co., Ltd. All 
chemical reagents were of analytical grade and used without further 
purification.

The sequence of malathion aptamer was selected according to pre
vious study (Williams et al., 2014). The malathion aptamer was the 
following sequences: 5′-biotin-(CH2)6-ATC CGT CAC ACC TGC TCT TAT 
ACA CAA TTG TTT TTC TCT TAA CTT CTT GAC TGC TGG TGT TGG CTC 
CCG TAT-3′. The cDNA was the following sequences: 5′-(SH)-(CH2)6- 
ATA CGG GAG CCA ACA CCA-3′. They were synthesized by Shanghai 
Bioengineering Co., ltd.

2.2. Apparatus

The morphology was characterized using a JEM-F200 transmission 
electron microscope (JEOL, Japan). The Fourier transform infrared 
spectroscopy (FTIR) information was acquired using a Nicolet iS20 FTIR 
instrument (Thermo Scientific, America). The X-ray photoelectron 
spectroscopy (XPS) data were collected on an ESCALAB Xi+ XPS system 
(Thermo Scientific, America). The absorbance spectra were obtained 
using an AQ7100 spectrophotometer (Thermo Scientific, America). The 
amperometric i-t curve was acquired by a CHI 660E electrochemical 
workstation (Shanghai CH Instruments, China) with a screen-printed 
electrode: conductive carbon powder with 3 mm in diameter as work
ing electrode, conductive carbon powder as counter electrode, Ag/AgCl 
as reference electrode (Changsha Sinjeen Electronic Technology, China). 
Malathion in fruit and vegetable samples was analyzed by an Agilent 
7890B gas chromatography equipped with flame ionization detector 
(Agilent, America).

2.3. Synthesis of Fe-MOF/AuNPs/cDNA signal probe

Fe-MOF was synthesized by a hydrothermal method (Zhan et al., 
2020). FeCl3‧6H2O was served as the metal source. NH2-BDC was 
employed as the organic linker. F127 surfactant and acetic acid were 
used as growth control agents. Firstly, 0.716 g of FeCl3‧6H2O and 0.64 g 
of F127 were dissolved in 56 mL deionized water, and then stirred for 1 
h. Secondly, 1.2 mL of acetic acid was added and stirred for 1 h. Thirdly, 
0.24 g of NH2-BDC was added and stirred for 2 h. The mixture obtained 
from the above steps was transferred to a Teflon-lined stainless-steel 
reactor for 24 h at 110 ◦C. Following that, the precipitate of Fe-MOF was 
collected by centrifugation at 8000 rpm for 5 min, and then washed with 
ethanol and deionized water for three times in turn. Finally, the pre
pared Fe-MOF was dried in a vacuum oven at 70 ◦C for further use.

Colloidal AuNPs were synthesized by a typical citrate reduction 
method (Y. Chen, Meng, Gu, Yi, & Sun, 2019). 4 mL trisodium citrate 
solution (1 %) was added to 100 mL boiling HAuCl4 solution (0.01 %) 
under reflux for 10 min. It was observed that the solution color changed 
from yellow to wine-red, indicating the formation of AuNPs. The AuNPs 
solution was cooled to room temperature under continuous stirring, and 
stored at 4 ◦C. Fe-MOF/AuNPs was prepared by the addition of 100 mg 
of Fe-MOF to 30 mL of AuNPs solution under stirring, and followed by 
oscillation for 48 h. The obtained Fe-MOF/AuNPs was cleaned with 
ethanol and deionized water, and dispersed in 30 mL of 0.01 mol/L Tris- 
HCl (pH = 7.4) for later use.
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The immobilization of cDNA on Fe-MOF/AuNPs was based on self- 
assembly. Firstly, 100 μL of TCEP solution (10 mmol/L) was added to 
100 μL of cDNA stock solution (0.1 mmol/L) and reacted for 60 min to 
reduce disulfide bond. Subsequently, 100 mL of Fe-MOF/AuNPs 
dispersion was added to the above cDNA solution and incubated on a 
shaker for 12 h at 4 ◦C. In this process, cDNA was immobilized on Fe- 
MOF/AuNPs by S–Au bond. After incubation, the excess aptamer was 
removed by centrifugation. After that, the signal probe of Fe-MOF/ 
AuNPs/cDNA was blocked by 1 % BSA. Finally, Fe-MOF/AuNPs/cDNA 
nanoparticles were rinsed and dispersed in 10 mL 0.01 mmol/L Tris- 
HCl (pH = 7.4) and stored at 4 ◦C for further use.

2.4. Preparation of Fe-MOF/AuNPs/cDNA/apt/MP aptasensor

The aptasensor of Fe-MOF/AuNPs/cDNA/Apt/MP was prepared by 
the following steps. Firstly, 100 μL of streptavidin solution (5 mg/mL) 
was added to a MP and incubated at 37 ◦C for 2 h. Subsequently, 100 μL 
of 1 % BSA solution was added to the plate and incubated at 37 ◦C for 2 
h. The non-specific active sites on the plate surface were blocked by BSA. 
After that, 50 μL of 0.5 μmol/L biotin-labeled aptamer was added to the 
plate and incubated at 37 ◦C for 1 h. The Apt molecules were immobi
lized on plate surface via the streptavidin-biotin interaction to form Apt/ 
MP. Finally, 50 μL of the Fe-MOF/AuNPs/cDNA dispersion was added to 
the plate and incubated at 37 ◦C for 1 h. The Fe-MOF/AuNPs/cDNA 
signal probe was combined with Apt/MP by complementary base pair
ing between Apt and cDNA. After each step, PBST (pH = 8.0) solution 
containing 0.05 % (v/v) Tween-20 was used to clean the plate. The 
aptasensor of Fe-MOF/AuNPs/cDNA/Apt/MP was formed by the above 
process.

2.5. Malathion detection

Malathion was detected by the following steps. Firstly, 50 μL mala
thion in Tris-HCl buffer solution (pH = 7.4) with different concentra
tions was added to Fe-MOF/AuNPs/cDNA/Apt/MP and incubated at 
37 ◦C for 40 min. The malathion molecule bond to the aptamer, resulting 
in the release of Fe-MOF/AuNPs/cDNA signal probe. Subsequently, the 
MP was cleaned three times by PBST to remove the released signal 
probe. After that, 20 μL of 30 mmol/L TMB, 10 μL of 100 mmol/L H2O2 
and 170 μL acetic acid buffer solution (0.2 mol/L, pH = 4) were added to 
the plate. After reaction for 10 min, the product signals of color and 
current were collected by UV–Vis spectrophotometer and electro
chemical workstation.

2.6. Real sample analysis

Fruit and vegetable samples including apple, cabbage, carrot, celery, 
cowpea, eggplant, green pepper, pear, spinach and tomato, were pur
chased from a local supermarket (Zhengzhou, China). The wet weight of 
each kind of sample was at least 2 kg. Each kind of sample was minced 
by a food processer and mixed thoroughly. The sample size was 1 for 
each kind of sample. Approximately 10 g of sample was weighed and 
transferred into a 100 mL beaker. Then, 20 mL acetonitrile was added to 
this beaker. The mixture was homogenized by a homogenizer at 15000 
r/min for 2 min. The filter liquor was transferred to a conical flask 
containing 3 g NaCl, and violently oscillated for 2 min. After 30 min of 
standing, 10 mL of supernatant was transferred to a centrifuge tube. This 
supernatant was evaporated to dryness at 80 ◦C under N2. 200 μL of 
acetone was added to the test tube to dissolve the residue. After that, the 
extract was diluted to 5.0 mL with Tris-HCl buffer solution (10 mmol/L, 
pH = 7.4). Finally, the extract was filtered by a 0.22 μm filtration 
membrane for colorimetric and electrochemical analysis. For gas chro
matography analysis, samples were pretreated in a similar way. The 
extract was diluted with acetone instead of Tris-HCl buffer solution. The 
recovery was evaluated by addition of malathion standard substance 
into these samples.

3. Results and discussion

3.1. Mechanism for malathion detection

The mechanism of aptasensor preparation and malathion detection 
was depicted in Fig. 1. The streptavidin modified MP was employed as 
the sensing platform for aptamer immobilization via the streptavidin- 
biotin interaction. In the preparation of signal probe, Fe-MOF was syn
thesized by a hydrothermal method and then coupled with cDNA uti
lizing AuNPs as the linker. After the hybridization between Apt and 
cDNA, the signal probe of Fe-MOF/AuNPs/cDNA anchored on Apt/MP 
to form the aptasensor of Fe-MOF/AuNPs/cDNA/Apt/MP. Owing to the 
peroxidase-like activity of Fe-MOF, the substrate of TMB was oxidized to 
oxTMB in presence of H2O2. Because oxTMB had a different color from 
TMB and was electroactive. The dual-outputs of colorimetric and elec
trochemical could be obtained by the prepared aptasensor. In presence 
of malathion, it competed with cDNA to combine with Apt, leading to 
the release of signal probe. The obtained signals were reduced in 
compared with its initial state. Therefore, malathion could be measured 
according to the signals change.

3.2. Characterization of the synthesized materials

The morphology of the synthesized Fe-MOF/AuNPs was surveyed by 
transmission electron microscope (TEM). From TEM images (Fig. 2a), 
Fe-MOF presented a spindle shape with uniform size. The length was 
about 1.2 mm, and the width was about 400 nm. It was observed that 
AuNPs as spots covered on the Fe-MOF surface. From EDS mapping 
images (Fig. 2b), it shown the distribution of C, N, O, Fe and Au elements 
in Fe-MOF/AuNPs. The FTIR spectrogram of Fe-MOF and the ligand 
NH2-BDC was shown in Fig. 2c. The distinct peaks at 3506 cm− 1 and 
3392 cm− 1 in HN2-BDC were derived from the symmetric and asym
metric stretching vibration of N–H bond. These two peaks shifted to 
3476 cm− 1 and 3375 cm− 1 in FTIR spectrum of Fe-MOF. It was ascribed 
to the formation of intra-framework hydrogen bonding of -NH2 with an 
electron donating oxygen from -COOH (Yiwei et al., 2021). The wave
number region of 2500–3300 cm− 1 was derived from the O–H wagging 
vibrations of -COOH. Compared with HN2-BDC, the transmittance in this 
wavenumber region was diminished in the spectra of Fe-MOF. It indi
cated that HN2-BDC was deprotonated in the frameworks of Fe-MOF. 
The electronic structure of Fe-MOF was studied by XPS. From XPS 
spectrum (Fig. 2d-h), it depicted the binding energy of C 1 s at 284.5 eV 
and 288.2 eV, N 1 s at 398.8 eV, O 1 s at 531.4 eV, Fe 2p at 711.1 eV, 
717.1 eV and 724.5 eV, respectively. There are two peaks at 285.0 eV 
and 288.3 eV in C 1 s spectrum corresponding to C–C and C–N bonds 
separately (Xie et al., 2020). The Fe 2p spectrum also included two peaks 
at 711.1 eV and 724.5 eV corresponding to Fe 2p3/2 and Fe2p1/2 sepa
rately. A satellite signal was observed at 717.1 eV, suggesting the exis
tence of Fe3+ in Fe-MOF (Li et al., 2018). The above results revealed the 
successful synthesis of Fe-MOF and Fe-MOF/AuNPs materials.

3.3. Peroxidase-like activity of Fe-MOF

In order to verify the peroxidase-like activity of Fe-MOF, the enzy
matic kinetics curves were developed utilizing the substrates of TMB and 
H2O2. As shown in Fig. 3, with the increase of substrate concentration, 
the reaction speed increased initially and then gradually levelled off, 
which was consistent with the Michaelis-Menten model. The double 
reciprocal curve of substrate concentration and reaction rate showed a 
good linear relationship. The steady-state kinetic parameters of Km and 
Vmax were calculated according to the Lineweaver-Burk double recip
rocal graph. When H2O2 was used as the substrate, Km = 2.16 mM and 
Vmax = 1.98 × 10− 7 M− 1s. When TMB was used as the substrate, Km =

0.66 mM, Vmax = 1.77 × 10− 7 M− 1s. Compared with other nano- 
enzymes (W.-C. Hu, Younis, Zhou, Wang, & Xia, 2020; Warkhade 
et al., 2021; Yılmaz, Ünlüer, Ersöz, & Say, 2018), the synthesized Fe- 
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MOF exhibited high Vmax and low Km value. High Vmax revealed a good 
catalytic effect, and low Km suggested a strong affinity with the sub
strate. The above results indicated that the synthesized Fe-MOF has 
excellent peroxidase-like activity.

3.4. Optimization of aptasensor performance

To achieve the optimal performance of the aptasensor, key condi
tions were studied, including streptavidin concentration, Apt concen
tration, the hybridization time between Apt and cDNA, and the catalytic 
reaction time. These conditions were determined by the aptasensor 
outputs of absorbance value. From Fig. 4a, the absorbance value 
increased with the streptavidin concentration, and reached maximum at 
5 μg/mL streptavidin. It was probably because the adsorbed streptavidin 
has reached saturation on the plate surface. From Fig. 4b, the absor
bance value increased with the Apt concentration and levelled off at 
higher Apt concentration of 0.5 μmol/L. It was deduced that the density 
of Apt molecules on the plate surface almost reached maximum. From 
Fig. 4c, the absorbance value increased with the hybridization time and 
levelled off after 60 min, probably because the anchoring sits on the 
plate were almost completely occupied by hybridization between Apt 
and cDNA. From Fig. 4d, the absorbance value decreased with the in
cubation time for malathion and levelled off after 40 min. It could be 
attributed that the reaction has reached equilibration. These optimal 
conditions were used for subsequent study.

3.5. Analytical performance of the aptasensor

The prepared aptasensor with colorimetric and electrochemical dual- 
outputs was employed for detection of malathion. From Fig. 5a-d, the 
obtained dual-signals of absorbance and current decreased with the 
increased malathion concentration. Because malathion combined with 
Apt molecule, leading to the release of Fe-MOF from the aptasensor. Fe- 
MOF as a key catalyst, played an important role in the redox reaction. 
Therefore, the redox reaction was blocked in presence of malathion, 
resulting in the reduced signals of absorbance and current. The △A and 
△I were linearly depended on the logarithm of malathion concentration 
in the range from 10 ng/mL to 500 ng/mL. For absorbance signal, the 

linear regression was estimated as △A = 0.1672logC-0.1328 (R2 =

0.9921). For current signal, the linear regression was estimated to be △I 
= 1.2215logC-0.7184 (R2 = 0.9969). Based on the signal-to-noise ratio 
of 3, the limit of detection (LOD) was calculated to be 5.8 ng/mL for 
absorbance signal and 4.6 ng/mL for current signal. Compared with 
other sensors (Faghiri, Hajjami, & Ghorbani, 2021; Liu et al., 2021; Rizk 
et al., 2023), the prepared aptasensor exhibited low LOD and high 
sensitivity for malathion detection. These advantages derived from the 
synergistic effect of Apt and Fe-MOF: the Apt molecule had a high af
finity for malathion, and the synthesized Fe-MOF with good peroxidase- 
like activity could effectively amplify the response signal. Moreover, the 
prepared aptasensor was able to generate dual-signals of absorbance and 
current. The outcomes could be mutually verified, providing a high 
reliability.

The sensitivity of aptasensor is mainly affected by the substrate 
material, sensing strategy and signal probe. To achieve lower LOD and 
higher sensitivity, some further works will be tried in the future. (1) 
Nanomaterial with high large specific surface is used as the substrate 
material of aptasensor. It helps to fix more aptamer molecules at the 
sensing interface (Suni, 2021). (2) The strategy of exonuclease-assisted 
target recycling is applied to the aptasensor for signal intensification 
(Cao, Xu, Xia, Zhang, & Wang, 2018). (3) Nanoenzyme with higher 
catalytic activity is employed to prepare the signal probe of the apta
sensor (X. Zhu, Chen, Che, & Yan, 2024).

The selectivity of the prepared aptasensor was evaluated using 
common organophosphorus pesticides, including chlorpyrifos, methyl- 
parathion, demeton, phoxim and malathion. The response signals of 
absorbance and current for 100 ng/mL of these organophosphorus 
pesticides were shown in Fig. 5 e-f. Compared with blank sample, there 
was no significant change in the signals of absorbance and current in the 
analysis of chlorpyrifos, methyl-parathion, demeton and phoxim. The 
signals of absorbance were reduced in the analysis of malathion. Because 
Fe-MOF was released from the sensing interface in presence of mala
thion. The results suggested that the prepared aptasensor had a high 
specificity for malathion. It was attributed to the specific recognition of 
Apt molecule for malathion. Besides, the relative standard deviation 
(RSD) was lower than 5 % for both absorbance and current signals, 
indicating a good repeatability. It was probably because the non-specific 

Fig. 1. Mechanism of aptasensor preparation and malathion detection.
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active sites on sensing interface were effectively blocked by BSA, 
ensuring a good consistency of the aptasensor.

To investigate the stability, the prepared aptasensors were stored at 
4 ◦C in a refrigerator. During the storage, the aptasensors were daily 
employed to detect 100 ng/mL malathion. As shown in Fig. S1, the 
absorbance signal of the aptasensor was 95.30 % of the original absor
bance signal, and the current signal of the aptasensor was 95.45 % of the 
original current signal on the 6th day of storage. The prepared apta
sensors could maintained above 95 % of the initial signal intensity after 
storage for 6 days. The stability of the aptasensor was consistent with 
that of the reported aptasensors (Hu et al., 2024; Liu et al., 2023). It 

indicated the favorable stability of the aptasensors.

3.6. Detection of malathion in fruit and vegetable samples

In actual sample analysis, the effect of complex matrices posed a 
challenge to the malathion detection. To investigate the applicability in 
complex substrates, fruit and vegetable samples were analyzed by the 
aptasensor (Table 1). In these samples, malathion was found in celery 
and cowpea samples. And the rate of positive sample was close to that 
from previous studies (Yu, Liu, Liu, Wang, & Wang, 2016). The con
centration of residual malathion was lower than the maximum residue 

Fig. 2. (a) TEM image of Fe-MOF/AuNPs, (b) EDS mapping images of Fe-MOF/AuNPs for C, N, O, Fe and Au elements, (c) FTIR spectra of Fe-MOF and NH2-BDC, (d- 
h) XPS spectra of Fe-MOF.
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limits of national food safety standards in the People’s Republic of China 
(1 mg/kg in celery, 2 mg/kg in cowpea). At the international levels, 
many studies also showed contamination of malathion in celery and 

cowpea (Akoto, Andoh, Darko, Eshun, & Osei-Fosu, 2013; Narenderan, 
Meyyanathan, Karri, Babu, & Chintamaneni, 2019). The recoveries were 
in the range of 91.48 %%-106.38 % for absorbance signal and 92.94 %– 

Fig. 3. The Michaelis-Menten curves of Fe-MOF for substrates of (a) H2O2 and (c) TMB, the double reciprocal plots for substrates of (b) H2O2 and (d) TMB.

Fig. 4. Effects of (a) streptavidin concentration, (b) Apt concentration, (c) the hybridization time between Apt and cDNA, (d) the incubation time for malathion on 
the absorbance signal.
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107.42 % for current signal. In addition, these samples were analyzed by 
gas chromatography to validate the accuracy of this method. The out
comes from the aptasensor were in good agreement with those from gas 
chromatography. These results indicated that the prepared dual-outputs 
aptasensor had good applicability and accuracy in food samples.

4. Conclusions

An aptasensor with colorimetric and electrochemical dual-outputs 
was developed for malathion detection. Fe-MOF was synthesized by 
solvothermal method and verified with excellent peroxidase-like activ
ity by enzymatic kinetics. As a key catalyst, Fe-MOF could catalyze TMB 
oxidation into oxTMB, producing amplified dual-signals of absorbance 
and current. Aptamer was able to specificity recognize malathion, and 
then triggerred the release of Fe-MOF, leading to the reduced dual- 
signals. Under the optimum conditions, the prepared aptasnesor 
exhibited sensitive responses for malathion. The detection range of the 
aptasensor was 10–500 ng/mL of malathion. The LOD of malathion was 
5.8 ng/mL for colorimetric output and 4.6 ng/mL for electrochemical 

output. Besides, the aptasensor had good selectivity and repeatability in 
malathion detection. Moreover, the prepared aptasensor was success
fully applied to detect malathion in fruit and vegetable samples. With 
these merits, the prepared aptasensor with dual-signals was considered 
as a powerful rival against the traditional sensors with single-signal in 
malathion detection.
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