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Abstract: One of the most widely used pesticides in Chile is carbendazim (CBZ), which in agriculture
is used to protect crops from fungal diseases that commonly occur in rice, vegetable, and fruit
crops. However, prolonged exposure to it, and its high persistence, can cause adverse health effects.
Therefore, it is necessary to determine the presence of CBZ through rapid detection methods in food
samples to prevent ingestion and exposure to this pesticide at risk concentrations. In this work, a
label-free electrochemical aptasensor based on functionalized carbon nanotubes was prepared for
CBZ detection. The carbodiimide reaction between the amino-terminated aptamer and the carboxylic
groups of carbon nanotubes achieved the covalent immobilization of the aptamer. The immobilized
aptamer changed its conformation when it detected CBZ and blocked access to the redox mediator
on the electrode surface, resulting in a measurable decrease in the voltammetric response. Under the
optimal conditions, the aptasensor featured a linear detection range between 1.0 and 50.0 nM, with a
detection limit of 4.35 nM. Moreover, the aptasensor exhibited good selectivity for CBZ, among other
pesticides, and good repeatability. For CBZ detection in tomatoes, the aptasensor accurately measured
CBZ content in a sample prepared using the standard addition method. This work provides a simple,
rapid, sensitive, and selective biosensor for CBZ detection and quantification in food samples.

Keywords: electrochemical aptasensor; carbendazim; carbon nanotubes

1. Introduction

Carbendazim (CBZ) is a systemic fungicide widely used in agriculture to eliminate
fungal diseases. It has a long half-life due to its benzimidazole ring. Its persistence can cause
environmental damage in both water and soil, and its decomposition can take between
3 to 6 months on grass, 6 to 12 months on bare soil, and up to 25 months in water under
aerobic and anaerobic conditions [1,2]. In plants, CBZ is absorbed by the roots, seeds, and
leaves. These plants can then be consumed by animals and humans and cause short and
long-term harmful health effects. With this, recent studies have reported CBZ’s negative
impact on human fertility [3] and found evidence of its embryotoxicity [4]. Similar adverse
health impacts have been observed in fish and other aquatic organisms [5]. As a result,
this fungicide is considered highly toxic, carcinogenic, and teratogenic [6]. Therefore, it
is necessary to determine the presence of CBZ through rapid detection methods in food
samples to prevent ingestion and exposure to this pesticide at risk concentrations.

Several methods have been developed for the detection of CBZ based on mass
spectroscopy [7], UV–visible spectrometry [8], Raman scattering [9], fluorescence spec-
troscopy [10], capillary electrophoresis [11], and high-performance liquid chromatography
(HPLC). HPLC is the main analytical technique for detecting and quantifying pesticides
due to its high sensitivity and reliability. For example, an HPLC-based method combining
dispersive liquid–liquid micro-extraction and fluorescence spectroscopy enabled the detec-
tion of CBZ for concentrations as low as 0.5 ng/mL [12]. While these techniques have high
sensitivity, good detection limits, and high reliability, they present several disadvantages.

Chemosensors 2023, 11, 117. https://doi.org/10.3390/chemosensors11020117 https://www.mdpi.com/journal/chemosensors

https://doi.org/10.3390/chemosensors11020117
https://doi.org/10.3390/chemosensors11020117
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0002-4303-7319
https://orcid.org/0000-0001-7077-785X
https://doi.org/10.3390/chemosensors11020117
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors11020117?type=check_update&version=1


Chemosensors 2023, 11, 117 2 of 12

These disadvantages include requiring sophisticated, bulky instrumentation, specialized
technicians, high cost, long measurement times, multistep sample pretreatment steps,
complex analysis, and large volumes of solvents, precluding these techniques from being
widely deployed in the field [13]. Thus, it is necessary to develop new sensitive, fast, and
low-cost methods to detect CBZ in food samples.

In this sense, biosensors represent an innovative and promising technology due to
their low cost, rapid response times, high sensitivity and selectivity, ease of handling, and
multifunctionality [1]. Biosensors are analytical devices that contain two main components:
a biological recognition element (enzymes, oligonucleotides, antibodies, aptamers, or cells)
and a transducer (an electrode, in this case). Due to their lower cost of production, higher
stability, and higher or equal selectivity and affinity towards the target analyte, aptamers
have been extensively used in basic research, clinical diagnostics, environmental protec-
tion, and food safety [14–16]. Aptamers are artificial single-stranded DNA or RNA short
sequences that can specifically bind to target molecules by folding into distinct structures.
These targets range from small molecules and metals to proteins, viruses, and cells [15].
This capability has enabled aptamers to detect food contaminants, environmental pollu-
tants, disease markers, pathogenic microorganisms, and drug molecules [16]. Furthermore,
aptamers can be easily synthesized and labeled without affecting the affinity towards their
ligands, are more stable when compared to antibodies, provide large dynamic concentra-
tions, and can be used in a wider range of experimental conditions [17,18]. Additionally,
aptamers are easily modified with functional groups, which is useful for labeling and
surface immobilization.

For CBZ, the development of electrochemical aptasensors is in the early stages [19–22].
In 2016, Eissa et al. [19] successfully identified two aptamers highly specific for CBZ and
developed an impedimetric aptasensor via self-assembly of thiol-modified aptamer on
gold electrodes. The aptasensor showed good analytical performance with a low LOD
(8.2 pg/mL) and could detect CBZ in food matrices. In 2019, Zhu et al. [20] reported a
carbon nanohorns/gold nanoparticle composite impedimetric aptasensor for the detection
of CBZ. The thiolated aptamer was immobilized by the Au-S bond on the AuNPs and
achieved a LOD of 0.5 pg/mL; the sensor also detected CBZ in food samples. Two years
later, Wang et al. [21] developed an aptasensor based on a colloidal mixture of boron
nitride nanocrystals and gold nanoparticles. The nanomaterials were deposited on a glassy
carbon electrode (GCE), and a single-stranded oligonucleotide label with methylene blue
was incorporated on the electrode to achieve the hybridization of the aptamer. The final
aptasensor was capable of detecting CBZ with a LOD of 0.019 ng/mL and was tested in food
and water samples. Recently, Khosropour et al. [22] developed an aptasensor based on gold
nanoparticles/graphene nanoribbons/MOF/GCE to detect CBZ in water samples. The
aptasensor showed a LOD value of 0.4 fM, the lowest LOD value reported in the literature.
Despite the excellent analytical parameters that all four aptasensors demonstrated, none
allow their use in the field. In this context, an aptasensor based on screen-printed electrodes
will enable a portable sensor for field applications.

Here, we report for the first time a simple and portable electrochemical aptasensor
based on carbon nanotubes for detecting CBZ with LOD values similar to those obtained
by HPLC. The amino-terminated aptamer was immobilized on screen-printed electrodes
modified with carbon nanotubes via carbodiimide reaction. The selectivity, reproducibility,
and stability of the aptasensor were tested. Finally, the applicability of the aptasensor was
demonstrated by detecting CBZ in a tomato sample.

2. Materials and Methods
2.1. Reagents and Materials

Monobasic potassium phosphate (KH2PO4, 99%), dibasic potassium phosphate (K2HPO4,
98%), tris(hydroxymethyl)aminomethane (Tris, 99.8%), N-(3-dimethyl aminopropyl)-
N′ethylcarbodiimide hydrochloride (EDC, 98%), N-hydroxysuccinimide (NHS, 98%), bovine
serum albumin (BSA, 98%), Carbendazim (CBZ, 97%), and Nafion® (5 wt%) were purchased
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from Sigma Aldrich. Potassium chloride (KCl), potassium ferrocyanide (K4Fe(CN)6×H2O,
98.5–102.0%), potassium ferricyanide (K3Fe(CN)6), 99%) ethylenediaminetetraacetic acid
(EDTA), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH, ≥98%), and nitric acid
(HNO3, 65%) were obtained from Merck. Methanol (Winkler), multiwalled carbon nan-
otubes (CNT, 1–5 µm long and 30 ± 15 nm diameter) (NanoLab, Waltham, MA, USA), and
ethanol (Soviquim) were used for experiments. Double deionized water (18.6 MΩ) was
used. The amine terminal aptamer was synthesized by Fermelo Biotec (Santiago, Chile)
and its sequence was [19]:

5′-/NH2/C6-CGA CAC AGC GGA GGC CAC CCG CCC ACC AGC CCC TGC AGC
TCC TGT ACC TGT GTG TGT G-3′.

The aptamer (100 µM) was prepared with Tris (10 mM)–EDTA (0.1 mM) (TE) buffer
solution at pH 8.0 and re-suspended at 55 ◦C for 5 min. It was stored at −20 ◦C. The CBZ
was dissolved with methanol and diluted with phosphate buffer solution (PBS, pH 7.4) to
obtain a stock solution with different concentrations.

2.2. Apparatus

Scanning electron microscope images were obtained using a Gemini 360 ZEISS field
emission microscopy (FE-SEM) to characterize the electrodes before and after modification
with CNTs dispersion.

All electrochemical measurements (cyclic voltammetry (CV) and differential pulse
voltammetry (DPV)) were performed on a CHI650E potentiostat (CH Instruments). The
parameters of CV in [Fe(CN)6]3−/4− were as follows: scan potential 0.7 to −0.1 V, 50 mV/s,
and the equilibrium time was 2 s. DPV parameters in [Fe(CN)6]3−/4− were: scan potential
0.7 to −0.1 V, 0.05 V amplitude, 0.06 sec pulse width. Screen-printed carbon electrodes
(SPCE) (DRP-110, DropSens) and commercial AuNP-modified SPCE (SPAuNPE) (DRP-
110GNP, DropSens) were used. A specific cable connector (DRP-CAC, DropSens) was
used between the electrodes and the potentiostat. All measurements were performed
in triplicate.

2.3. Fabrication of the Aptasensor

Commercial CNTs were oxidized according to the procedure of Cañete et al. [23].
Briefly, 250 mg of CNTs were immersed in 100 mL of 7.0 M HNO3, and refluxed for 6 h.
The oxidized CNTs (CNT-COOH) were filtered and washed with distilled water and dried
under vacuum. CNT-COOH were dispersed at 1.0 mg/mL with Nafion® 0.2% in ethanol
by sonication for 5 min. Then, the screen-printed carbon electrode was modified with 15 µL
of CNT dispersion on the surface of the working electrode and allowed to dry at room
temperature. Next, carboxylic groups of CNTs were activated via a carbodiimide reaction
adding a certain volume of EDC (2.0 mM) and NHS (5.0 mM) in 0.1 M PBS (pH 7.4) for 1 h.
After -COOH activation, the electrode was rinsed and the aptamer (AP-NH2, 10.0 µM) was
incubated for 12 h at 4 ◦C to achieve the covalent immobilization, then washed with TE
buffer. Finally, at room temperature, 1.0% BSA was added for 1 h and washed with 0.1 M
PBS, pH 7.4. The steps involved in fabricating the electrochemical aptasensor are depicted
in Scheme 1.

2.4. CBZ Detection

To detect CBZ, 15 µL of CBZ was cast on the aptasensor in a fixed concentration. After
incubation for 30 min at room temperature, the aptasensor was washed with 0.1 M PBS (pH
7.4), and the voltammetric response was measured. The calibration curve was obtained
by plotting the faradic current vs. CBZ concentration. All experiments were performed at
room temperature and in triplicate.

2.5. Real Sample Preparation

Tomatoes were purchased from a local supermarket (Santiago, Chile). Tomatoes were
washed and chopped into small pieces using a blender. Subsequently, the sample was
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centrifuged at 10,000 rpm for 10 min. Then, the extract was filtered at 0.45 µm and enriched
with CBZ in 0.1 M PBS (pH 7.4). The aptasensor was put into an electrolytic cell, and DPV
was used for quantitative analysis. The parameters used were the same as those described
in Section 2.2.
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3. Results and Discussion
3.1. Aptasensor Fabrication

The fabrication of the aptasensor included three critical stages to maintain the aptamer
functionality for CBZ detection (Scheme 1):

• Surface modification of the electrode with CNT-COOH
• Covalent immobilization of the aptamer-NH2 to CNT-COOH (via EDC/NHS reaction)
• Incorporation of bovine serum albumin (BSA) to block unspecific adsorption

Several variables were optimized for the analytical performance of the aptasensor:
(a) concentration of the CNT dispersion; (b) concentration of the dispersant agent (Nafion);
(c) activation time of CNT-COOH by EDC/NHS reaction; (d) concentration of the aptamer-
NH2; (e) incubation time of the aptamer-NH2; (f) presence of blocking agent (BSA) and
(g) electrode substrate. Table 1 summarizes the ranges and the parameters selected for the
fabrication of the aptasensor. All the variables were optimized by cyclic voltammetry in
5.0 mM [Fe(CN)6]3−/4− in 0.1 M PBS pH 7.4.

Table 1. Optimization of the variables in the fabrication of the aptasensor.

Variable Range Tested Selected Value

The concentration of CNT dispersion, mg/mL 0.5–1.0–2.0 1.0
Concentration of Nafion® in the dispersion, % (v/v) 0.05–0.1–0.2 0.2
Activation time of CNT-COOH by EDC/NHS
reaction, hours 1–2 1

The concentration of the Aptamer-NH2, µM 1.0–5.0–10.0–20.0 10.0
The incubation time of the Aptamer-NH2, hours 1–5–12–24–48 12
Blocking agent (BSA) Presence and absence Presence
Electrode surface SPAuNPE and SPCE SPCE

A uniform CNT-COOH dispersion coating enhances the electrical conductivity of the
electrode surface and is particularly important for the aptasensor performance because the
immobilization of the aptamer, a non-conductive biomolecule, will decrease the electrical
response of the electrode. Therefore, the concentration of the CNT-COOH dispersion was
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optimized for high current values before aptamer immobilization (Figures 1a and S1, and
Table S1).
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Figure 1. Optimization of the variables in the fabrication of the aptasensor in 5.0 mM (Fe(CN)6)4−/3−

in 0.1 M PBS + 0.1 M KCl (pH 7.4): (a) cyclic voltammograms of bare SPCE and modified SCPE
with different concentration of CNT; (b) concentration of Nafion in 1.0 mg/mL dispersion with CNT;
(c) aptamer concentration; (d) incubation time of 10.0 µM of aptamer; (e) presence/absence of BSA,
and (f) different electrodes surfaces used as support. All measurements were performed in triplicate.

Figure 1a shows the cyclic voltammograms obtained with bare SPCE and SPCEs
modified with different concentrations of CNTs. For the bare SPCE, a pair of redox peaks
for [Fe(CN)6]3−/4− was observed with a peak potential difference (∆Ep) of 365 mV, in-
dicating that SPCE is not a good substrate for the reaction of the redox probe. This can
be related to the carbon ink used to prepare the electrodes. This ∆Ep agrees with other
articles that used SPCEs as working electrode [24–26]. Compared to the bare SPCE, the
cyclic voltammogram of the electrode modified with a dispersion of 0.5 mg/mL of CNTs
(SPCE/CNT0.5) showed an increase in current intensity and a decrease in ∆Ep (from 365 mV
to 237 mV). This indicates that CNTs facilitated the electron transfer rate of the redox me-
diator even at low concentrations. With 1.0 mg/mL of CNTs (SPCE/CNT1.0), the redox
profile of [Fe(CN)6]3−/4− becomes more reversible, with a ∆Ep of 156 mV and presents
higher current values. Finally, the increment of CNTs on the electrode surface to 2.0 mg/mL
(SPCE/CNT2.0) showed a voltammetric profile that was more resistive and less reversible,
which is verified with the ∆Ep value (352 mV). As shown in Figure S1a, both 1.0 mg/mL
and 2.0 mg/mL showed high current values compared to 0.5 mg/mL, but 1.0 mg/mL
had the lowest error. The current values increased with the concentration of CNTs, but at
2.0 mg/mL, the current increased marginally. Additionally, cyclic voltammograms were
obtained for each dispersion before and after the immobilization of the aptamer. It is
expected that the immobilization of the aptamer causes a decrease in the current, mainly
explained by an electrostatic repulsion interaction between the aptamer and the redox me-
diator [26]. This effect was observed only when CNTs dispersion was 0.5 and 1.0 mg/mL
(Figure S1b–d). With these results, 1.0 mg/mL was chosen for the next experiments.
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The concentration of Nafion in the dispersion of CNTs was also evaluated (Figure 1b).
The cyclic voltammetric profiles revealed reversible behavior for higher concentrations of
Nafion (Figure S2). The CNT dispersion prepared with 0.1% and 0.2% Nafion showed high
current values and low error. However, a dispersion with 0.2% Nafion resulted in better
dispersion and higher uniformity on the electrode surface (not shown), resulting in a lower
∆Ep and higher Ip (Table S2). Therefore, 0.2% of Nafion was selected for the dispersion.

The reaction with EDC/NHS achieved the covalent immobilization of the aptamer.
In a previous work [27], we successfully functionalized MWCNTs with DNA through the
covalent attachment of an oligonucleotide. The carboxylic acid groups of the CNTs were
activated with carbodiimide, and the reaction was conducted in aqueous media and stirring.
In this case, we used the same protocol to activate the -COOH groups, but the covalent
functionalization was achieved on the modified electrode without stirring. The EDC/NHS
was deposited on the electrode for 1 and 2 h, and then the aptamer was immobilized. As
seen in Table S3, with 1 h of activation with EDC/NHS, the aptasensor reached a lower
∆Ep and an RSD of 3.2%. Thus, 1 h was chosen as the optimum time.

As the primary biological recognition element, the aptamer loading used in the sensor
fabrication was optimized. Figure 1c shows the effect of the aptamer concentration on
the aptasensor response. Similar current values are observed for all concentrations used
(Table S4). Since the covalent immobilization depends on the availability of -COOH groups
in the functionalized CNTs, these results could indicate that the surface of the CNTs was
functionalized sparingly with -COOH groups and, therefore, the maximum amount of
aptamer immobilized was rapidly reached. Our results indicate that 10 µM of the aptamer
is enough to obtain reproducible results (RSD 2.8%).

The incubation time of 10 µM of aptamer was evaluated for a range from 1 to 24 h
(Figure 1d, Table S5). In this case, the immobilization is expected to decrease the current
intensity by reducing the effective electrode surface area and impeding the electronic
transfer process of the redox mediator. Figure 1d shows the lowest current and low RSD
(2.3%) within 12 h. Therefore, 12 h was selected as the optimal incubation time.

To avoid non-specific bonding on the surface, molecules such as bovine serum albumin
(BSA) or casein are used as blocking agents [28–31]. Figure 1e shows the voltammetric
profile of the electrode modified with CNT, SPCE/CNT-AP, and SPCE/CNT-AP/BSA. As
expected, after the aptamer immobilization, a decrease in current is observed compared to
SPCE/CNT. A further decrease in current intensity was observed when BSA was added,
associated with blocking non-specific interactions. Additionally, the processes become less
reversible. These results indicate that BSA is effective as a blocking agent.

Finally, using the optimized conditions, two different electrodes were tested as the
substrate for the aptasensor (Figure 1f, Table S6). To determine if the presence of AuNPs
improved the response of the sensor, screen-printed carbon electrodes with gold nanoparti-
cles (SPAuNPE) and screen-printed carbon electrodes (SPCE) were compared. The results
show that the SPCE presents current values similar to those obtained with SPAuNPE,
despite having a combination of nanomaterials that could synergize their electrocatalytic
properties. For a better understanding, SEM images of the bare and modified electrodes
were conducted. Figure 2 shows SEM micrographs for the surfaces of each electrode before
and after modification with CNTs. For SPAuNPE electrodes (Figure 2c), CNTs seem to
be mixed with the AuNPs forming a uniform film on the electrode surface. In the SPCE
electrode (Figure 2d), the CNTs are uniformly dispersed over the electrode surface, similar
to what was observed for SPAuNPE. The current observed for both electrodes was similar,
as well as the RSD (Table S6). SPCE is cheaper than SPAuNPE, and adding AuNPs did not
significantly improve performance, so SPCE was chosen as the electrode for the aptasensor.

3.2. Carbendazim Recognition Assessment

After optimizing the aptasensor, the CBZ binding time was studied by differential
pulse voltammetry (DPV). The binding of the analyte to the probe is expected to generate
a conformational change in the aptamer, decreasing the electrochemical response as the
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concentration increases [32]. Binding times of 5, 30, 60, and 120 min were evaluated
(Figure 3a, Table S7). In Figure 3a, the current intensity rapidly decreases with time, as
expected, demonstrating a successful recognition of CBZ by the aptamer probe. After
30 min of interaction, the current reaches a constant value, which slightly increases at
120 min. To ensure the interaction without having a very long reaction time, 30 min was
chosen as the optimal AP-CBZ binding time.
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Figure 3. (a) Influence of the CBZ incubation time on the aptasensor; (b) DP voltammograms of
1.0 mM CBZ in 0.1 M PBS (pH 7.4) with different concentrations of CBZ; (c) calibration plot of (b).
All measurements were performed in triplicate.

To verify that CBZ recognition occurs with the aptamer covalently immobilized to
the surface by the reaction with EDC/NHS, the CBZ recognition response was compared
with aptasensors constructed in the absence of EDC/NHS (Figure S3). When EDC/NHS is
not incorporated, the -COOH groups of the carbon nanotubes are not activated, and the



Chemosensors 2023, 11, 117 8 of 12

aptamer is directly adsorbed on the electrode. In this case, when the aptamer recognizes
the CBZ, its interaction is favored, which would cause desorption of the CBZ-AP system.
The desorption generates free spaces on the electrode surface, favoring the redox process of
the mediator with the surface, which increases the current. In Figure S3a,b, it is observed
that in the absence of EDC/NHS, the current is higher than in the presence of EDC/NHS
(17% increase), corroborating the covalent immobilization of the aptamer by the EDC/NHS
reaction.

Under the optimal conditions, the response of the aptasensor with varying CBZ
concentrations was evaluated by DPV (Figure 3b). The voltammograms’ current in-
tensities decreased as the carbendazim concentration increased. The calibration plot
(Figure 3c) shows a linear range between 1.0 and 50.0 nM, with a regression equation of
I(µA) = 32.64–0.25 (CBZ) (R2 = 0.990). The limit of detection (LOD) was calculated as
4.35 nM (0.83 ng/mL) (LOD = 3σ

S ).
The analytical performance of the sensor was compared with other aptasensors de-

veloped for CBZ. As shown in Table 2, the aptasensor developed here is the only one
based on carbon nanotubes instead of gold surfaces (solid electrodes or nanoparticles) and
used SPCE as the transducer. SPCE and functionalized carbon nanomaterials enabled a
simple strategy to immobilize the aptamer on CNTs covalently and present an alternative
immobilization strategy to those published, primarily based on hybridization with label-
oligonucleotide and self-assembly monolayer formation. Although our aptasensor sensor
features a higher LOD than the aptasensors immobilized on gold, the calculated LOD is
within the same range as HPLC with fluorescence detector, but with the added advantages
of being portable and featuring analysis times on the order of minutes.

3.3. Selectivity, Reproducibility, and Stability of the Aptasensor

The selectivity of the aptasensor was evaluated by comparing the detection responses
of CBZ of other pesticides, including trifluralin (TRI), atrazine (ATR), glyphosate (GPS),
and their mixtures. The concentration of each interfering agent (300 nM) was 10 times
higher than that of CBZ (30 nM). As shown in Figure 4a, in the presence of CBZ, the
electrochemical response of the aptasensor decreased due to the conformational change
of the aptamer. However, when other pesticides such as TRI, ATR, and GPS were present,
the electrochemical response did not decrease. Only the mixture of pesticides with CBZ
showed a decrease in current, demonstrating the high selectivity of the aptasensor.

The reproducibility of the aptasensor was assessed with three different aptasensors
(Figure 4b), and the relative standard deviation (RSD) was found to be 2.5%.

To estimate the stability, a batch of developed aptasensors was stored at 4 ◦C, and the
stability test was performed over several days. As shown in Figure 4c, the initial current
varies slightly as the storage time goes by. The current on the eighth day corresponds to
95.3% of the current on the first day, indicating high stability.

Chemosensors 2023, 10, x FOR PEER REVIEW 10 of 13 
 

 
Chemosensors 2022, 10, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/chemosensors 

3.3. Selectivity, Reproducibility, and Stability of the Aptasensor 
The selectivity of the aptasensor was evaluated by comparing the detection responses 

of CBZ of other pesticides, including trifluralin (TRI), atrazine (ATR), glyphosate (GPS), 
and their mixtures. The concentration of each interfering agent (300 nM) was 10 times 
higher than that of CBZ (30 nM). As shown in Figure 4a, in the presence of CBZ, the 
electrochemical response of the aptasensor decreased due to the conformational change 
of the aptamer. However, when other pesticides such as TRI, ATR, and GPS were present, 
the electrochemical response did not decrease. Only the mixture of pesticides with CBZ 
showed a decrease in current, demonstrating the high selectivity of the aptasensor. 

The reproducibility of the aptasensor was assessed with three different aptasensors 
(Figure 4b), and the relative standard deviation (RSD) was found to be 2.5%. 

To estimate the stability, a batch of developed aptasensors was stored at 4 °C, and 
the stability test was performed over several days. As shown in Figure 4c, the initial 
current varies slightly as the storage time goes by. The current on the eighth day 
corresponds to 95.3% of the current on the first day, indicating high stability. 

 
Figure 4. (a) Evaluation of the selectivity of the aptasensor against different interfering pesticides; 
(b) evaluation of the reproducibility of the aptasensors with 30 nM CBZ in 0.1 M PBS (pH 7.4), and 
(c) evaluation of the stability of the aptasensor for CBZ after stored for 1–8 days. All measurements 
were performed in triplicate. 

3.4. Analysis of CBZ in Tomato 
To assess the real-world applicability, the developed aptasensor was used for CBZ 

detection in tomatoes via a standard addition method. Tomato samples were spiked with 
20 µM of CBZ (n = 3), and the concentration detected was 20.93 ± 3.78 µM with RSD of 
4.7% and a recovery of 104.7%, demonstrating good precision and accuracy (Table 3). 

Table 3. CBZ detection in tomatoes using the proposed aptasensor (n = 3). 

Sample Added (𝝁M) Found (𝝁M) RSD (%) Recovery (%) 
Tomato 20.0 20.93 ± 3.78  4.7 104.7 

4. Conclusions 
In this work, we report for the first time a simple and portable electrochemical 

aptasensor based on carbon nanotubes for detecting CBZ with LOD values similar to those 
obtained by HPLC. We developed an electrochemical aptasensor based on carbon 
nanotubes on a screen-printed carbon electrode (SPCE), where the amino-terminated 
aptamer was immobilized on the electrode via a carbodiimide reaction. The proposed 
aptasensor exhibited high selectivity for CBZ compared to interfering agents, good 
reproducibility (RSD of 2.5%), and a low detection limit (4.35 nM). 

Figure 4. (a) Evaluation of the selectivity of the aptasensor against different interfering pesticides;
(b) evaluation of the reproducibility of the aptasensors with 30 nM CBZ in 0.1 M PBS (pH 7.4), and
(c) evaluation of the stability of the aptasensor for CBZ after stored for 1–8 days. All measurements
were performed in triplicate.
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Table 2. Comparison of the performance of the proposed aptasensor with reported electrochemical aptasensor.

Electrode Aptamer Immobilization Strategy Aptasensor
Fabrication Time Technique Linear Range

(ng/mL) LOD (ng/mL) Ref.

GCE/BN/AuNPs/CP/MCH/
AP-SH

Hybridization with
label-oligonucleotide

MB-CP probe (1 h) + MCH (1 h) +
Aptamer (overnight) DPV 0.10–1 · 10 5 0.019 [21]

Au/AP-SH/MCH Self-assembly monolayer formation Aptamer (24 h) +
MCH (30 min) EIS 0.01–10 0.0082 [19]

GCE/CNHs/AuNPs/AP-
SH/MCH Self-assembly monolayer formation Aptamer (10 h) +

MCH (1 h) EIS 0.001–1 0.0005 [20]

GCE-MOF/GNR@AuNP/cAP-
SH/AP/MCH Hybridization cAP-SH (30 min) + Hybridization (60 min) +

MCH (1 h)
EIS
DPV

1.9 · 10−7–0.02
1.5 · 10−7–0.02

0.08
3.8 · 10−8 [22]

SPCE/CNT/AP-NH2/BSA Covalent by carbodiimide reaction
EDC/NHS (1 h) +
Aptamer (12 h) +
BSA (1 h)

DPV 0.19–10 0.83 This work

GCE: glassy carbon electrode; BN: boron nitride; CP: capture probe; MCH: 6-mercapto-1-hexanol; CNHs: carbon nanohorns, MOF: Zr-based metal-organic framework, GRN: graphene
nanoribbons, cAP-SH: SH-complementary carbendazim aptamer.
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3.4. Analysis of CBZ in Tomato

To assess the real-world applicability, the developed aptasensor was used for CBZ
detection in tomatoes via a standard addition method. Tomato samples were spiked with
20 µM of CBZ (n = 3), and the concentration detected was 20.93 ± 3.78 µM with RSD of
4.7% and a recovery of 104.7%, demonstrating good precision and accuracy (Table 3).

Table 3. CBZ detection in tomatoes using the proposed aptasensor (n = 3).

Sample Added (µM) Found (µM) RSD (%) Recovery (%)

Tomato 20.0 20.93 ± 3.78 4.7 104.7

4. Conclusions

In this work, we report for the first time a simple and portable electrochemical ap-
tasensor based on carbon nanotubes for detecting CBZ with LOD values similar to those
obtained by HPLC. We developed an electrochemical aptasensor based on carbon nan-
otubes on a screen-printed carbon electrode (SPCE), where the amino-terminated aptamer
was immobilized on the electrode via a carbodiimide reaction. The proposed aptasensor
exhibited high selectivity for CBZ compared to interfering agents, good reproducibility
(RSD of 2.5%), and a low detection limit (4.35 nM).

The practical application was validated using tomato samples. Therefore, this label-
free electrochemical aptasensor offers a simple and reliable method for detecting pesticides
in food samples.
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https://www.mdpi.com/article/10.3390/chemosensors11020117/s1, Figure S1: Bar graph and CVs
of electrodes modified with different CNT; Table S1: Data obtained from Figure S1; Figure S2: CVs
of electrodes modified with different Nafion concentration; Table S2: data obtained from Figure S2;
Table S3: Data obtained for the activation of -COOH by EDC/NHS reaction; Table S4: Data obtained
with different concentrations of the aptamer; Table S5: Data obtained with different incubation times
of the aptamer; Table S6: Data obtained with different electrodes; Table S7: Data obtained with
different binding time of CBZ; Figure S3: Effect of the presence and absence of EDC/NHS in the
activation of -COOH.
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