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Abstract
An aptasensor for electrochemical detection of carbendazim is reported with mulberry fruit-like gold nanocrystal (MF-Au)/
multiple graphene aerogel (MGA) and DNA cycle amplification. HAuCl4 was reduced by ascorbic acid in a CTAC solution
containing KBr and KI and formed trioctahedron gold nanocrystal. The gold nanocrystal underwent structural evolution under
enantioselective direction of L-cysteine. The resulting MF-Au shows a mulberry fruit-like nanostructure composed of gold
nanocrystals of about 200 nm as the core and many irregular gold nanoparticles of about 30 nm as the shell. The exposure of
high-index facets improves the catalytic activity of MF-Au. MF-Au/MGA was used for the construction of an aptasensor for
electrochemical detection of carbendazim. The aptamer hybridizes with assistant strandDNA to form duplexDNA. Carbendazim
binds with the formed duplex DNA to release assistant strand DNA, triggering one three-cascade DNA cycle. The utilization of a
DNA cycle allows one carbendazim molecule to bring many methylene blue–labeled DNA fragments to the electrode surface.
This promotes significant signal amplification due to the redox reaction of methylene blue. The detection signal is further
enhanced by the catalysis of MF-Au and MGA towards the redox of methylene blue. A differential pulse voltammetric signal,
best measured at − 0.32 V vs. Ag/AgCl, increases linearly with the carbendazim concentration ranging from 1.0 × 10−16 to 1.0 ×
10−11 M with a detection limit of 4.4 × 10−17 M. The method provides ultrahigh sensitivity and selectivity and was successfully
applied to the electrochemical detection of carbendazim in cucumber.
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Introduction

Carbendazim has been widely applied in fresh food produc-
tion for the prevention of numerous pathogens and pests.
However, extensive and unreasonable use of carbendazim
may result in serious environmental pollution [1].

Researches demonstrated that carbendazim in the environ-
ment causes long-time accumulation in plants that absorb it
through their roots and leaves [2]. A high level of carbendazim
in food may cause adverse effects on the human body, such as
endocrine disorders and cancers [3]. The maximum residue
limit of carbendazim in cucumber is 0.1 mg kg−1 stipulated
by the European Union. The USA has forbidden using
carbendazim in agricultural production [4]. The development
of a sensitive and selective method for the detection of
carbendazim in fresh food is of importance.

The main analytical methods for the detection of
carbendazim include high-performance liquid chromatogra-
phy (HPLC) [5], gas chromatography-mass spectrometry
(GC-MS) [6], surface-enhanced Raman scattering (SERS)
[7], colorimetric method [8], fluorescent method [9], and elec-
trochemical sensor [10]. HPLC and GC-MS are classical an-
alytical methods for the detection of pesticides in the labora-
tory, with high sensitivity and selectivity, but these often
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require one complex sample pretreatment [11]. SERS offers a
high sensitivity, but its instability of detection signal results in
poor accuracy and repeatability [12]. The colorimetric method
can use the naked eye to recognize the detection results and is
suitable for on-site rapid carbendazim detection. However, its
sensitivity is much lower than that of SERS, the fluorescent
method, and the electrochemical sensor. This greatly limits its
applications in the detection of carbendazim at low levels [13].
The fluorescent method has good sensitivity and specificity,
but it often needs to use commercially unavailable lumines-
cent materials as the optical probe for achieving response to
carbendazim. In addition, the fluorescent methods based on
common luminescent materials also suffer from the back-
ground fluorescence interference from biomacromolecules in
food [1]. The electrochemical sensor has received more atten-
tion due to its ease of operation, high sensitivity, high selec-
tivity, low cost, and portability [14].

To improve the sensitivity, some nanomaterials have been
used as the sensing materials for electrochemical detection of
insecticides such as carbon nanohorns [15], porous gold [16],
copper [17], phosphorus-doped helical carbon fiber [18], and
graphene [19]. Graphene and gold nanocrystal are the most
frequently used sensing materials for the construction of elec-
trochemical sensors due to their special property and structure.
For example, Zhang et al. reported on one beta-cyclodextrin-
graphene for the electrochemical detection of paichongding
[20]. There was a linear relationship between peak current
and pesticide concentration in the range from 1 to 10 μM.
The detection limit reaches to 0.11μM for the electrochemical
detection of paichongding. Fei et al. reported on a composite
composed of gold nanoparticle, multiwalled carbon nanotube,
and reduced graphene oxide nanoribbon [21]. The composite
has been successfully applied in the electrochemical detection
of acetamiprid. Compared with common graphene, the sensor
based on graphene aerogel exhibits an improved sensitivity
for electrochemical detection. This is because graphene
aerogel has a well-defined three-dimensional structure that
can realize a high electron/ion conductivity [22]. However,
the graphene aerogel prepared by using the traditional method
is a kind of ultralight material composed of sparse graphene
networks. The structural characteristic will greatly limit the
improvement of electrical and mechanical properties of
graphene. To resolve the problem, our group reported one
strategy for the synthesis of multiple graphene aerogel
(MGA) [23]. Such a MGA can achieve higher electron/ion
conductivity and mechanical property compared with the
common graphene aerogel, which further improves the sensi-
tivity and repeatability for electrochemical detection.
Different from graphene, gold nanocrystal possesses a special
catalytic activity. In addition, gold nanocrystal can be also
used to immobilize biomolecules on the electrode surface
via the Au-S bond [24]. Compared with the low-index facets,
high-index facets of gold nanocrystals have a better catalytic

activity. Thus, the shape-controlled synthesis of gold
nanocrystals with more exposed high-index facets becomes
a new research hotspot [25]. Based on the above consider-
ations, we have reason to believe that the combination of
MGA with the gold nanocrystal with more exposed high-
index facets could present a better electrochemical perfor-
mance for the detection of carbendazim. However, there is
no relevant research report up to now.

In the study, we reported on one strategy for synthesis of
gold nanocrystals via the shape induction of CTAC, KBr, and
KI as well as the enantioselective direction of L-cysteine. The
as-synthesized gold nanocrystal (MF-Au) shows a mulberry
fruit-like nanostructure with more exposed high-index facets.
The aptasensor based on the combination of MF-Au with
MGA and DNA cycle double amplification provides the ad-
vantages of sensitivity, specificity, and repeatability for the
detection of carbendazim.

Experimental

Reagent and materials

Chloroauric acid (HAuCl4), cetyltrimethylammonium chlo-
ride (CTAC), potassium bromide (KBr), potassium iodide
(KI), L-ascorbic acid, and L-cysteine were purchased from
Sigma-Aldrich Co. LLC (Shanghai, China). Carbendazim
and other pesticides were purchased from Beijing YiHua
TongBiao Technology Co., Ltd. MGA was made by using a
reported method [23]. All oligonucleotides used were synthe-
sized and purified by Sangon Biotech. Co., Ltd. (Shanghai,
China), and their base sequences are shown in Table s1. All
DNA stock solutions were prepared in the Tris-EDTA (TE)
buffer of pH 7.4, composed of 10 mM Tris-HCl, 12.5 mM
MgCl2, and 1 mM ethylenediaminetetraacetic acid (EDTA),
and stored at − 20 °C. Before use, the aptamer (AP), assistant
strand DNA (AS-DNA), methylene blue–modified hairpin
DNA1 (MB-H1), and hairpin DNA2 (H2) were separately
pretreated by heating at 95 °C for 5 min. The restriction en-
donuclease (Nt.AlwI) and the cutsmart buffer (pH 7.9), com-
posed of 50 mM potassium acetate, 20 mM Tris-acetate,
10 mM magnesium acetate, and 100 μg mL−1 bovine serum
albumin (BSA), were purchased from New England Biolabs,
Inc. (USA). Other reagents used were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Ultrapure water (18.2 MΩ cm) was used throughout the
experiment.

MF-Au synthesis

The HAuCl4 solution (0.7 mL, 10 mM) was mixed with the
mixed solution of 8.85 mL, composed of 17 mM CTAC,
5.65 μM KBr, and 0.57 μM KI. The L-ascorbic acid solution
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(0.45 mL, 50 mM) was rapidly injected into the above solu-
tion. The solution was incubated at 20 °C for 30 min to obtain
gold seed solution.

The as-prepared Au seed solution (1.03 mL), CTAC solu-
tion (16.46 mL, 100 mM), KBr solution (1.03 mL, 1 mM), KI
solution (103μL, 1 mM), and the L-cysteine solution (103μL,
1 mM) were mixed. Then, ultrapure water was added until the
total volume reached 100 mL. The resulting solution of
4.86 mL was transferred into a centrifugal tube of 20 mL,
followed by the addition of HAuCl4 (200 μL, 10 mM), injec-
tion of 475 μL of L-ascorbic acid (50 mM), incubation at
20 °C for 6 min, centrifugation at 4000 rpm for 1 min, and
washing three times with ultrapure water in sequence. To ob-
tain a MF-Au stock solution, the collected MF-Au was re-
dispersed in 0.1 mL of ultrapure water. The above procedure
was also used for synthesis of one gold nanomaterial control
sample (Au-C) unless there was no addition of L-cysteine.

Sensor preparation

The MF-Au stock solution was mixed with an equal volume
of MGA dispersion (1.0 mg mL−1) and then ultrasonicated for
30 min. To obtain MF-Au-MGA/GCE, its 5 μL was dropped
on the glass carbon electrode surface (GCE, 2 mm in diame-
ter) and incubated at room temperature overnight. Next, the
linker DNA (L-DNA) solution (100 μL, 10 μM) was mixed
with an equal volume of tris(2-carboxyethyl) phosphine hy-
drochloride (TCEP) solution (20 mM) and then stirred for 1 h.
Its 5 μL was dropped on the MF-Au-MGA/GCE surface and
incubated at 37 °C for 1 h. The resulting L-DNA/MF-Au-
MGA/GCE was washed with ultrapure water to remove free
L-DNA and dried with N2 current. To block the unmodified
active sites on the surface of MF-Au, 5 μL of the 6-mercapto-
1-hexanol (MCH) in the TE buffer (1 mM) was dropped on
the L-DNA/MF-Au-MGA/GCE surface and then incubated at
37 °C for 1 h. The resulting MCH/L-DNA/MF-Au-MGA/
GCE was washed with phosphate-buffered solution (PBS) of
pH 7.4, dried with N2 current, and stored at 4 °C before use.

Sample pretreatment

All cucumber samples were collected from markets in Wuxi
City, washed, and dried in room temperature. The resulting
cucumber samples were cut into small pieces and then crushed
into a paste in a household juice machine to form homoge-
neous cucumber juice. The juice of 10 g was placed into a
50-mL Teflon centrifuge tube and shaken with a wrist action
shaker for 1 min; then, 6 g MgSO4, 1 g NaCl, and 1.5 g
C6H5O7Na3·2H2O were added and the tube shaken immedi-
ately and vigorously for 1 min by vortex. The tubes were
centrifuged at 4000 rpm for 5 min; solid residue was discarded
and mixed with 2 mL of glacial acetic acid. It was treated by
shaking in a vortex and centrifuging for 2 min at 4000 rpm

[11]. The collected supernatants were used for the detection of
carbendazim.

Carbendazim detection

The pretreated AS-DNA solution (1 μM) was mixed with an
equal volume of pretreated AP solution (1 μM) and subse-
quently incubated at 37 °C for 2 h to form duplex DNA.
The carbendazim standard solution of 20 μL or 40 μL of
carbendazim sample solution was transferred into a centrifuge
tube of 2 mL and incubated for 2 h at 37 °C. The pretreated
MB-H1 (10 μM, 10 μL), pretreated H2 (10 μM, 10 μL), and
cutsmart buffer (10 μL) were added then incubated at 37 °C
for 20 min. Followed by the addition of Nt.AlwI solution
(2 U μL−1, 5 μL), incubation for 1 h at 37 °C and heating at
80 °C for 10 min to deactivate the Nt.AlwI in the system.

The deactivated solution of 5 μL was dropped on the sur-
face of prepared MCH/L-DNA/MF-Au-MGA/GCE, incubat-
ed at 37 °C for 1 h and washed with PBS (pH 7.4, 10 mM).
The incubated electrode was immersed in PBS buffer of pH
7.4 and then the differential pulse voltammetry (DPV) at −
0.32 V vs. Ag/AgCl.

Results and discussion

Synthesis and characteristics

Synthesis of MF-Au includes two cumulative steps, namely
preparation of gold seed and MF-Au. Firstly, gold seed was
made via the reduction of HAuCl4 with ascorbic acid in the
presence of CTAC, KBr, and KI. In the synthesis, CTAC was
used as a surfactant to make the soft template. The template
offers an independent space for the reduction of HAuCl4 and
subsequent gold crystal growth. A relatively large volume of
the template leads to the formation of a relatively gold nano-
crystal with a particle size of hundreds of nanometers. In ad-
dition, CTAC was also used as a shape inducer to make
trioctahedron gold seeds. The previous investigation has re-
vealed that CTA+ can be selectively adsorbed on the surface of
gold nanocrystals [26]. Due to a higher surface energy, the
low-index facet of gold nanocrystals has a higher adsorption
ability towards CTA+ and Cl− compared with the high-index
facet. As more adsorption results in a greater decrease in the
growth rate of crystal facets, the adsorption can effectively
inhibit the growth of low-index facets and leads to the forma-
tion of polyhedral gold nanocrystals [27]. Both KBr and KI
were used to improve the morphology uniformity of gold
seeds. Although Cl−, Br−, and I− have similar chemical prop-
erties, there exists an obvious difference in their adsorption
ability on the different crystal facets and corresponding kinetic
behavior. As a result, the gold seed induced by different hal-
ogen anions may offer a different nanostructure [28]. Tomake
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full use of the complementarity of Cl−, Br−, and I− in the shape
induction, the mixture of Cl−, Br−, and I− was adopted for the
shape-controlled synthesis of gold seeds. The resulting gold
seeds were characterized by SEM analysis shown in Fig. s1.
The gold seeds exhibits a trioctahedron-like nanostructure.
Next, the as-prepared gold seeds were grown in the presence
of L-cysteine to finally produce MF-Au.

The as-synthesized MF-Au was characterized by SEM,
TEM, element mapping, and XRD techniques. Figure 1 pre-
sents SEM, TEM, high-resolution TEM (HRTEM), electron
image, elemental mappings, and EDS layered image of the
MF-Au. The MF-Au shows a mulberry fruit-like nanostruc-
ture, composed of the gold nanocrystal with a particle size of
about 200 nm as the core andmany irregular gold nanocrystals
with a particle size of about 30 nm as the shell. The integration
of a large gold core with a shell composed of irregular gold
nanoparticles simultaneously achieves high electrical conduc-
tivity, a large specific surface, and more exposed high-index
facets. The large specific surface increases the contact area
between the catalyst and the redox probe. The exposed high-
index facets improve the catalytic activity [25]. The plane
spacings of (200) and (111) facets on the HRTEM image were
measured by the ImageJ software. The plane spacings are
0.22 ± 0.03 for the (200) facet and 0.28 ± 0.02 nm for the
(111) facet. The elemental mapping images of the Au, I, Br,
Cl, S, and N elements in MF-Au indicate that all elements
exhibit a uniform distribution. This demonstrates that these
elements were involved in the formation and growth of gold
nanocrystals. Further, the EDS analysis was used to determine
the element composition on the surface ofMF-Au (Fig. s2 and
Table s2). It was found from Table s2 that the atomic percent-
ages of the Au, I, Br, Cl, S andN elements are 91.65, 0.2, 1.57,
4.14, 2.24, and 0.2. Since the S element only comes from L-
cysteine, a relatively high S context proves a strong affinity
between the gold nanocrystal and L-cysteine during the gold
crystal growth process.

The XRD pattern of as-synthesized MF-Au in Fig. 2 in-
cludes eight strong XRD diffraction peaks at 38.17°, 44.47°,
64.65°, 77.64°, 81.80°, 98.13°, 110.91°, and 115.33°. These
peaks correspond to the (111), (200), (220), (311), (222),
(400), (331), and (420) crystal facets of gold crystal (JCPDS
4-0784). Figure 2 also indicates that the high-index facets of
MF-Au such as the (331) and (420) display high diffraction
intensities, which are obviously higher than that of the gold
seeds (Fig. s3). The result verifies that the introduction of L-
cysteine can improve the exposure of high-index facets. The
improvement helps to enhance the catalytic activity and leads
to a more sensitive electrochemical response [29].

To understand the role of L-cysteine in the synthesis ofMF-
Au, one gold nanocrystal control sample (Au-C) was prepared
by using the same procedure but with no addition of L-cyste-
ine. Its structure was characterized by SEM and TEM tech-
niques and the results were shown in Fig. s4. Compared with

the gold seed, the Au-C offers a larger particle size. During the
growth process of gold seeds, a large number of Au3+ ions
were reduced into Au0 atoms. These Au0 atoms finally depos-
ited on the surface of the gold seeds and formed larger gold
nanocrystals. However, the Au-C displays a similar morphol-
ogy with the corresponding gold seed but different from that
of the MF-Au. For the synthesis of Au-C and gold seed, the
same soft template (CTAC) and shape inducers (CTAC, KBr,
and KI) were used for the formation of gold nanocrystals. This
will lead to the formation of trioctahedron-like morphologies
in the Au-C and the gold seed. Different from the Au-C and
gold seed, there are many irregular edges and corners on the
crystal face of MF-Au. As for the synthesis of Au-C and MF-
Au, the only difference between them is that L-cysteine was
also used as a shape inducer in the synthesis of MF-Au; the
formation of irregular edges and corners in MF-Au cold be
attributed to the use of L-cysteine. L-Cysteine contains a chiral
carbon atom and a sulfhydryl group. The enantioselective in-
teraction on the interfaces caused by L-cysteine achieves
asymmetric structural evolution of gold nanocrystals. This
improves the exposure of high-index facets [25].

Sensing principle

The scheme for the construction of the aptasensor for electro-
chemical detection of carbendazim is presented in Fig. 3.
Firstly, MF-Au and MGA powder were ultrasonically dis-
persed in ultrapure water to form a stable dispersion. The part
of dispersion was drop-coated on the GCE surface to produce
a MF-Au-MGA composite, in which MF-Au nanoparticles
were evenly distributed on the graphene sheets (Fig. s5).
Then, L-DNA was connected to the surface of MF-Au-
MGA/GCE via the Au-S bond. Finally, MCH was used to
block the active site on the surface of MF-Au to avoid non-
specific adsorption in the detection of carbendazim.

The as-prepared aptasensor coupled with DNA cycle am-
plification was applied in the electrochemical detection of
carbendazim. In the detection, AP was firstly hybridized with
AS-DNA to produce duplex DNA (AP-AS-DNA). Then,
carbendazim binds with the formed duplex DNA to release
AS-DNA. This results in triggering a three-cascade DNA re-
cycle. The released AS-DNA was combined with MB-H1 to
produce MB-H1-AS-DNA duplex DNA that contains one re-
striction endonuclease Nt.AlwI recognition site. Nt.AlwI can
cleavage H1 sequence at the recognition site in MB-H1-AS-
DNA to produce a secondary trigger strand DNA (STS-DNA)
and methylene blue–modified signal strand DNA (MB-SS-
DNA), leading to the release of AS-DNA. The released AS-
DNA interacts with MB-H1 to initiate the next DNA recycle
and produces many MB-SS-DNA (cycle I). Meanwhile, the
formed STS-DNA will specifically bind with H2 to produce
H2-STS-DNA with the Nt.AlwI recognition site. Nt.AlwI
cleavages H2-STS-DNA at the recognition site to release
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Fig. 1 SEM (A); enlarged SEM (B); TEM (C); HRTEM (D); electron image (E); elemental mappings of Au (F), Br (G), Cl (H), I (I), S (J), and N (K);
and EDS layered image (L) of MF-Au
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STS-DNA and AS-DNA. The released STS-DNA was direct-
ly used for the next cleavage cycle of H2, triggering cycle II.
The released AS-DNA in cycle II was directly used to trigger
cycle I and initiates one newDNA recycling (cycle III). By the
three-cascade recycle, one carbendazimmolecule can produce
manyMB-SS-DNA probes, which were combined with the L-
DNA immobilized on the electrode surface by base

complementary pairing. The redox of these MB probes on
the electrode surface brings a significant signal amplification.
The detection signal was further enhanced by the in situ catal-
ysis of MF-Au towards the redox of MB due to the excellent
catalytic activity of MF-Au.

To understand the sensing principle, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) be-
haviors of different electrodes were studied in 1 mMFe(CN)6

4

− in PBS of pH 7.4. As shown in Fig. 4, all CV curves contain
one pair of redox peaks, which are attributed to the oxidization
and reduction of Fe(CN)6]

3−/4− on the electrode surface. The
immobilization of MF-Au-MGA results in an increased CV
current density with a reduced charge transfer impedance
(Rct). The increase is due to high electron/ion conductivity
of MF-Au-MGA. The high conductivity accelerates the elec-
trode reaction and brings a more sensitive CV current re-
sponse. The current density will rapidly increase with the in-
crease of the scan rate, and the peak current has a linear rela-
tionship with the square root of the scan rate (Fig. s6). This
verifies that the redox of [Fe(CN)6]

3−/4 on the electrode sur-
face is a quasi-reversible electrochemical process. However,
the CV current will decrease after the L-DNA was connected
on the MF-Au-MGA/GCE with the increase of the Rct value.
This is because the L-DNA partly blocks the channels for
electron transfer between the electrode and electrolyte. In ad-
dition, the negative charge of the DNA backbone is responsi-
ble for an impeded electron transfer, assuming electrostatic
repulsion between the negatively charged L-DNA molecule

Fig. 2 XRD pattern of the as-synthesized MF-Au

Fig. 3 Fabrication process of the aptasensor and detection mechanism towards carbendazim
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and negatively charged [Fe(CN)6]
3−/4− probes. This further

reduces the CV current response. Similar to L-DNA, further
MCH immobilization brings a decrease in the CV current
density. To examine the response towards carbendazim, the
as-prepared aptasensor was incubated in a mixed reaction so-
lution composed of AP, AS-DNA, MB-H1, H2, and Nt.AlwI
for 1 h in the presence of carbendazim. After that, its CV and
EIS curves were measured. The result shows that the incuba-
tion further decreases the CV current density with increasing
Rct value. This is because in the presence of carbendazim one
carbendazim molecule brings many methylene blue-labeled
DNA fragments to the electrode surface by the DNA cycle.
The poor electrical conductivity of the DNA fragments on the
electrode surface leads to an increase in Rct and a reduced CV
current density. More importantly, the above result demon-
strates that carbendazim can trigger the three-cascade recycle
and achieves a sensitive electrochemical response. Therefore,
the proposed aptasensor can be applied in the electrochemical
detection of carbendazim.

Electrochemical response

To examine the electrochemical response towards
carbendazim, the DPV curves of the aptasensor before and
after incubation in the mixed reaction solution composed of
AP, AS-DNA, MB-H1, H2, Nt.AlwI, and carbendazim were
measured in PBS of pH 7.4. Figure 5 shows that in the absence
of carbendazim, there is a very weak peak on the DPV curve.
The weak DPV signal may be due to the background current
produced by the measurement system. However, the incuba-
tion causes an obviously increased peak current in the pres-
ence of carbendazim. This is because the presence of
carbendazim triggers the three-cascade DNA cycle. By the
DNA cycle, many MB redox probes were immobilized on
the electrode surface. The redox of these MB molecules pro-
duces a high DPV current response.

Four reaction systems were designed to evaluate the roles
of important reagents in the DNA recycle, including the

reaction system lacking only MB-H1 (system I), the reaction
system lacking only Nt.AlwI (system II), the reaction system
lacking only H2 (system III), and the complete reaction sys-
tem (system IV). For each system, the aptasensor was incu-
bated for 1 h in the presence of 1 × 10−12 M carbendazim and
then used for the DPV measurement in PBS of pH 7.4.
Figure 6 shows the aptasensors incubated in system I and
system II give a small DPV peak current (Ip). This is because
in the absence of MB-H1 or Nt.AlwI the three-cascade cycle
cannot be triggered. As no MB probes were brought to the
electrode surface, the aptasensor gives a low Ip value due to
the lack of any redox probes on the electrode surface.
However, the aptasensor incubated in system III offers an
obviously increased Ip value. In the absence of H2, only cycle
I can be achieved. By cycle I, one carbendazim molecule can
bring many MB redox probes to the electrode surface. The
redox of these MB probes produces a sensitive DPV current
response. When system III was replaced by system IV, the Ip

Fig. 4 CV curves (A) and EIS
curves (B) in 1.0 mM Fe(CN)6

4−

in 10 mM PBS (pH 7.4) of the
bare GCE (a), MF-Au-MGA/
GCE (b), L-DNA/MF-Au-MGA/
GCE (c), and MCH/L-DNA/MF-
Au-MGA/GCE before (d) and
after incubation in a mixed
reaction solution for 1 h in the
presence of 1 × 10−12 M
carbendazim (e). Insert: the
equivalent circuit for EIS

Fig. 5 The DPV curves in 10 mM PBS (pH 7.4) of the proposed
aptasensor incubated in the absence (a) and the presence (b) of 1 ×
10−12 M carbendazim
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value will be further enhanced. For system IV, the three-
cascade recycle can be triggered by carbendazim. As the
three-cascade DNA recycle has a much higher efficiency to
produce MB-SS-DNA sequences compared with single cycle
I, the aptasensor incubated in system IV exhibits a much
higher Ip value than that in system III due to more MB redox
probes on the electrode surface.

In the detection, only a tiny fraction of L-DNA molecules
on the electrode surface was bound by MB-SS-DNA. Thus,
the proposed aptasensor can be directly used for the next de-
tection of carbendazim after the detection was completed. To
evaluate the reusability of the aptasensor, the aptasensor was
repeatedly used tomeasure 1 × 10−12M carbendazim by using
the same procedure. The results showed that each of the de-
tections gives a similar ΔIp value when the detection time is
less than 120, indicating a good reusability.

Condition optimization

To optimize the conditions for electrochemical detection of
carbendazim, the effects of various factors on the DPV current
response towards 1 × 10−12 M carbendazim were investigated.
Fig. s7 presents the relationship curves of the Ip value with the
Nt.Alwl concentration and the cleavage time. If the cleavage
time was fixed at 60 min, the Ip value rapidly increased with
increasing Nt.AlwI concentration when the concentration was
less than 1.2 U μL−1. However, the increasing trend of the Ip
value slowed downwhen the Nt.AlwI concentration was more
than 1.2 U μL−1, reached the maximum at 1.5 U μL−1, and
then tended to be stable with the increase of Nt.Alwl concen-
tration. If the Nt.AlwI concentration was fixed at 2 U μL−1,
the Ip value increased with the increase of cleavage time when
the cleavage time was less than 45 min. The value remained

almost unchanged after 45 min. This is because the remaining
H1 and H2 in the reaction system will rapidly decrease with
the increase of cleavage time. The reduction will eventually
lead to a decrease in the speed of MB probes being carried to
the electrode surface. Consequently, the growth rate of the
DPV peak current decreases with the increase of cleavage
time.When the cleavage time is more than 45 min, the capture
of MB probes by the electrode surface and the process of MB
probes leaving the electrode surface reaches its equilibrium
state. At the equilibrium state, the DPV current response could
not be changed by prolonging the cleavage time because the
number of MB molecules can remain almost unchanged. To
obtain a high sensitivity and save the analysis time, the
Nt.AlwI concentration of 2 U μL−1 and the cleavage time of
60 min were selected for electrochemical detection of
carbendazim.

Relationship curves of the Ip values with the concentrations
of AP, AS-DNA, MB-H1, and H2, and the incubation times
for hybridization of AP with AS-DNA, dissociation of AS-
DNA from the AP-AS-DNA duplex, and immobilization of
MB-SS-DNA probes are successively presented in Fig. s8,
Fig. s9, Fig. s10, Fig. s11, Fig. s12, Fig. s13, and Fig. s14.
The optimized concentrations are 1 μM of AP, 1 μM of AS-
DNA, 10 μM of MB-H1, and 10 μM of H2. The optimized
times are 2 h for the hybridization of AP with AS-DNA, 2 h
for the dissociation of AS-DNA from the AP-AS-DNA du-
plex, and 1 h for the immobilization of MB-SS-DNA probes
on the electrode surface.

Analytical characteristics

Under the optimized conditions, the DPV current response of
the proposed aptasensor towards different concentrations of
carbendazim was investigated. Figure 7A indicates that the
DPV current will increase with the increase of carbendazim.
A higher concentration of carbendazim can combine with
more AP probes in the AP-AS-DNA to release more AS-
DNA molecules. This results in the production of more MB-
SS-DNA probes by the three-cascade cycle. The formed MB-
SS-DNA probes were immobilized on the electrode surface
and produced a more sensitive DPV current response, indicat-
ing a bigger Ip value. Further, Fig. 7B indicates the calibration
plot between the DPV peak current (Ip) and the logarithm of
carbendazim concentration. The Ip value gives a good linear
relationship with the logarithm of carbendazim concentration
in the range of 1.0 × 10−16–1.0 × 10−11 M. The corresponding
linear regression equation is Ip (nA) = 143.06 × LOG[CCBZ,
M] + 2643.8, and the correlation coefficient is 0.992. The de-
tection limit was 4.4 × 10−17 M (S/N = 3).

Twenty aptasensors were prepared by the same procedure
and materials and then used for electrochemical detection of
1.0 × 10−12M carbendazim. The DPV peak currents of twenty
aptasensors are shown in Fig. s15. A relative standard

Fig. 6 TheDPV peak current at − 0.32V vs. Ag/AgCl (Ip) in 10mMPBS
(pH 7.4) of the as-proposed aptasensor incubated in different reaction
systems for 1 h in the presence of 1 × 10−12 M carbendazim
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deviation (RSD) of 1.7% was obtained from Fig. s15, indicat-
ing a good reproducibility. One aptasensor was repeatedly
used for the detection of 1.0 × 10−12 M carbendazim for twen-
ty times. The changes (ΔIp) in the DPV peak current caused
by these detections are presented in Fig. s16. The RSD is
about 2.3%, verifying a high repeatability. The aptasensor
was stored at 4 °C for 30 days. It was taken out and used for
the electrochemical detection of 1.0 × 10−12 M carbendazim
every 2 days. The ΔIp values caused by the detection are
shown in Fig. s17. The RSD for the storage period of 30 days
is 2.5%. The result demonstrates that the proposed aptasensor
has a long-term stability.

The inorganic ions and organic small-molecule compounds
found in large quantities in biological samples and homolo-
gous pesticides commonly used in cucumber production in
China were used to evaluate the anti-interference capability
of the proposed aptasensor in the detection of carbendazim.
Inorganic ions, including 1 × 10−9 M of Ca2+, Mg2+, Na+, K+,
C2O4

2−, CO3
2−, SO4

2−, PO4
3−, and Cl−, and organic com-

pounds, including 1 × 10−11 M of ascorbic acid, glucose, ma-
lic acid, citric acid, and similar compounds to carbendazim,
including thiabendazole, 2-aminobenzimidazole, and
fuberidazole, were used to replace carbendazim for the DPV
measurement. Figure 8 shows that only carbendazim can
bring a sensitive DPV current response. This is because the
other substances used cannot trigger the three-cascade cycle
process. As no MB probes were brought to the electrode sur-
face after the incubation, the DPV peak currents caused by the
other substances tested are very weak. Therefore, the as-
proposed aptasensor has a good selectivity for electrochemical
detection of carbendazim.

For the sake of comparison, analytical parameters of the elec-
trochemical sensors for the detection of carbendazim reported in
literature are shown in Table 1. Table 1 shows that the proposed
aptasensor gives the highest sensitivity among the reported
methods. This is due to high catalytic activity of MF-Au unless
DNA cycle amplification. Because of high catalytic activity, the
catalytic effect of MF-Au on the redox of MB greatly improves
the DPV response towards carbendazim. To evaluate the

catalytic activity of MF-Au/MGA, DPV behaviors of the elec-
trodes modified by different materials were investigated, includ-
ing gold seed, MF-Au, MF-Au/graphene, MF-Au/MGA ,
and the spherical gold nanoparticles (Au-S) prepared by the
same procedure used in the synthesis of gold seeds unless there
was no addition of CTAC. The results are shown in Fig. 9. For
the bare GCE, there is one peak on the DPV curve. This is due to
the oxidation of the MB probe. The current will obviously in-
crease when the Au-S was modified on the GCE surface. This
demonstrates that the Au-S can offer the catalytic activity to-
wards the MB probe. When the Au-S was replaced by the gold
seed, the current increased. This confirmed that the gold seed had
a better catalytic activity towards the MB probe compared with
the Au-S. Different from the Au-S, the gold seed showed a
trioctahedron-like nanostructure with more exposed high-index
facets. The exposure improved the catalytic activity and

Fig. 7 The DPV curves (A) in
PBS of pH 7.4 of the proposed
aptasensor incubated for 1 h in the
presence of 0.0, 1.0 × 10−16,
5.0 × 10−15, 1.0 × 10−14, 5.0 ×
10−13, 1.0 × 10−12, 5.0 × 10−11,
1.0 × 10−10, 5.0 × 10−9, and 1.0 ×
10−8 M carbendazim (from
bottom to top) and the calibration
plot (B) between the Ip value at −
0.32 V vs. Ag/AgCl and the
logarithm of carbendazim
concentration

Fig. 8 The DPV current (Ip) at − 0.32 V vs. Ag/AgCl in 10 mM PBS (pH
7.4) towards 1 × 10−9 M of Ca2+ (a), Mg2+ (b), Na+ (c), K+ (d), C2O4

2−

(e), CO3
2− (f), SO4

2− (g), PO4
3− (h), Cl− (i), 1 × 10−11 M of ascorbic acid

(j), glucose (k), malic acid (l), citric acid (m), thiabendazole (n) and 2-
aminobenzimidazole (o), 1 × 10−12 M of carbendazim (p), and 1 ×
10−11 M of fuberidazole (q)
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accelerated the oxidation of the MB probe, leading to an in-
creased current response. The CV current further increased when
the gold seed was replaced by MF-Au. This demonstrated that
the MF-Au can offer the highest catalytic activity among the
three kinds of gold nanomaterials. This is because the MF-Au
provides more exposed high-index facets compared with the
gold seed. Interestingly, the combination of MF-Au with
graphene brings a higher DPV current. In the MF-Au/graphene
composite, a large graphene sheet acts as a particle connector to
connect the isolated MF-Au particles into a whole. This further
enhances the electrical conductivity and realizes a better catalytic
activity. Compared with common graphene, the MGA creates a
much higher electron/ion conductivity and mechanical property.
As a result, the combination of MF-Au with MGA achieves the

highest DPV current response. This helps to greatly improve the
sensitivity and repeatability for electrochemical detection of
carbendazim.

Sample analysis

The as-proposed aptasensor was applied in the electrochemical
detection of carbendazim in cucumber samples. The recovery
experiment was carried out by adding a known concentration
of the standard carbendazim into the cucumber juice from the
cucumber sample. The spiked concentration of carbendazimwas
based on the information with the experimental evidences [11].
Table 2 shows the recovery of carbendazim in the cucumber
samples was in the range of 96–104%. The results of the

Table 1 Analytical parameters of different methods for the detection of carbendazim

Sensing materials Analytical method Linear range (nM) Detection
limit (nM)

Sample Ref.

Mxene-carbon nanohorn-beta-cyclodextrin-
metal-organic frameworks

Electrochemical method 3–10 1 Tomato [14]

Gold nanoparticles and Rhodamine B Fluorescent aptasensor 2.33–800 2.33 Aquatic environment [28]

Flake-like neodymium molybdate
wrapped with multi-walled carbon
nanotubes

Electrochemical method 5×10−2–9 1.6×10−2 Paddy water [30]

Silver on Au@SiO2 core/shell
nanoparticles

Surface-enhanced Raman
scattering

0.01 [31]

Carbon nanohorn/gold nanoparticle
composites

Electrochemical method 5.23×10−3–5.23 0.0026 Agricultural product
and food

[15]

Electroactive nanoporous gold Electrochemical method 3×106–1.2×108 2.4×105 Environmental water [16]

Phosphorus-doped helical carbon
nanofibers

Electrochemical method 1×102–3.5×103 38 Orange juice [18]

N,P-doped carbon quantum dots Fluorescent method 5–160 2 [32]

Three-dimensional nanoporous
copper and reduced graphene
oxide composites

Electrochemical method 5×102–3×104 90 Pond water and lettuce [33]

Semiconductor nanocrystals-reduced
graphene composites

Electrochemical method 99.8–11,800 91.6 Orange juice [19]

MF-Au-MGA Electrochemical method 1×10−7–1×10−2 4.4×10−8 Cucumbers Present work

Fig. 9 DPV curves (A) of the
bare GCE and MF-Au/GCE and
peak current values (Ip) of the
bare GCE, Au-S/GCE, gold
seed/GCE, MF-Au/GCE, MF-
Au/graphene/GCE, and MF-Au/
MGA/GCE in 2 × 10−5 M of MB
in PBS of pH 7.4
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proposed aptasensor are consistent with those obtained by the
HPLC-MSmethod. These confirm that the proposedmethod has
admirable accuracy and reliability for carbendazim analysis in
real cucumber samples.

Conclusions

The study demonstrated one strategy for the synthesis of gold
nanocrystal via the asymmetric structural evolution under the
enantioselective direction of L-cysteine. The as-synthesized
gold nanocrystal offers a mulberry fruit-like nanostructure.
The unique structure has more exposed high-index facets
and leads to an improved catalytic activity. The combination
of mulberry fruit-like gold nanocrystal with multiple graphene
aerogel was used as the sensing material for construction of
the aptasensor for electrochemical detection of carbendazim
coupled with the DNA cycle amplification. Significant double
signal amplification provided by gold nanoparticles and DNA
recycle achieves an ultrasensitive detection of carbendazim.
The sensitivity is much better than that of all reported methods
for the detection of carbendazim. The as-proposed aptasensor
can also be used for the detection of other insecticides at a very
low level in foods and environmental samples through the
redesign of DNA sequences in DNA recycle.
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