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Electroanalytical overview: the sensing of
carbendazim

Robert D. Crapnell,@ Prashanth S. Adarakatti©® and Craig E. Banks & *

Carbendazim is a broad-spectrum systemic fungicide that is used to control various fungal diseases in
agriculture, horticulture, and forestry. Carbendazim is also used in post-harvest applications to prevent
fungal growth on fruits and vegetables during storage and transportation. Carbendazim is regulated in
many countries and banned in others, thus, there is a need for the sensing of carbendazim to ensure
that high levels are avoided which can result in potential health risks. One approach is the use of
electroanalytical sensors which present a rapid, but highly selective and sensitive output, whilst being
economical and providing portable sensing platforms to support on-site analysis. In this minireview, we
report on the electroanalytical sensing of carbendazim overviewing recent advances, helping to

rsc.li/methods

1. Introduction to carbendazim

Carbendazim (methyl N-(1H-benzimidazol-2-yl)carbamate) is
a broad-spectrum systemic fungicide that is used to control
various fungal diseases in agriculture, horticulture, and
forestry. Carbendazim is a degradation product of benomyl and
thiophanate-methyl which are used in fungicides and it has
a halflife of 3 days to 12 months." It belongs to the
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elucidate the electrochemical mechanism and provide conclusions and future perspectives of this field.

benzimidazole group of fungicides which exhibit broad-
spectrum activity against various fungal pathogens and are
widely used in agricultural and horticultural practices for
disease control. Carbendazim is regulated in terms of
maximum residue limits (MRLs) in various food products to
ensure consumer safety. MRLs are the maximum concentra-
tions of pesticide residues legally allowed in, or on food prod-
ucts. These limits are established based on extensive research
and risk assessments conducted by regulatory authorities.
MRLs values vary between different countries, for example, for
apples, the levels are reported to be 5, 3, and 0.2 mg kg™ " for
China, Japan, EU/UK while carbendazim is banned within USA

Prashanth S. Adarakatti did his
post-graduation from P. C. Jabin
Science College, Hubballi, India.
He completed his Doctorate
degree in 2017 from Central
College, Bangalore University,
India. Then he started his post-
doctoral studies at the Indian
Institute of Science (IISc), Ben-
galuru, India. He started his
career working as an Assistant
Professor of Chemistry at SVM
Arts, Science and Commerce
College, ILKAL, affiliated to Rani Channamma University, Bela-
gavi, Karnataka, India. Currently, he is working as a research
associate at Manchester Metropolitan University, Manchester, UK
under Prof. Craig E. Banks' supervision. His research focuses on
the development of electrochemical sensors and electroanalysis of
energy materials.

Anal. Methodss, 2023, 15, 4811-4826 | 4811


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ay01053h&domain=pdf&date_stamp=2023-09-28
http://orcid.org/0000-0002-8701-3933
http://orcid.org/0000-0002-9049-4862
http://orcid.org/0000-0002-0756-9764
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ay01053h
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY015037

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 1402. Downloaded on 12/11/1404 07:36:42 ..

(cc)

Analytical Methods

and Australia." Carbendazim is classed as a highly dangerous
pesticide by the World Health Organization and has possible
carcinogenic effects on humans.> The negative effects of car-
bendazim to human health have stimulated the reduction of the
MRLs, and subsequently the development of reliable and
sensitive detection methods are required.?

The measurement of carbendazim has been reported using
high-performance liquid chromatography (HPLC) with fluores-
cence,' gas chromatography-mass spectrometry (GC-MS),
liquid chromatography-mass spectrometry (LC-MS)° and
enzyme-linked immunosorbent assays,” noting that it is
important that the specific sensing method chosen depends on
the sample type, required sensitivity, regulatory requirements,
and available resources. Validated and accredited laboratories
often employ these techniques for reliable and accurate
measurement of carbendazim and other pesticide residues.
Such approaches can be costly, time consuming, require pre-
treatment, and can exhibit poor selectivity and are subject to
large inaccuracies when applied into real samples. One
approach is the use of electroanalytical sensors, which can
deliver highly selective and sensitive outputs without special-
ized operators yet are rapid and economical. In this minireview,
we provide a summary of the use of electroanalytical sensors for
the measurement of carbendazim.

2. Electroanalytical based sensors for
carbendazim

Table 1 shows a diverse range of electrochemical sensors that
have been developed for the measurement of carbendazim
which exhibit linear ranges in a low concentration range and
have been applied to the measurement of carbendazim within
many different samples, such as fruits, vegetables, tea, rice, soil,
honey, and various water samples, to name just a few. As can be
seen within Table 1, we have grouped them based upon the
electrode material used, where it can be observed that glassy
carbon (GC) is a favourite substrate but also the use of carbon
paste electrodes (CPE), boron-doped diamond (BDD), screen-
printed carbon electrodes (SPCE), pencil electrodes and addi-
tive manufacturing (AM, 3D-printing) are reported. We have
split our mini-review into the sensing of carbendazim and then
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the simultaneous detection of carbendazim with other analytes;
we highlight the most interesting and promising reports.

We first consider the electrochemical oxidation of carben-
dazim, where a few mechanisms have been proposed, for
example the oxidation mechanism occurs via a two-proton and
two-electron transfer process with many different scenarios are
presented. One particular scenario involves a two-proton and
two-electron transfer process that produces methyl carbamate
and an unstable benzimidazole radical, which react completely
to form a dimer. Furthermore, the resulting dimer can also be
electrochemically reduced to give the corresponding alcohol.®
As shown within Fig. 1A, the electrochemical oxidation of car-
bendazim has been performed using a GC electrode where
a well-defined oxidation peak (O1) is observed at +0.8 V (vs.
SCE), and when the potential is returned, two reduction peaks
are observed at +0.5 V (R1) and +0.3 V (R2), which are lower in
intensities.” During the second scan, a second oxidation peak
appears at +0.3 V (02), corresponding to the electrochemical
oxidation of carbendazim. Also shown within Fig. 1B is the
effect upon changing the pH which confirms that the electro-
chemical mechanism involves electrons and protons. In order
to unambiguously determine the electrochemical mechanism
of carbendazim researchers must use high-resolution accurate
mass spectrometry coupled with the electrolysis of carbenda-
zim.” As shown in Fig. 1C, the main chemical species are
observed, where the most feasible approach is that the elec-
trochemical oxidation occurs via hydroxylation (forming COP,)
via four electrons and four protons. This is backed up by the
elegant work of Hernandez and co-workers who measured the
number of electrons which were determined coulometrically at
a controlled potential, with a global transfer of 4 electrons.'>*
Thus, the overall mechanism involves four electrons and four
protons which shows a typical adsorption-controlled electro-
chemical process.

From inspection of Table 1, as expected, there is a range of
nanoparticles that have been evaluated towards the sensing of
carbendazim, such as platinum-doped nickel-cobalt oxide,*?
selenium with palladium," graphitic carbon nitride,"* gold
nanoparticles,"”™" samarium molybdate,*® titanium dioxide,"
platinum,** ytterbium oxide,” neodymium oxide,** tin sele-
nium* and gadolinium sesquisulfide,” to name just a few.
Using nanoparticles have enhanced electron-conducting prop-
erties and increased the electrochemical area of electrodes,
however, most reports never mentioned is the cost of imple-
menting such sensors.> Table 1 also shows the use of carbon
nanotubes (CNT), which are attractive due to their unique nano-
geometry and are ideal templates to immobilize nanoparticles,
allowing the construction of designed nanoarchitecture. They
are also beneficial on their own, they provide intrinsic proper-
ties, which include, high surface area, unique physical proper-
ties and morphology, high electrical conductivity and
depending on the availability of edge plane sites/defects, this
can give rise to improved electroanalytical properties.”**” Using
CNTs has been the basis of B-cyclodextrin (B-CD) functionalized
carbon nanosheets@carbon nanotubes (CNS@CNT) for the
sensing of carbendazim.?® This sensor was fabricated through
the use of ball-milling CNTs with sodium citrate for 2 h. The

This journal is © The Royal Society of Chemistry 2023
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Fig.1 (A) Cyclic voltammograms of 1 mM carbendazim in H,O/MeCN 50 : 50 with 0.1 M ammonium acetate pH 7.4, scan rate 50 mV s, and (B)
cyclic voltammograms of 1 mM carbendazim at three different pH (Basic, B; Neutral, N and Acidic, A). (C) the main chemical species observed
after the electrochemical oxidation of carbendazim. Figures reproducible from ref. 9. Copyright 2021 Elsevier.

composite was pyrolyzed at 850 °C for 3 h at a heating range of
3 °C min~' under an argon atmosphere producing CNS@CNT;
see Fig. 2A. Next, the CNS@CNT was mixed with B-CD within
dimethyl formamide (DMF) under ultrasound, and then drop-
cast upon a GC electrode. This sensor was able to measure
carbendazim over the range of 0.03 to 30 pM with a limit of
detection (LOD) reported to be 9.4 nM. The CNS@CNT
combined large surface area of CNS and excellent electrical
conductivity of CNT are responsible for their electroanalytical
output along with B-CD possessing excellent host-guest supra-
molecular recognition ability, which could improve the selective
recognition and enrichment capability toward carbendazim.*®
The sensor showed feasibility for the detection of carbendazim
within spiked apple juice with recoveries of 97.1-99.4% re-
ported. Other work has reported the use of a screen-printed
carbon electrode modified with MWCNT and with the surfac-
tant sodium dodecyl sulfate.” The surfactant increased the
sensor's response to carbendazim, where the enhancement is
attributed to the surfactants capacity to adsorb on a rough
surface, such as carbon-based electrodes, via hydrophobic
interactions to generate a surfactant-adsorbed layer. The higher
peak currents observed results from a better adsorption and

4816 | Anal. Methods, 2023, 15, 4811-4826

electrostatic interactions between carbendazim and this
surfactant-adsorbed layer, which leads to an increase of car-
bendazim available at the electrode surface through the sodium
dodecyl sulphate adsorbed layer.” This sensor provided
a dynamic range of 40 nM to 0.4 uM with a LOD reported to be
14 nM. This sensor was validated through the measurement of
carbendazim within spiked orange juice, which was compared
to HPLC providing excellent recoveries. Work by Lan et al.*® has
reported on the use of In,S; nanotubes, which involved taking
a In salt with terephthalic acid via a solvothermal reaction
within DMF at 100 °C for 30 min. This produced a metal-
organic framework (MOF), MIL-68(In), which has an average
length of 8-10 pm and a diameter of 500 nm. Next, the MIL-
68(In) and thioacetamide were added to a methanol solution
which was kept at 160 °C for 3 h forming In,S; hollow nano-
tubes. This sensor exhibits a dynamic range of 5-80 uM, which
was measured within orange juice. Of interest, fine particles of
Ayous sawdust were successfully modified by maleic anhydride
to increase their accumulation capability towards carbendazim,
which were mixed with carbon nanotubes to yield a conductive
composite.** This sensor was evaluated towards the detection of

carbendazim within commercially available pesticide

This journal is © The Royal Society of Chemistry 2023
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(A) Fabrication of the of B-cyclodextrin (B-CD) functionalized carbon nanosheets@carbon nanotubes (CNS@CNT) sensor for the

determination of carbendazim. Figure reproduced from ref. 28. Copyright 2022 Elsevier. (B) Scheme of carbendazim sensor preparation. SEM
image (i) of etched TizC,T, and delaminated (ii) TizC,T,. (iii) TEM image, (iv) XRD pattern and (v) XPS survey of TizC,T,. Figure reproduced from ref.
37. Copyright 2019 Elsevier. (C) The synthetic route of MXene@AgNCs/NH,-MWCNTs/GCE and its electrochemical application for the detection
of carbendazim. Figure reproduced from ref. 38. Copyright 2021 Elsevier.

formulation (grefonsec complex 210WP, with carbendazim at
50 g per kg, as purchased from a local market) where a recovery
of 90.3% was feasible.

Related to CNTs is graphene, which is akin to an unrolled
nanotube. It is a single layer of atoms arranged in a hexagonal
lattice nanostructure.*” Pristine graphene is a poor electro-
chemical sensor because the majority of it comprises basal
plane with a low amount of edge plane whereas, holey gra-
phene, which has more assessable edge planes gives rise to
improved electron transfer properties.*> Reduced graphene
oxide (GO) has been used for the sensing of carbendazim where
the GO was made by the Hummers' method. This exfoliated
graphite, which is then reduced to GO via treatment with
ascorbic acid. The GO was then mixed with biochar, which was
obtained through pyrolysis of Eichhornia crassipes biomass at
400 °C. This sensor exhibited a low dynamic range of 30-900 nM
with an impressive LOD of 2.3 nM and was then successfully
applied to the sensing of carbendazim within spiked orange
juice, lettuce leaves, drinking and wastewater.*® This has been
extended to graphene nanosheets mixed with amberlite resin,
which was shown to produce low nM ranges and was evaluated
in spiked soil, banana, waste and ground water, blood serum
and urine.* Further work has developed a nanoparticle (30-40
nm) Sm,03/rGO composite, which was synthesised through
a facile hydrothermal route.* This senor exhibits a dynamic

This journal is © The Royal Society of Chemistry 2023

range from 0.019-421.3 uM with a LOD of 3 nM and was eval-
uated toward the sensing of carbendazim within orange juice,
river and lake water, and vegetable extract. Ya and co-workers®®
have reported on the electrochemically reduced nitrogen-doped
graphene oxide-modified glassy carbon electrode. The nitrogen-
doped graphene oxide was synthesised by taking graphite
powder mixed with sulfuric acid and sodium nitrate, with
potassium permanganate added into the mixture over 2 h. Next
melamine was added in, which was stirred for 30 °C for 12 h.
Last, hydrogen peroxide was added and the mixture was soni-
cated for 30 min and then washed. The electrochemical
reduction was performed by drop-casting the nitrogen-doped
graphene oxide onto a GC electrode, which was scanned using
cyclic voltammetry from 0 to —1.0 V at a scan rate of 25 mV s '
for 20 cycles. The sensor was able to measure carbendazim over
the range 5.0-850 ug L™ with a LOD of 1.0 pg L™ . The author
report that 5000-fold of sucrose, glucose, and fructose and
a 1000-fold Na*, K, Ca*>", Mg>*, Cu®', Zn*", Fe**, AI’*, C1~, NO;
-, CO;*7, and SO,>” and 200-fold methyl parathion, ethyl
parathion, vitamin B1, B2, C, and E, r-aspartic acid, glutamic
acid, serine, thiophanate, thiophanate-methyl, thiabendazole,
endodsulfan, ametryn, fenamiphos, and benomyl did not
interfere with the sensing of carbendazim. Furthermore, the
authors reported that pesticides containing 200-fold of methyl
parathion, ethyl parathion, thiophanate, thiophanate-methyl,
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thiabendazole, endodsulfan, ametryn, fenamiphos, and
benomyl did not affect the signal of carbendazim.* This sensor
was evaluated with the sensing of carbendazim within spiked
Dendrobium candidum powder with recoveries of 90.5-94.8%.
The benefits of this sensor are reported to be a large electro-
active area and its good conductivity.*®

Transition metal carbides and nitrides (MXenes) are a family
of two-dimensional materials originated from the selective
etching “A” layer element of MAX phases, where M generally
represents an early transition metal (e.g., V, Nb, Ti, Mo), A stands
for an A group element (Al or Si), and X refers to either carbon or
nitrogen. MXenes are unique in that they possess a layered
structure, consisting of transition metal carbide or nitride layers
interleaved with functional groups, such as hydroxyl or other
surface terminations. The versatility of MXenes arises from their
tuneable properties, achieved by varying the transition metal,
surface terminations, and layer thickness. This allows the
researcher to tailor MXenes for specific applications by modi-
fying their composition and structure. MXenes have properties
such as high electrical conductivity, large specific surface areas,
and notable electrochemical properties, thus MXenes have
gained attention in the use of a carbendazim electroanalytical
sensor. As shown within Fig. 2B, the overview of how Ti;C,T,
MXene was prepared.’” In summary, TizAlC, is immersed into HF
for 5 h providing etching, where after delamination was per-
formed by sonication. Fig. 2B presents the SEM images of the
etched, delaminated Ti;C,T, MXene along with a TEM image
showing that the sample has a perfect layered structure.’” X-ray

View Article Online
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diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
are also shown (Fig. 2B), where the XRD pattern shows the
characteristic (0 0 2) peak of the Ti;C,T, (8.3°), which was shifted
from 9.5° in TizAlC,, suggesting that the etching process
expanded the d-spacing between layers. The XPS survey shows
signals from Ti, C, O and F elements showing the existence of F
and O, which implied that the surface of the Ti;C,T, was
terminated by -F and -O groups.*” Using differential pulse vol-
tammetry (DPV), the sensor was able to measure carbendazim
over the range of 50 nM to 100 pM with a LOD reported to be
10.3 nM. The authors explored the 50-folds of common ions
including Ca**, Na*, Pb>*, Zn**, NO;~, PO,> and SO,>", which
showed no clear influence upon the sensing of carbendazim,
while pesticides such as 10-folds of ametryn and fenamiphos
also showed no clear influence. As shown within Fig. 2C, Ti;C,T
MXene can be self-reduced via the addition of silver nitrate
producing MXene@Ag nanoclusters.*® Next NH,-MWCNT are
mixed with the MXene@Ag nanoclusters within DMF and soni-
cated for 30 min to obtain MXene@AgNCs/NH,-MWCNTs
composites. This composite is then drop-cast onto a GC elec-
trode which shows two peaks, one due to the electrochemical
oxidation of silver, occurring at +0.12 V which can be used an
internal reference and the second peak, +0.8 V, is due to the
electrochemical oxidation of carbendazim. This sensor has a low
LOD of 0.1 nM, and was shown to be successful in the
measurement of carbendazim within lettuce samples with
recoveries from 96.8 to 100.7% and RSD values less than 3.6%.%*
The other uses of MXenes have been developed for the sensing of
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(A) Schematic preparation process of MIP/C-ZIF67@Ni/GC; figure reproduced from ref. 45. Copyright 2022 Elsevier. (B) An overview of

how a HKUST-1@MIP has been fabricated alongside DPV voltammetry. Figure reproduced from ref. 48. Copyright 2022 Elsevier. (C) Preparation
protocol of CdMoQO,4/g-C3N4 nanocomposite and CAR imprinted electrochemical electrode. Figure reproduced from ref. 49. Copyright 2022
Elsevier. (D) Schematic preparation process of carbendazim-MIP/N, S—Mo,C/GC. Figure reproduced from ref. 46. Copyright 2019 Elsevier.
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carbendazim within tomato,* cucumber and orange juice,*” and
tea and rice.*

Molecularly imprinted polymers (MIP) are bespoke synthetic
recognition sites, designed for a specific target molecule and
can have better, affinity and selectivity than their naturally
occurring counterparts.*~** To this end, a variety of MIP sensors
have been reported for the sensitive levels of carbendazim.**°
Fig. 3A shows how a C-ZIF67@Ni/MIP has been made for the
detection of carbendazim from 0.4 pM to 1 nM with a LOD of
0.135 pM.* This was fabricated by taking cobalt and nickel salts
with 2-methylimidazole dissolved into methanol and sonicating
for 1 h. The product was centrifuged and washed, which was
then placed into a vacuum furnace at 850 °C in an argon
atmosphere at a heating rate of 5 °C min~". This C-ZIF67@Ni
was drop cast upon a GC electrode and was then utilised for
the formation of an electropolymerized MIP. Utilising o-ami-
nophenol as the functional monomer with carbendazim as the
target, the system was electrochemically polymerised by cyclic
voltammetry through scanning at 50 mV s~ * from 0 to +0.8 V for
60 cycles. The template, carbendazim was removed by cyclic
voltammetric scanning for 8 cycles within 0.1 M NaOH from

View Article Online
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—1.0 to +1.0 V until steady redox peaks were generated using
a redox probe. This C-ZIF67@Ni/MIP sensor was explored
within spiked soil and river water samples which have recov-
eries of 98.2-105.9% and 99.2-105.9%, respectively.

A graphite-epoxy electrode has been modified with MIP and
a Cu-metal-organic framework.” The framework, [Cus(-
BTC),(H,0);], (HKUST-1) was synthesized via a solvothermal
method. The MIP was formed via polymerisation by adding
HKUST-1 with carbendazim and methacrylic acid dissolved
within chloroform and was stirred for 60 min. Next ethylene
glycol dimethyacrylate as cross-linker, and 2,2"-azobisisobu-
tyronitrile as initiator were added and polymerization was
initiated in an oil bath at 60 °C for 12 h with magnetic stirring.
In order to remove the template molecules, a Soxhlet system
with methanol : chloroform mixture (9:1 v/v) was used for
48 h. Finally, the HKUST-1@MIP was dried at 40 °C for one
hour under vacuum and stored in a desiccator for further use.*®
This sensor displayed a dynamic range of 0.01 to 50 uM with
a LOD of 2 nM, and was shown to measure carbendazim within
spiked tangerine, tomato, apple and cucumber juices, which
was validated against HPLC and showed that the HKUST-
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(A) An overview of paper sensors allowed pesticide sensing on the skin of fruits and vegetables. (B) Differential pulse voltammograms for

(a) SPCE/K-n and (b) SPCE/K-a at different concentrations of carbendazim (0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10 uM) and in the absence
of carbendazim (grey line) in 0.1 M PB solution (pH 7.0). (c) Analytical curves for carbendazim on SPCE/K-n, SPCE/K-a, and SPCE/K. (d) Found
concentrations of carbendazim on the surface of apple and cabbage with SPCE/K-a sensor. (e and f) Setup used in detecting carbendazim on
apple and cabbage. Photos of the sensor and connector are also shown. Figures reproduced from ref. 51. Copyright 2023 Elsevier.
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1@MIP sensor has practicability and effectiveness in the vali-
dation of real samples. Fig. 3C shows how a CdMo00,/g-C3N,
nanocomposite is fabricated via one-pot in situ hydrothermal
approach.* A MIP was produced via electrochemical poly-
merisation using pyrrole which was scanned for +0.3 to +1.2 V
at a scan rate of 50 mV s~ '. This sensor exhibited a low
dynamic range of 10 pM to 1 nM with a LOD of 2.5 pM,; this was
exemplified in the measurement of spiked carbendazim within
apple and orange juices. Fig. 3D overviews the development of
a sensor that utilises nitrogen and sulphur-doped hollow
Mo,C/C spheres (N, S-Mo,C) and MIP for the sensing of car-
bendazim.*® The fabrication of N, S-Mo,C involved nitrogen
and sulphur-doped molybdenum-polydopamine hollow
spheres (N, S-MPD), which was synthesized and then carbon-
ized in high temperature; see Fig. 4D for further details. The
MIP was synthesised via electropolymerization using o-phe-
nylenediamine as the functional monomer in the presence of
carbendazim. The dynamic range of the sensor was from 1 pM
to 8 nM with a LOD of 0.67 pM. Real sample analysis was
performed of carbendazim in spiked fruits (~10~"'M levels)
and vegetables with the recoveries varying from 98.40 to
100.08% for grape, 95.45 to 97.74% for apple, 97.5 to 100.8%

Fig. 5
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for tomatoes, 99.64 to 99.80% for eggplant and 95.20 to 98.19%
for cucumber.

A novel approach is the use of sensors that can be applied
directly to the measurement of carbendazim®** avoiding the
sample pre-treatment that is commonly required; see Fig. 4A.
For example, Martins and co-workers have developed screen-
printed carbon electrodes printed upon parchment (SPCE/P)
and Kraft (SPCE/K) paper. Each electrode was electrochemi-
cally treated within acid (SPCE/P-a and SPCE/K-a) and with
basic (SPCE/K-b and SPCE/P-b) or neutral medium (SPCE/K-n
and SPCE/P-n), which involved cyclic voltammetry within the
chosen medium from —2.5 V to +2.5 V five times. The authors
reported that the Kraft paper gives rise to a larger electrode
surface and with less resistance. As shown within Fig. 4B, the
DPV is shown for SPCE/K-n and SPCE/K-a at different concen-
trations of carbendazim, which are compared to just SPCE/K
where the SPCE/K-a. The provided a superior response due to
the carboxylic groups formed during the activation; this sensor
was able to detect carbendazim between 0.5 and 10 uM, with
a detection limit of 0.06 uM. The authors demonstrated the
sensing of carbendazim upon the surface of apple and cabbage,
finding that concentrations found varied between 0.7 and 1.1

—— Electrode treated
~—— Electrode untreated

1500 2000
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00 02 04 06 08
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(A) Illustration of a summary scheme of all the steps involved in this work. (top image) Production of conductive filaments with using

a nanocarbon/PLA feedstocks, additive manufacturing of the microfluidic device based on non-conductive PLA filaments, and electrochemical
sensors based on nanocarbon/PLA feedstocks, (middle image) structural scheme of the complete microfluidic device, sensors, fluidic paper, and
base, with their respective dimensions. (bottom image) Analysis of carbendazim in honey from a portable potentiostat and microfluidic device
using only a 30 pL drop. (B) Amperograms recorded for increasing concentrations of FcMeOH (0.01, 0.05, 0.1, 0.5, and 1.0 uM). Working potential:
+0.1 V with the calibration plot (C). Reproduced from ref. 52. Copyright 2023 Elsevier.
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uM for apples, and from 0.3 to 1.3 uM for cabbages. To inves-
tigate whether organic substances on the surface of the apple or
cabbage could interfere with the detection of carbendazim, the
reliability of the SPCE/K-a sensor was evaluated through
recovery studies using a 0.1 M PB solution (pH 7) that had been
exposed to apple or cabbage for 24 h** The values obtained were
compared with those from the standard HPLC method where
the recoveries with SPCE/K-a sensor ranged between 96 and
100.8% for apples and from 101.5 to 104.0% for cabbages, being
equivalent to those from HPLC. This work shows a simple way
to measure carbendazim in the skin of both types of samples,
which is a demonstration of non-destructive, on-site moni-
toring of pesticides.>

Last, the use of additive manufactured (AM) sensors has
been reported for the sensing of carbendazim.® The use of
additive manufacturing allows one to provide low-cost, scal-
able, and the ability to obtain varied shapes and designs for
fluidic platforms.*® Recently, researchers have begun to design
and produce their own conductive filament utilising different
loadings and nanomaterials compared to the commercially
available options.***° Silva et al.** took this approach and have
reported the design of a fully AM microfluidic platform
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coupled with a paper-based distribution channel for the
sensing of carbendazim within in honey samples. As shown
within Fig. 5A, a mixture of PLA and carbon black (28.5% wt) is
extruded into a filament and fed into a 3D printer, which
produces the conductive parts of the cell alongside a non-
conductive PLA filament. These devices were printed on
a rectangular mould with a width of 2 cm, a height of 10 cm,
and a thickness of 1.5 cm, with the mould for the allocation of
the filter paper responsible for the fluidic channel to the
solution. In addition, the microfluidic system contained
a mould for fitting the three electrodes, working, counter, and
pseudo reference, so that they can be placed on the fluidic
paper channel and a circular waste reservoir with a diameter of
3.5 cm at the end of the fluidic paper. As shown within Fig. 5B,
the response of treated and untreated sensors is shown, where
the best response is due to the treated sensor which is obtained
by potential cycling within sodium hydroxide alongside the
calibration plot (Fig. 6C) recorded within a pH 4 buffer. This
sensor exhibited a dynamic range of 0.5-40 uM with a LOD of
0.09 pM. This sensor was evaluated within spiked wild and
Jatai honey, which was diluted 1:1 with pH 4 buffer and
exhibited 92.4-108.8% recoveries.*>
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(A) An overview of palladium nanoparticles supported upon a graphite pencil electrode direct to the sensing of direct yellow 50, tryp-

tophan, carbendazim and caffeine. Figure reproduced from ref. 13. Copyright 2021 Elsevier. (B) An overview of the fabrication of ZnFe,O,/
SWCNTSs nanohybrid. Figure reproduced from ref. 57. Copyright 2017 American Chemical Society. (C) An overview of screen-printed electrodes

are used for the simultaneous detection of quercetin and carbendazim.

Figure reproduced from ref. 58. Copyright 2020 Wiley. (D) The detection

of methyl parathion and carbendazim by the nano-porous gold electrode in HAC-NaAC solution (100 mM, pH 4.0). (i) The independent detection
of methyl parathion within the range from 0.5 to 150 puM; (ii) the independent detection of carbendazim within the range from 3 to 120 uM; (iii) the
selective detection of methyl parathionP in the presence of 20 uM carbendazim; (iv) the selective detection of carbendazim in the presence of 20
puM methyl parathion. The insert profiles show the calibration curves between the peak current density and the target pesticide concentration.

Figure reproduced from ref. 59. Copyright 2019 Elsevier.

This journal is © The Royal Society of Chemistry 2023

Anal. Methods, 2023, 15, 4811-4826 | 4821


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ay01053h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 1402. Downloaded on 12/11/1404 07:36:42 ..

(cc)

Analytical Methods

3. Electroanalytical based sensors for
the simultaneous detection of
carbendazim with other analytes

Wong and co-workers® reported the simultaneous detections of
direct yellow 50, tryptophan, carbendazim, and caffeine in river
water and synthetic urine samples using palladium nano-
particles (250-450 nm) supported upon a graphite pencil elec-
trode (see Fig. 6A). All peaks are well resolved allowing them to
be measured simultaneously given the underlying relevance
and effects of the aforementioned substances, coupled with the
fact that they are consumed and discarded in the environ-
ment.” The dynamic range for carbendazim was over the range
0.2-1.5 pM with a LOD reported to be 0.018 pM and was
compared to a spectrophotometric method for all analytes.
The successful sensing of carbendazim and thiabendazole
has been realized using a ZnFe,0,/SWCNTs nanohybrid (diam-
eter ~100 nm).”” As shown within Fig. 6B, the ZnFe,0,/SWCNTSs
nanohybrid was prepared via a facile one-step hydrothermal
method, which involved iron and zinc salts with urea dissolved
into ethanol where SWCNTs were added and stirred for 10
minutes. This was then poured into a Teflon-lined stainless-steel
autoclave and was heated at 180 °C for 12 hours. After being
washed, these were drop cast upon a GC electrode. The analytes
are well-resolved, which benefited from the presence of CTAB,
providing a dynamic range of 0.5-100.0 uM, with a LOD reported
to be 0.09 pM. The author commented upon the signal
enhancement: (i) there is a beneficial effect of dispersing
ZnFe,0O, on SWCNTs and there are synergetic effects in the
ZnFe,0,/SWCNTs composites, which are well dispersed on the
surfaces of SWCNTs; (ii) the significant enhancements in the
electrochemical response of carbendazim and thiabendazole
could be ascribed to the large increase in the electroactive sites of
the ZnFe,0,/SWCNTs electrode; (iii) ZnFe,O,/SWCNTs have
excellent conductivity, which may be attributed to the strong
synergistic effect between the ZnFe,O, and SWCNTs, further
accelerating the direct electron transfer.”” The ZnFe,0,/SWCNTSs
nanohybrid sensor was successfully applied to the determination
of CBZ and TBZ in the apple, tomato, leek, paddy and seawater.
As shown within Fig. 6C, screen-printed carbon electrodes
were utilized to detect excessive concentrations of naturally
occurring polyphenols and pesticide residues, namely the
flavonoid quercetin and the pesticide carbendazim simulta-
neously in wine samples with a LOD of 60 nM reported for
carbendazim.*® The authors found that the use of an electro-
chemical pre-treatment through chronoamperometric experi-
ments at a potential fixed of +1.2 V for 5 min in a saturated
solution of sodium bicarbonate solution eliminated residues
and impurities from the homemade carbon ink comprising
graphite and alkyd resin eventually deposited on the elec-
trodes.*® The authors applied their sensor to the simultaneous
detection of quercetin and carbendazim within white and red
white observing 90-114% recoveries. Other notable work has
been reported by Gao et al.,** namely the use of nano-porous
gold deposited upon a GC electrode for the simultaneous
sensing of methyl parathion and carbendazim which exhibited
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a large peak potential of +0.7 V between the two analytes. The
nano-porous gold was prepared by chemical etching of Au/Ag
binary alloy (50% Au, 50% Ag by weight) in concentrated
nitric acid under free corrosion for 30 °C for 30 min. To remove
residual nitric acid, the nano-porous gold was washed using
ultrapure water until the pH of the ultrapure water was neutral.
The treated nano-porous film was drop cast onto the surface of
GC where Nafion® was then applied. This film possesses
a nano-porous network structure with uniform pores ~35 nm in
diameter and it has 100 nm thickness. The sensor measured 3.0
to 120 uM with a LOD reported to be 0.24 uM. for carbendazim.
The authors explored the simultaneous detection of methyl
parathion and carbendazim with interfering inorganic ions,
both cations (Mg>*, K*, Na*, and NH,") and aqueous anions
(s0,>~, PO,*7, CO;*", and NO; ). The concentrations of these
inorganic ions were 100 times higher than those of methyl
parathion and carbendazim, and no interferences in the peak
current densities of methyl parathion and carbendazim were
noted, with the changes of peak current density were all below
3.51%. Additionally, the key interfering pesticides added were
thiabendazole, methomyl, chlorpyrifos, tebuconazole, and
benomyl, where their concentrations of the pesticides were two
times higher than those of methyl parathion and carbendazim
which didn't interfere. Last, the sensor was shown for the
simultaneous detection of methyl parathion and carbendazim
within spiked waste and seawater.

A useful approach is a development of screen-printing onto
the fingers of rubber gloves that allows the sensing of carben-
dazim, diuron, paraquat and fenitrothion via simply touching
with the finger onto apple, cabbage, and in orange juice.*® As
shown within Fig. 7A, three sensors are screen-printed onto three
separate fingers, where one sensor is a pre-treated screen-printed
carbon electrode while the other two are coated with carbon
spherical shells (CSS) or with printed carbon nanoballs (PCNB).

The pre-treatment involved cyclic voltammetry within 0.5 M
sulfuric acid between —2.5 to +2.5 V at a scan rate of 100 mV s~
for two cycles. This approach was adopted since the simultaneous
detection of carbendazim, diuron, paraquat, and fenitrothion
using a single sensor was not suitable due to overlapping and
poor definition of the oxidation peaks, and small current signals.
Although, there is no data showing how the researchers con-
nected the sensor to a potentiostat nor how to define the working
electrode area. That said, as shown within Fig. 7A, the calibration
plots are shown which were measured over the range of 0.1-1 uM
with a LOD of 0.047 pM reported. As shown within Fig. 7B, the
sensing was achieved on the skins of cabbages and apples where
a drop of 500 uL of phosphate buffer solution (pH = 7) where
a standard addition protocol was reported for the spiked value for
carbendazim, diuron, paraquat and fenitrothion. The multidi-
mensional projection technique least square projection again led
to the highest discrimination capability of the pesticides with an
average silhouette coefficient of 0.88 and the recoveries varied
between 90 and 110%.% Such sensors are robust against flexion
in multiple times and with their high selectivity, sensitivity, easy
operation, and rapid pesticide detection, these glove-embedded
sensors may also be employed in on-site analysis of other
chemical threats and be extended to further environmental and

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (A): (a) Details of finger sensor design with a complete electrochemical system: auxiliary, reference and working electrodes. The
connection between electrodes and potentiostat was made via flexible conductive wires for on-site detection. (b) Image of the real screen-
printed sensing glove. (c—e) Schematic representation of the side views of CSS, PCNB and pre-treated sensing layers for index, middle and ring
fingers, respectively. The electrochemical signatures and corresponding analytical curves obtained with index, middle and ring fingers of the
glove-embedded sensors are shown in (f) through (h). (f) DP voltammograms for carbendazim detection from 0.1-1 uM; (g) DP voltammograms
for diuron detection from 0.1-10 puM; (h) SW voltammograms for paraquat detection from 0.1-1 uM and fenitrothion detection from 0.1-10 puM.
Conditions for detection: 0.1 M phosphate buffer solution, pH 7.0. (i) LSP plot for all pesticides measured with differential pulse and square wave
voltammetry, where each voltammogram was converted into a coloured dot on the plot. The black bar is only a guide to measure distances
between data points. The silhouette coefficient is 0.79. (B) Photos of actual measuring conditions with the wearable glove-embedded sensors on
food samples of cabbage in (a), apple in (b) and orange juice in (c). Each photo is accompanied with the corresponding electrochemical screening
of DPV signature and LSP plot for carbendazim and diuron made with IF/CSS and MF/PCNB, and SWV signature of paraquat and fenitrothion
made with RF/pre-treated, also including the LSP plot. Figures reproduced from ref. 50. Copyright 2021 Elsevier.

My

water samples. Other work has reported the use of boron-doped
diamond for the simultaneous sensing of carbendazim and
fenamiphos, within lemon juice® and natural water.®*

4. Conclusion and outlook

Carbendazim is a broad-spectrum systemic fungicide that is
used to control various fungal diseases in agriculture, horti-
culture, and forestry. It is regulated in terms of maximum
residue limits (MRLs) in various food products to ensure
consumer safety. MRLs are the maximum concentrations of
pesticide residues legally allowed in, or on food products. As
such the development of electroanalytical sensing platforms is
of interest. We collate the reports of the electroanalytical
determination of carbendazim, categorising them in terms of
the base electrode material, with the majority of reports utilis-
ing glassy carbon electrodes. Interesting works have been
highlighted that use various electrode modifiers, including
nanoparticles, MXenes and MIPs, while the use of MIPs are
preferred as they provide selectivity when other analytes will be
presented when detection carbendazim in real samples. The use
of these electroanalytical systems has been shown to allow
measurement of carbendazim, in some cases simultaneously

This journal is © The Royal Society of Chemistry 2023

with other analytes and applied in situ on food products. These
systems must continue to be benchmarked against classical
laboratory techniques to ensure confidence in the system and
allow for products to penetrate the commercial market.
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