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ABSTRACT: As the use of pesticides in agriculture is increasing at an alarming rate, food
contamination by pesticide residues is becoming a huge global problem. It is essential to develop
a sensitive and user-friendly sensor device to quantify trace levels of pesticide and herbicide
residues in food samples. Herein, we report an electrocatalyst made up of yttrium iron garnet
(Y3Fe5O12; YIG) and graphitic carbon nitride (GCN) to attain picomolar level detection sensitivity
for mesotrione (MTO), which is a widely used herbicide in agriculture. First YIG was prepared by
a hydrothermal route, then it was loaded on GCN sheets via a calcination method. The surface
structures, composition, crystallinity, interfacial and electrocatalytic properties of the YIG and
YIG/GCN were analyzed. As the YIG/GCN displayed better surface and catalytic properties than
YIG, YIG/GCN was modified on a screen-printed carbon electrode to fabricate a sensor for MTO.
The YIG/GCN modified electrode displayed a detection limit of 950 pM for MTO. The method
was demonstrated in (spiked) fruits and vegetables. Then, the modified electrode was integrated
with a miniaturized potentiostat called KAUSTat, which can be operated wirelessly by a
smartphone. A first smartphone-based portable sensor was demonstrated for MTO that is suitable
for use in non-laboratory settings.
KEYWORDS: Graphitic carbon nitride; Electroanalysis; Organophosphate pesticides; Food
safety; Smartphone sensors; Point-of-care sensors
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INTRODUCTION
The use of pesticides and herbicides in agriculture has been increasing every year to control
various pests and disease carriers.1 About 2.5% amount of the pesticides are actually consumed by
the desired species and the rest of about 97.5% remain in the atmosphere, soil, and water resources,
which further leads to accumulation in food through the food chain.2 The consumption of
herbicides contaminated food causes many health problems ranging from Alzheimer's disease,
hyperactivity disorder, cancers, to birth defects.3 Mesotrione (MTO) is one of the important
herbicides widely used to control insects on a variety of crops including maize, vegetables, and
fruits. As with all pesticides, MTO is also toxic at exceeding levels.4 The environmental
contamination of MTO occurs in agricultural land, water bodies, food, and marine life.5, 6 The
maximum allowed limits for MTO in food products is about 0.01 mg/kg limit of detection.7 The
MTO herbicide has a deep impact on the soil.4, 8 Accordingly, the development of a robust,
sensitive device is necessary to detect MTO. The currently used method for MTO analysis is based
on high-performance liquid chromatography.7 Despite its sensitivity and selectivity, HPLC is
expensive, bulky, and it has to be centralized in the laboratory settings. It is very rare to find the
HPLC instruments in resource-limited settings, where an inexpensive, miniaturized testing device,
operated by non-technicians, would be a great alternative. Smartphones are very useful tools in
establishing such devices because they are much cheaper, smaller, abundant, and easier to handle
by end-users.9 Electrochemical instrumentations are generally preferred over HPLC for
miniaturization and integration with smartphones.10, 11 Moreover, they are highly compatible with
smartphones.12 MTO can be quantified by reducing its nitro-functional group, however, the
traditional electrodes unable to detect trace concentrations of MTO. In other words, lack of
functional materials to provide trace level detections and lack of miniaturized mobile platform are
the two major issues limiting the sensitive quantification of MTO at a point-of-care (POC) level.
Recently, ternary metal oxides are gaining critical attention in the electrochemical energy
systems because of their high redox activities and surface properties.13, 14 Yttrium iron garnets
(Y3Fe5O12; abbreviated as YIG) is a type of ternary metal oxides containing two d-block metals,
known for its magnetic properties.15 YIG-based materials are applicable in biomedical use.16, 17
YIG is highly efficient to shuttle electrons between MTO and electrode surface due to its redox
properties, however, it does not contain π-electrons. The presence of π-electrons is necessary to
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strengthen the chemical affinity between the electrode interface and MTO by establishing πstacking interactions. Graphitic carbon nitride (GCN) contains high π-electron density and is a
critically acclaimed material for electrochemical applications.18, 19 Indeed, GCN has significant
electrocatalytic properties and offers enormous active sites and various surface defects for catalysis
that are originated from its nitrogen lone pairs.20, 21
The main objectives of this work are to develop materials for picomolar MTO quantifications
and to demonstrate a smartphone sensing platform for MTO analysis in non-laboratory settings.
First, a facile hydrothermal procedure was developed to synthesize nano-structured YIG particles
(Figure 1). Then, it was modified with GCN through the annealing method in a tubular furnace.
The role of empty d-orbitals of yttrium and iron on the interfacial electron transport, the
electrostatic affinity of Fe atoms with the nitrite group of MTO, and the π-stacking interaction
between GCN and MTO are together expected to provide chemical selectivity and sensitivity. The
integration of the YIG/GCN modified electrode with smartphone-based assay was demonstrated.
KAUSTat, a custom-made electrochemical analyzer, has been used, which can be operated
wirelessly via Bluetooth connections, through a special Android app.10 Our research suggests that
smartphone integrated sensitive electrochemical MTO sensor has great promise in managing food
safety issues in resource-limited settings.
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Figure 1. (A) Synthesis of Y3Fe5O12. (B) Synthesis of Y3Fe5O12/GCN. (C) KAUStat miniaturized
potentiostat pinouts (left) and Add-on device format of the KAUSTat electrochemical analyzer
(right)

EXPERIMENTAL SECTION
Chemicals and Instrumentation. Yttrium(III) nitrate hexahydrate (Y(NO3)3·6H2O, ACS
reagent, ≥99.0%), polyvinylpyrrolidone, Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, ACS
reagent, ≥98%), mesotrione, potassium ferricyanide (K3[Fe(CN)6]), potassium ferrocyanide
(K4[Fe(CN)6], and potassium chloride (KCl) were purchased from Sigma and used as received.
The 0.05 M phosphate buffer saline (PBS, pH 7.0) was used as a supporting electrolyte solution,
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which was prepared from sodium mono hydrogen phosphate (Na2HPO4) and sodium dihydrogen
phosphate (NaH2PO4). All solutions were freshly prepared using Milli-Q water (18.2 MQ cm1
specific resistivity) collected from a Millipore water purification system. The fruits and vegetables
used in this work were purchased from a local supermarket.
The nanostructure and morphological characterization were evaluated by the high-resolution
transmission electron microscopy (HR-TEM) H-7600, Hitachi, (Japan). The chemical composition
was assessed through energy-dispersive X-ray spectroscopy (EDS) device, which was attached
with HR-TEM. The crystalline phase of as-prepared samples was analyzed by X-ray diffraction
(XRD) XPERT-PRO (PAN analytical B.V. The Netherlands) diffractometer with Cu M radiation
(k = 1.54 Å). The oxidation state and composition of the materials were scrutinized by X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250 instrument). Electrochemical
experiments were performed using a CHI 900 analyzer electrochemical workstation (CH,
Shanghai, China).
Preparation of YIG/GCN Composite. The general scheme of the YIG/GCN
nanocomposite preparation process is given in Figure 1. First, the yttrium (III) nitrate hexahydrate
(12 mmol) was subjected to liquefaction in 50 mL of DI water. Next, 50 mmol
polyvinylpyrrolidone capping agent and 20 mmol Fe(NO3)3·9H2O (50 mL) were added to the
above solution. Furthermore, ammonium hydroxide (NH4OH) was added and the pH of the
solution was adjusted to 9.0. Then, the above mixture was transferred to a Teflon-lined autoclave
with a capacity of 200 mL. The autoclave was hydrothermally treated for 5 h at 180 °C. The heating
and cooling rate was 5 °C per minute. The resultant product was washed with DI water and ethanol
successively. Finally, the product was dried at 80 °C for 12 h. Then, the powder was transferred to
a tubular furnace and calcined to obtain YIG.
Next, another step of the calcination procedure was performed in presence of a GCN source.
The prepared YIG (0.05 g) and urea (0.1 g) were mixed and placed in a furnace at 550 °C for 4 h
(ramp rate: 2.5 °C min−1). Finally, the sample was ground and termed as a YIG/GCN.
Fabrication of YIG/GCN modified SPCE. Commercially purchased typical threeelectrode SPCE chip was used. The working and counter electrodes were carbon, whereas the
reference electrode was Ag/AgCl. About 2 mg of YIG/GCN nanocomposite were dispersed in 1
mL of DI water through ultrasonication (20 min). About 8 µL suspension of YIG/GCN was
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dropped on the SPCE surface and dried at 60 °C. In a similar way, YIG/SPCE and GCN/SPCE
were also prepared.
Cyclic voltammetry and Differential pulse voltammetry. About 75 µL of 0.05 M PBS
(pH 7.0) was added on top of the modified SPCE surface covering all areas of all three electrodes.
Then, cyclic voltammetry (CV) or differential pulse voltammetry (DPV) were performed using
optimized parameters. Optimized potential ranges and sensitivities were used for CV experiments.
About 50 mV/s scan rate was applied for all the CV studies except kinetic studies. A 2 Hz
frequency, 0.05 V amplitude, 0.05 s pulse width, and 0.0 V to – 0.9 V potential range were used
for DPV analysis. For EIS experiments, 0.1 M KCl containing 5 mM Fe(CN)63-/4- was used as the
electrolyte, whereas 5 mV amplitude and 0.1 Hz–100 kHz frequency were used to run EIS.
Real sample analysis. A representative portion of the samples (200 g) was chopped into
small pieces and added into 25 mL of DI water. It was blended using a household blender and the
resultant extract was collected in a glass vial. About 25% v% of 0.05 M PBS (pH 7.0) was added
to the extracts to maintain ionic strength. About 75 µL of the extract was pipetted and placed on
the sensing zone of the modified SPCE. Then, DPV experiments were conducted with a CHI
electrochemical workstation or KAUSTat.
Experimental for Smartphone-Based MTO Sensing. KAUSTat is a poly-potentiostat
device (Figure. 1C). The KAUSTat operates directly from the phone battery with built-in mobile
application software. Figure. 1C (right panel) shows the device with a dual connector, enabling
KAUSTat to be connected to any smartphone via a micro USB port. To perform tests with
KAUSTat, first the YIG/GCN/SPCE was inserted into the port. About 75 µL of electrolyte
containing a certain amount of MTO was placed on top of the YIG/GCN/SPCE. Then the DPV
analysis was performed by an app installed on the smartphone to operate KAUSTat. DPV analysis
was performed using the same parameters optimized for the CHI workstation. The data were stored
on the smartphone first and then transferred to a computer for data curation.
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Figure 2. TEM images of GCN (A-B), YIG (C), and YIG/GCN (D-F) at different magnifications.
(G) EDS analysis and (H) quantitative analysis of YIG/GCN.
RESULTS AND DISCUSSIONS
Structural Analysis of YIG and YIG/GCN. The surface structures of the YIG, GCN, and
YIG/GCN were viewed with transmission electron microscopy (TEM). A characteristic sheet-like
morphology was observed for GCN, where sheet thickness ranges in nanometer-scale (Figure 2A,
B). Hexagonal-shaped particles were observed in the TEM of YIG (Figure 2C). The image of
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YIG/GCN displayed the hexagonally shaped particles attached to layered sheets (Figure 2D-F).
Apparently, the TEM results suggesting that the YIG particles are supported on the GCN sheets.
The YIG particle size ranges from 80-100 nm. The GCN surface is negatively charged because of
the presence of residual oxygen functional groups, whereas YIG particles contain a positively
charged surface due to the presence of two metals. The resulting electrostatic interaction drives the
stability of the YIG/GCN nanocomposite. The elemental composition of YIG/GCN was
investigated using energy-dispersive X-ray spectroscopy (EDS) (Figure 2G). The major
components of the YIG/GCN nanocomposite were iron (Fe), yttrium (Y), oxygen (O), carbon (C),
and nitrogen (N). The presence of all these elements was confirmed in the EDS. The weight% of
YIG/GCN nanocomposite represent the amount of each element including, Y (18.5%), Fe (25.6%),
C (15.2%), O (29.3%), and N (10.4%) (Figure 2H). Thus, the SEM and EDS analysis suggesting
the formation of YIG/GCN composite.
Next, XPS analysis was carried out to analyze the chemical states, elemental composition,
and electromigration process of the YIG/GCN nanocomposite. The survey spectrum of YIG/GCN
displayed sharp XPS peaks, which are corresponding to the Y, Fe, C, O, and N (Figure 3A). The
XPS spectrum of Y is observed with a doublet peak corresponds to the binding energies (BE) at
158.8 eV and 161.6 eV, which are assigned to Y 3d5/2 (Y–O bonds) and Y 3d3/2 (Y3+) (Figure
3B).22 The deconvolution spectrum of Fe confirmed the presence of Fe in +3 state in YIG/GCN
nanocomposite which is assigned to the BE at 712.1 eV and 725.4 eV corresponds to the 2p3/2 and
2p1/2 peaks (Figure 3C).23 The deconvolution peak of O showed two peaks at BE 531.2 and 532.5
eV, which indicating that the O in YIG/GCN nanocomposite is an asymmetric one. The one
observed at 531.2 representing the lattice oxygen BE (Fe-O and Y-O) and the other observed at
532.5 eV represents the surface hydroxyl group or adsorbed H2O molecules (Figure 3D).22 The
XPS spectrum of C 1s displayed three peaks at BE of 289.1 eV (C–N–C), 287.3 eV (N–C=N), and
286.1 eV (C=C), which are related to the sp2-hybridized carbon in the GCN (Figure 3E). The N
1s spectrum is fitted into three peaks at BE of 400.3 eV (C–N), 399.2 eV (–C=N), and 398.7 eV
(–C=NH) (Figure 3F).
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Figure 3. XPS survey scan of YIG/GCN (A) and deconvolution spectra of Y 3d (B), Fe 2p (C), O
1s (D), C 1s (E), and N 1s (F).
The XRD analysis was performed to examine the phase purity of the YIG/GCN
nanocomposite (Figure 4A). The XRD patterns of YIG/GCN nanocomposite are observed with
two diffraction peaks around 13º and 26.2º matching with the (100) and (002) planes of the GCN.24
All the other diffraction peaks pointed in the figure are matching with the cubic structure of YIG
(JCPDS No. 21-1450).25 On investigating XRD patterns of YIG/GCN, it is revealed that the
intensity of GCN peaks is less intense with respect to the YIG peaks, which is because of the high
crystalline nature of the polyhedral cubes of YIG. Next FT-IR analysis was performed to analyze
the functional groups of YIG/GCN (Figure 4B). The functional bands observed in the region of
1100-1500 cm-1 correspond to the presence of Y-O-Y and Fe-O-Fe bonds. The presence of GCN
can be further proved from the bands in the range of 1230–1680 cm-1, which are due to the
stretching modes of CN hetero-rings.26 Thus, the FT-IR bands indicating that the successful
incorporation of YIG onto the GCN surface. The N2 adsorption-desorption isotherm technique is
used to study the Brunauer–Emmett–Teller (BET) surface area of the Y3Fe5O12 and
Y3Fe5O12/GCN composite in Figure S1 (A, B). Moreover, the hysteresis loop of the Y3Fe5O12 and
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Y3Fe5O12/GCN samples show type IV, and it shows mesoporous type of materials according to
the IUPAC. As observed from the experiment, the Y3Fe5O12 particles was lower surface area of
59.86 m2 g−1. However, after internalization of GCN, the surface area was increased to 138.41 m2
g−1 for Y3Fe5O12/GCN, which is more than 2-fold higher than that of only Y3Fe5O12 particles. The
larger surface area provides high catalytic sites in the Y3Fe5O12/GCN composite which favorable
for the electrocatalytic reactions.

Figure 4. (A) XRD pattern and (B) FTIR spectra of YIG/GCN.
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Figure 5. EIS (A) and CV (B) curves of GCN/SPCE (a), YIG/SPCE (b) and YIG/GCN/SPCE (c)
in 0.1 M KCl containing 5 mM Fe(CN)63-/4-. Inset: Randle’s equivalent circuit model. (C) Different
scan rate study: CVs were performed using YIG/GCN/SPCE, whereas scan rate was varied from
20 to 300 mV/s (curves a to o). (D) A plot between the current and square root of scan rate.
Electrochemical Activity of the Modified SPCE. The electrochemical impedance
spectroscopy (EIS) curves of the GCN/SPCE (a), YIG/SPCE (b), and YIG/GCN/SPCE (c) are
given in the form of Nyquist plots (Figure 5A). The EIS-circuit model includes the electrolyte
resistance (Rs), Warburg impedance (Zw), double layer capacitance (Cdl), and charge transfer
resistance (Rct). The Rct values are used to analyze the effect of materials modification on the rate
of interfacial electron transfer. The Rct values of the SPCE, GCN, YIG and YIG/GCN modified
SPCEs were obtained as 71.4, 22.1, and 16.3 Ω, respectively. About 4.4-folds decrease in Rct was
obtained for the YIG/GCN/SPCE compared to unmodified SPCE, which indicates that the
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modification of electrode surface with YIG/GCN enables a 4.4-fold faster charge transport across
the interface. Next, the charge transfer rate constant (Ks) of the different electrodes are calculated
using the eq. (1),
𝑅ct =

𝑅𝑇
𝑛2 𝐹 2 𝑘𝑠 𝐶

(1)

Where n is the number of electrons transfer (n=1), C is the concentration of probe
molecules in [Fe(CN)6]3/4 (5 mM), and other parameters have their conventional meanings. The
Ks values of the SPCE/GCN, YIG/SPCE, and YIG/GCN/SPCE were found to be 4.21×106,
3.17×106, and 1.86×105 cm s1, respectively. The YIG/GCN/SPCE has 1.32 and 2.26-fold higher
Ks than SPCE/GCN and YIG/SPCE respectively, adding more evidence to the faster electron
transport kinetics at YIG/GCN/SPCE.
Next, the CVs of the modified electrodes in the redox model system were performed
(Figure 5B). As expected, the YIG/GCN/SPCE displayed higher redox peak currents and the
lowest peak-to-peak separation value compared to control electrodes. The CV curves of
YIG/GCN/SPCE for different scan rates from 20–300 mVs-1 were performed (Figure 5C). The
respective plot between the current and square root of scan rate exhibited good linearity. By
substituting the slope value of the different scan rate plots in the Randles-Sevcik equation, the
electrochemically active area of the YIG/GCN/SPCE was calculated to be 0.231 cm2.
Voltammetry Detection of MTO at YIG/GCN/SPCE. Next, the concentration, loading
amount, and accumulation time were optimized to obtain a maximum MTO sensing response. The
CV responses were recorded for the different concentrations of YIG/GCN cast onto the surface of
SPCE towards the detection of 50 µM MTO (Figure S2). An increasing trend was observed on
reduction peak current from 0.5 to 2.0 mg mL1. A decline in current was observed for the
electrodes modified with 2.5 to 3.0 mg mL1 concentration of YIG/GCN. The drop in current is
indicating that the interlayer electron transport between MTO and electrode surface is negatively
affected beyond 2.0 mg mL1. This is because the electron transfer rate is decreased when the
thickness of the modifier has been increased beyond a certain level, which is a generally observed
behavior for chemically modified electrodes. Thus, 2.0 mg mL1 is the optimal concentration. Then
the loading amount of YIG/GCN catalyst was tuned from 4.0 to 10.0 µL towards the 50 µM MTO.
About 8.0 µL of YIG/GCN showed maximum reduction peak current compared to other volumes.
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Next, the accumulation time was optimized. The electrocatalysis of 50 μM MTO was tested by
applying different accumulation times. The results suggested that an accumulation time of 50 s
showed the best performance. The optimized conditions, 50 s of accumulation time, 8.0 µL of
nanocomposite loading amount, and 2.0 mg mL1 concentration of nanocomposite were used for
further studies.
Next, the electrochemical behavior of MTO (50 µM) was tested by providing different pH
environments in electrolytes (N2 saturated), ranging from 3.0 to 11.0 (Figure 6A). The
YIG/GCN/SPCE was the working electrode. Initially, the reduction peak current followed a steady
rise at acidic pH from 3.0 to 5.0 and reaches a maximum at 7.0. On gradually increasing the pH
from 7.0 to 11.0, a decrease in the current value was observed. The peak potential was slightly
shifted in the negative direction upon increasing pH from acidic to basic. Both these changes
indicating that the electrocatalysis of MTO involving both electrons and protons and the
voltammetric data is completely pH-dependent. As the maximum current was observed at pH 7.0,
it was selected as an optimal condition to carry out further experiments and N2 was saturated in
the reaction mixture due to control the oxygen reduction reaction. The overall chemical reaction
of MTO is a four-electron transfer reaction, which is consistent with the previous reports (Figure
6C).27, 28
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Figure 6. (A-B) The electrochemical reduction of 50 µM MTO at YIG/GCN/SPCE with a different
pH range from 3.011.0 was recorded at a scan rate of 50 mV s1 (N2 saturated). (C) Schematic
illustration of electro-reduction of MTO over the YIG/GCN/SPCE.

Electrochemical determination of MTO. The CV profiles of YIG/GCN/SPCE and controls
were analyzed in presence of 50 µM MTO (Figure 7A). A sharp cathodic peak was observed for
all the modified electrodes. The cathodic peak current was found to be –3.25 µA for bare SPCE, –
12.41 µA for GCN, and –38.2 µA for YIG/GCN. The YIG/GCN modified SPCE exhibits 11.7times higher current response compared to unmodified SPCE, which indicates that the YIG/GCN
provides a significant electrocatalytic activity, surface area, and signal amplification. Besides, the
YIG/GCN/SPCE showed 3.2-fold increased cathodic current compared to GCN, indicating the
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role of YIG in the catalytic reduction of MTO. Most probably, the d-orbitals of Y metal and Fe
metals could have efficiently shuttling the electrons between MTO and interface. Figure 7B
represents the CV measurements of YIG/GCN/SPCE at different MTO concentrations, ranging
from 25–100 μM. A good linearly was observed between peak currents and concentration of MTO.
The linear regression equation is, Ipc (µA) = – 0.330 [MTO] (µM) – 5.73. The consistent linear
increment on each addition is implying that the electrode surface is not susceptible to surface
fouling.
Next, a kinetic study was performed on YIG/GCN/SPCE by applying different scan rates
from 20 to 200 mVs-1 (Figure 7C). About 50 µM of MTO was used. The peak current was
increased linearly as the scan rate was increased. The plot between response current and the square
root of scan rate exhibited good linearity, indicating a diffusion-controlled reaction of MTO
(Figure 7D). The Brown – Anson equation (eq. 2) was used to determine the electrode surface
concentration (; mol cm2). The slope value between ν vs Ip was used in the equation.
𝐼𝑝 = 𝑛2 𝐹 2  × 𝐴/4𝑅𝑇

(2)

The  value of 5.240 × 107 mol cm2 was obtained for YIG/GCN/SPCE. A shift of reduction
potential in the negative direction was noted in the different scan rates which imply the process is
an irreversible electrocatalytic reduction. The rate-determining step in the reduction of MTO was
found to be a four-electron transfer process and also it is in exact conformity with the n value
which is also 4 using eq. (2).
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Figure 7. (A) CV profiles of the bare SPCE (a) GCN/SPCE (b), and YIG/GCN/SPCE (c) in the
presence of 50 μM MTO. (B) CVs for various amounts of MTO 25–100 µM, inset: the linear
calibration plot of peak current/μA vs [MTO]/μM. CV measurements with different scan rates (aj; 20-200 mVs-1) in the presence of MTO (50 µM) were carried out at YIG/GCN modified SPCE
(C) and A linear regression equation (D).
Figure 8A shows the DPV analysis of YIG/GCN/SPCE at different MTO concentrations. A
sharp peak was obtained at – 0.62 V corresponding to the reduction of MTO. As the concentration
of MTO is increased, the respective DPV current was also discussed. A linear calibration plot
between DPV current and concentration of MTO displayed good linearity (Figure 8B). The linear
range was observed between 5 nM and 750 µM. The linear regression equation was, Ipc (µA) =
0.527 [MTO] (µA/µM) + 0.200. The limit of detection (LOD) was 950 pM and the sensitivity was
29.83 µA µM1 cm2. The analytical performance of the YIG/GCN modified sensor is either
comparable or better than the existing literature on MTO analysis (Table 1). This is the first report
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implementing a nano-sized ternary metal oxide material for reductive detection of MTO. Unlike
single metal oxide catalysis, here two metals, i.e., yttrium and iron are involving in the
electrocatalysis which significantly altered the electrocatalytic efficiency. As explained in figure
6B, the MTO reduction process proceeds by the conversion of –NO2 functional group into –
NHOH. The electropositive Fe atom of the YIG naturally attracted the electronegative N atom of
the MTO molecules providing energetically favorable orientations that also facilitate the
electrocatalysis of MTO. Remarkably, most of the previous methods used glassy carbon electrodes
(GCE), whereas here we adopted SPCE, which has several advantages over GCE. In particular,
portability, low-volume consumption, and use and throw options of the SPECs are highly desirable
for practical food testing purposes.

B

A

D

C

Mesotrione

Figure 8. (A) DPV analysis of YIG/GCN modified SPCE in N2-saturated PBS with different
concentrations of MTO (0.005–751.8 µM); Inset: the expanded view. (B) Peak current/μA versus
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[MTO]/μM. (C, D) Bar graph of relative error of YIG/GCN/SPCE in 0.05 M (PBS, 7.0) with 50
µM MTO, and the additional presence of 10-fold excess of various compounds (metronidazole
(MDN), nilutamide (NUE), 4-nitrophenol (4-NP), chloramphenicol (CAP), trimethoprim (TMP),
amoxicillin (AXN), 2-nitrophenol (4-NP), sulfamethoxazole (SMZ), flutamide (FUE),
nitrobenzene (NB)) and 30-fold excess amount of biomolecule interferences (uric acid (UA),
dopamine (DA), glucose (GLU), hydrogen peroxide (HPO), serotonin (ST), epinephrine (EPI),
arginine (AN), L-dopa, folic acid (FA) were analyzed by DPV method.

Table 1. Comparison of analytical parameters for the determination of MTO at YIG/GCN film
modified SPCE with reported works

Electrode

Methods

Linear range

LOD

(µM)

(nM)

Ref.

Carbon/GCE

DPV

0.25–8.5

70

29

Organoclay/GCE

SWV

0.25–2.5

25

30

HMDE

DPV

0.10–10

50

31

CB/GCE

SWV

0.040–7.2

26

27

NfrA2/MgAl

CA

5–60

300

28

HPPD

CV

1–237

65

32

YIG/GCN/SPCE

DPV

0.005–751.8

0.95

This work

GCE: glassy carbon electrode; HMDE: Hanging mercury drop electrode; CB: carbon black;
NfrA2/MgAl-NPs:

nitroreductase/layered

double

hydroxide

bioelectrode;

HPPD:

4-

hydroxyphenylpyruvate dioxygenase enzyme; DPV: Differential pulse voltammetry; SWV:
Square wave voltammetry; CA: Chronoamperometry.
Selectivity, Stability, and Reproducibility. The ability of the YIG/GCN/SPCE to
selectively recognize MTO was tested in presence of likely interference such as different toxic
chemicals, antibiotics, and biomolecules (Figure 8C-D). 10-fold high concentrations of antibiotic,
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containing metronidazole (MDN), nilutamide (NUE), 4-nitrophenol (4-NP), chloramphenicol
(CAP), trimethoprim (TMP), amoxicillin (AXN), 2-nitrophenol (4-NP), sulfamethoxazole (SMZ),
flutamide (FUE), nitrobenzene (NB) were examined together with MTO. The changes in the
response current of MTO were noted. Mainly, the nitro-group containing electroactive species
showed minor interference up to a maximum of 11.6%. Besides, about 30-fold excess
concentration of the possible interfering biomolecules was tested, such as uric acid (UA),
dopamine (DA), glucose (GLU), hydrogen peroxide (HPO), serotonin (ST), epinephrine (EPI),
arginine (AN), L-dopa, and folic acid (FA). A maximum of 7.8% interference was observed. The
biomolecules showed relatively less interference, which is because the working potential region is
on the negative side. As these biomolecules are oxidizable, they require positive potentials to show
their electrochemical signatures on the voltammetric spectrum. Another reason for the selectivity
is the use of d-block metals in the electrode matrix. The d-orbitals of yttrium and iron create
energetically favored zones for electron transport across the interface. Furthermore, the
electrostatic attraction that can be formed between the Fe atoms of the YIG and N atoms of MTO
is expected to contribute selectivity of the sensor. The π-stacking interactions are expected to
operate between GCN and MTO, which should have a critical role in the chemical selectivity.
Notably, the –NO2 functional group is attached to the phenyl moiety of MTO, which means the πstacking interaction could have a direct effect on the selective electrocatalysis of MTO.
Next, the storage stability of the modified electrode was analyzed. The MTO (50 µM)
sensing response of YIG/GCN/SPCE was investigated continuously for 25 days (Figure S3). The
electrode was stored at ambient conditions when not in use. The sensor showed stable signals for
MTO with a slight decrease in the current values after 20 days. About 92.4% of the initial current
response was retained after 25 days. About 50 continuous cycles were applied to the modified
electrode to test its stability. The cathodic peak current of MTO dropped up to 5.5% compared
with the initial one. Besides, the YIG/GCN/SPCE showed appreciable repeatability of 2.82% RSD
for ten repeatable experiments performed on a single modified electrode (Figure S4). The
reproducibility of the sensor was found to be 3.41% RSD for five modified electrodes (figure S5).

Real sample analysis. The practical applicability of the method was demonstrated in fruit
and vegetable extracts. DPV method was used as a signal-read out, whereas the electrode was
YIG/GCN/SPCE. Grapes, orange, tomato, guava, and mango were analyzed. The DPV analysis of
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the raw fruit extracts shows no significant changes in the current signal, suggesting the absence of
MTO in the tested samples. Then known amounts of MTO were spiked into the fruit extract and
DPV was performed. A notable DPV signal resembles the DPV pattern obtained in lab samples.
Then, the found and recoveries were calculated based on a standard addition method (Table 2). In
addition, the results were validated with the HPLC method, which shows similar results. In most
cases, more than 95% recoveries were obtained, which suggesting that this method is practically
feasible. Besides, the practicality of the method was also successfully demonstrated in vegetable
extracts, which is given in supporting information (Table S1).
Table 2. Determination of MTO in (spiked) fruit extracts using YIG/GCN/SPCE.

Samples

grapes

orange

tomato

guava

mango

Added

Found

Recovery

(µM)

(µM)

(%)

0

0

-

0

0

10

9.96

99.6

1.73

9.97

20

19.73

98.65

2.53

19.82

0

0

-

0

0

10

9.89

98.9

2.31

9.92

20

19.79

98.95

2.43

19.82

0

0

-

0

0

10

9.82

98.2

1.94

9.85

20

19.84

99.2

2.62

9.93

0

0

-

0

0

10

9.88

98.8

3.16

9.92

20

19.74

98.7

3.26

19.81

0

0

-

0

0

10

9.87

98.7

2.68

9.91

20

19.63

98.15

2.45

19.71
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*RSD (%)

Found (µM)
HPLC

*RSD: Related standard deviation of three independent experiments.
Smartphone-based MTO sensing. Next, a smartphone-based sensing assay was developed
for MTO analysis using the developed modified electrode. The YIG/GCN/SPCE was integrated
with KAUSTat using an adopter (Figure 9A). Then the fruit extract was loaded on the sensing
zone by following the procedures given in the experimental section. Orange and grape extracts
were used for smartphone-based sensing. About 25% v% of 0.05 M PBS (pH 7.0) was added to
the fruit extracts to provide ionic strength. The electrochemical perturbation in the form of DPV
was performed wirelessly using a smartphone. The DPV parameters used in the CHI
electrochemical workstation were reused. Both the fruit extracts were found MTO-free. Then,
known amounts of MTO were spiked and analyzed. No noteworthy signal was observed in the
absence of MTO, but a sharp reduction signal was observed at – 0.60 V in presence of MTO, which
is assigned to the primary reduction of MTO. As the concentration of MTO increased from 10 µM
to 50 µM, the response current increased linearly (Fig. 9B, C). The increment is consistent with
lab sample analysis, which suggests that the YIG/GCN/SPCE can be integrated into a smartphonebased sensor. The found and recoveries were also calculated, which are in the appreciable range
(> 93.2 %) (Table 3). Such integrated portable sensors are in demand for POC food testing of
MTO. Remarkably, this is the first smartphone coupled integrated electrochemical sensor for MTO
monitoring.
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Figure 9. (A) YIG/GCN/SPCE connected to KAUSTat, (b) The smartphone view of KAUSTat
App, (c) DPV measurements. Smartphone operated analysis of 0 µM (a), 10 µM (b), 20 µM (c),
30 µM (d), 40 µM (e) and 50 µM (f) MTO spiked orange (B) and grapes (C) extracts containing
25% PBS.

Table 3. Determination of MTO in fruit extracts using smartphone connected YIG/GCN/SPCE
sensor

Samples

Added (µM)

Found (µM)

Recovery (%)

*RSD (%)

Orange

0

0

-

-
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Grapes

10

9.47

94.7

4.22

20

19.52

97.6

4.80

30
0
10

27.95
0
9.39

93.2
93.9

3.61
4.71

20

18.86

94.3

4.20

30

28.65

95.5

3.38

*RSD: Related standard deviation of three independent experiments.
The integrated sensing platform composed of YIG/GCN/SPCE, KAUSTat, and smartphones
has many advantages over conventional electrochemical analyzers. In particular, this smartphone
sensor is miniaturized, lightweight does not require a separate power cable, consumes low power,
and offers wireless data transmission options. The sample preparation is simple, even a household
blender can be used to get the extracts. Other procedures are just collecting the solution and place
it on the electrode surface, then run the electrochemical method installed in the app, then we can
see the signal. This platform is much closer to the lab-on-a-smartphone design and has promising
potential for the MTO residues analysis at non-laboratory conditions. The new era of smartphone
technology has brought about many possibilities for on-site food testing. Integrating novel sensing
technologies with smartphones enables the development of powerful lab-on-smartphone platforms
for analysis.
CONCLUSIONS
A hydrothermal procedure is developed to synthesize nanostructured particles of YIG
ternary metal oxide. A calcination-based route is established to stabilize YIG on the GCN sheet,
yielding a stable electrochemically useful nanocomposite. The HRTEM, XRD, FTIR, EDS, and
XPS characterizations confirm the successful formation of YIG and YIG/GCN. Both, YIG and
YIG/GCN have a relatively large surface area, improved interfacial charge transport behavior, and
better electrocatalytic properties than unmodified SPCE. In particular, YIG/GCN has the best
electrocatalytic sensing ability to reduce MTO. The detection limit is 950 pM, which surpassed
the limits of many existing modified electrodes. The method is practically feasible in food samples.
The development of a portable, wireless smartphone sensor for monitoring MTO in (spiked) fruit
24

samples is possible with YIG/GCN/SPCE, which opens the door for on-site POC analysis of MTO,
especially in resource-limited settings.

Acknowledgment
This work was supported by the Ministry of Science and Technology, Taiwan, and King
Abdullah University of Science and Technology (KAUST), Saudi Arabia. The authors thank prof.
Khaled N. Salama, KAUST for his valuable suggestions regarding smartphone sensing platform.
Notes
The authors declare no competing financial interest.
Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org
Optimization plot for material, stability test, repeatability, and reproducibility results.

25

References
1.

Stehle, S.; Schulz, R. Agricultural Insecticides Threaten Surface Waters at the Global

Scale. Proc. Natl. Acad. Sci. 2015, 112, 5750-5755.
2.

Wan, L.; Wu, Y.; Ding, H.; Zhang, W. Toxicity, Biodegradation, and Metabolic Fate of

Organophosphorus Pesticide Trichlorfon on the Freshwater Algae Chlamydomonas
reinhardtii. J. Agric. Food Chem. 2020, 68, 1645-1653.
3.

Tang, B. L. Neuropathological Mechanisms Associated with Pesticides in Alzheimer’s

Disease. Toxics 2020, 8, 21.
4.
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