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The residues of organophosphorus pesticide (OPs) on fruits and vegetables pose a threat to human health,
so it is very meaningful to explore simple and fast detect methods for OPs residual. In this work, nickel
ferrite/nickel oxide nanoparticles co-loaded three-dimensional reduced graphene oxide (3DRGO-
NiFe,04/NiO NPs), as a new low cost nanocomposite, was prepared. Based on its high performance
mimetic peroxidase activity, a colorimetric method for the detection of OPs has been developed.
Dichlorvos was chosen as model compounds to evaluate the detection performance. The detection linear
range for dichlorvos is from 50 pg/mL to 2.5 x 10* pg/mL with a detection limit of 10 pg/mL.
Furthermore, a test paper can be developed based on the 3DRGO-NiFe,0,4/NiO NPs for visual detection of
dichlorvos, and the image information of the paper sensor can be converted into digital signal and
quantitative detection by a smartphone. Notably, this method can also be used to detect dichlorvos in real
samples, including vegetables and fruits. Thus, the developed naked assay holds great potential in simple,
inexpensive and rapid detection of OPs in fruit and vegetable samples.
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Organophosphorus (OP) agents are a kind of widely used
chemical pesticide in agricultural production. The residual of
organophosphorus agents on agricultural products, especially on
fruits and vegetables, can pose a threat to human health [1,2]. So
the detection of OPs residual is very meaningful for human health.
In the past several decades, a number of analytical methods have
been put forward to determine OPs residues, such as liquid
chromatography coupled with mass spectrometry (LC-MS) [3], gas
chromatography coupled with mass spectrometry (GC-MS) [4],
electrochemical analysis [5], fluorescent bioprobes [6], surface-
enhanced Raman spectroscopy [7] and so on [8-10]. These
approaches exhibit high sensitivity and selectivity. However, most
of these approaches are suffered from high cost, complicated
instruments, professional experimental techniques as well as
sample pretreatment skills. Therefore, simple, fast and low cost
approaches are urgent for pesticide residues detection.

Test paper can provide simple and valuable platform for OPs
detection, which can be developed by colorimetric sensor. Until
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now, some colorimetric probes have been developed for visual
detection of OPs [11-19]. Among them, sensor based on catalytic
coloration is simple and fast, which can meet the real-time and
rapid detection purposes. MFe,04, (M=Mg, Ni, Cu, Co, Zn)
nanomaterials have gained much attention in catalytic coloration,
due to their stable thermal and chemical properties as well as
simple storage and separation [20]. However, ferrite materials tend
to aggregate which are not good for their catalytic applications. In
order to solve this problem, 3D graphene was chosen as catalytic
supports because it could provide more active sites by facilitating
the mass transfer and maximizing the accessibility to the catalyst
surfaces [21,22]. Noble metal is often used in preparing 3D
graphene loaded magnetic nanocomposites, which have better
catalytic performance, while the relative high cost is unfavorable
for their applications. So it is necessary to prepare common metal-
loaded 3D graphene composite to obtain the same or better
catalytic properties compared with noble metals.

Meanwhile, convenient data analysis is also necessary for fast
detection. With the popularity of smartphones, it can be used as
portable device for data analysis due to their strong processing
power. It is meaningful if smartphones can be used in detecting
OPs based on paper sensors.
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In this work, in order to achieve simple, rapid and low cost
detection of OPs, on the one hand, nickel ferrite/nickel oxide
nanoparticles co-loaded three-dimensional reduced graphene
oxide (3DRGO-NiFe,04/NiO NPs) were prepared for the first time
and applied as a catalytic coloration sensor for visualization
detection of OPs in this work. The preparation procedure was
illustrated by Scheme S1 (Supporting information). Afterwards,
paper sensor based on 3DRGO-NiFe,0,4/NiO NPs was developed. As
shown in Scheme S2 (Supporting information), H,O, can be
produced by acetylcholinesterase (AChE), choline oxidase (ChOx)
and acetylcholine chloride (AChCl), and then react with 3,3’,5,5'-
tetramethylbenzidine (TMB) rapidly on the 3DRGO-NiFe,0,4/NiO
NPs based paper sensor, leading to obvious blue color. The enzyme
activity of AChE can be inhibited by OPs, resulting in less amount
generation of H,O, and color change depression of 3DRGO-
NiFe,0,4/NiO NPs-based colorimetric assay. On the other hand, the
data of the paper sensor was further processed by smartphones.

The composition and structure of the as-prepared nano-
materials was analyzed by XRD spectra (Fig. 1A). The broad
diffraction peak at 15°-30° corresponds to the (002) plane of
graphite [23,24]. The diffraction peaks of NiFe,0, NPs located at
18.4°, 30.2°, 35.6°, 43.3°, 57.3° and 62.9° are in correlation with
(111),(220),(311),(400), (511) and (440) plane, respectively (JCPDS
Powder Diffraction File No. 86-2267). The diffraction peaks
appeared at 37.0° and 43.2° are corresponding to (111) and
(200) plane of NiO NPs, respectively (JCPDS Powder Diffraction File
No. 47-1049). While the XRD pattern of 3DRGO-NiFe,0,4/NiO NPs
were similar with that of 3DRGO-NiFe,04, which may be attributed
to the low crystallinity of NiO NPs, this speculation can be
approved by the XRD spectra of 3DRGO-NiO NPs. The loads of NiO
NPs on the porous three-dimensional graphene were further
proved by TEM. As shown in Fig. 1B, compared with three-
dimensional graphene, there are some nanoparticles were
anchored on the 3DRGO-NiFe,04/NiO NPs with an average
diameter of 8-11 nm (inset). Fig. 1C showed more clearly lattice
fringes interval; 0.210 nm corresponds to the (200) crystalline
planes of NiO NPs [25,26], 0.250 and 0.300 nm are in agreement
with the (311) and (220) planes of NiFe,04 NPs [27]. Accordingly, it
can be speculated that NiFe,O4 and NiO nanoparticles were co-
anchored on the 3D graphene layers.

FT-IR spectra were used to identify the surface groups of the as-
prepared 3DRGO-NiFe,0,4/NiO NPs. As can be seen in Fig. 1D, the
absorption peaks at 400-700cm™' can be attributed to the
stretching vibration of metal-oxide [28]. The absorbance band at
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Fig. 1. (A) XRD patterns of 3DRGO-NiFe;04/NiO NPs (curve a), 3DRGO-NiFe,04
NPs (curve b), 3DRGO-NiO NPs (curve c), and 3DRGO (curve d). (B) TEM image
(inset: size distribution diagram of the loaded nanoparticles) and (C) HRTEM
image of 3DRGO-NiFe,04/NiO NPs. (D) FT-IR spectra: 3DRGO-NiFe;04/NiO NPs
(curve a), 3DRGO-NiO NPs (curve b) as well as 3DRGO (curve c).

490 cm~! was attributed to the characteristic stretching vibrations
of Ni-O and the peak at 602 cm ™! is associated with Fe-O stretching
vibrations [29]. The peak at 3425cm™! shows O—H stretching
[30]. The peaks at 1728,1381 and 1201 cm ™! are in accordance with
C=0, C—O0, and —OH of the —COOH groups [23]. Meanwhile, the
asymmetric and symmetric stretching vibrations of C—H bonds
were located at 2852 and 2925cm™!, respectively [30]. The
composition and surface oxidation state of the nanoparticles were
elaborated by XPS (Fig. S1 in Supporting information).

The catalytic colorimetric assay was developed by using TMB as
chromogenic substrate. The catalytic performance of enzyme
mimetic depends on the reactant dosage (H,O,, TMB, 3DRGO-
NiFe,0,4/NiO NPs), temperature and pH value (Fig. S2 in Supporting
information). The optimal pH is 3.8 and this acidic condition may
cause the iron ions leached out into the solution, so the time-
dependent absorbance comparison between 3DRGO-NiFe,0,4/NiO
NPs and iron leaching solution was conducted (Fig. S3a in
Supporting information). It can be seen that the catalytic
performance of iron leaching solution was negligible when
compared with that of the 3DRGO-NiFe,04/NiO NPs, because
the leach amount of iron ions at pH 3.8 was as low as 0.1 mg/L
(Fig. S3b in Supporting information). This result illustrates the high
catalytic properties of the 3DRGO-NiFe,04/NiO NPs came from the
prepared material instead of the leached iron ions, and pH 3.8 can
be chosen as the optimum condition.

Under the optimum conditions ([H,05] = 0.2 mmol/L, [TMB] =
0.167 mmol/L, [3DRGO-NiFe,04/NiO NPs| = 0.026 mg/mL, pH 3.8,
45°C) the typical H,O0, concentration - response curves was
shown in Fig. 2A, the linear range for H,0, was from 0.4 pumol/L to
18 wmol/L, with a detection limit (LODs) of 0.1 umol/L (calculated
based on the 358/k rule (§ is the standard deviation and k represents
the slope of calibration curve)). Compared with other graphene-
based nanohybrids (Table S1 in Supporting information), the
nanomaterials synthesized in this work exhibit comparative or
even more excellent catalytic performance.

The catalytic performance of 3DRGO-NiFe;04/NiO NPs was
further evaluated by kinetic assay. A typical Michaelis-Menten
curve was obtained for 3DRGO-NiFe;04/NiO NPs with suitable
concentrations of H,0, (Fig. S4a in Supporting information) or TMB
(Fig. S4b in Supporting information) by monitoring the absorbance
variation at 652 nm within the first 5 min. The maximum initial
velocity (V,) and Michaelis-Menten constant (K,) for 3DRGO-
NiFe,04/NiO NPs obtained from the Lineweaver-Burk plots were
listed in Table S2 (Supporting information). It can be seen that the
Vm and K, for 3DRGO-NiFe,04/NiO NPs towards TMB was
0.110 mmol/L and 6.65 x 108 mol L! s7!, respectively, and the
K, value has the same order of magnitude with noble-metal doped
nanocatalyst. The values of K, and V},, for 3DRGO-NiFe,04/NiO NPs
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Fig. 2. (A) Dose-response curve for H,O, detection. Inset shows respective linear
calibration plots. The error bars represent the standard deviation of six
measurements. (B) Time-dependent absorbance changes at 652 nm with different
nanoparticles: 3DRGO (curve a), 3DRGO-NiO (curve b), 3DRGO-NiFe,04 (curve c)
and 3DRGO-NiFe,04/NiO NPs (curve d). Inset: Images of TMB in the presence of
H,0, by the catalysis of 3DRGO (a), 3DRGO-NiO (b), 3DRGO-NiFe,04 (c) and 3DRGO-
NiFe,04/NiO NPs (d).
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Fig. 3. (A) Dose-response curve for dichlorvos detection using 3DRGO-NiFe,0,/
NiO NPs peroxidase mimetic-based colorimetric assay. Inset shows corresponding
semilogarithmic plot of the data. (B) Selective and anti-interference assay by
monitoring the absorbance variation at 652 nm with addition of different ions,
amino acid and carbohydrate in the absence (black bars) and presence (red bars) of
dichlorvos. The error bars represent the standard deviation of three measurements.

with H,0, were 0.328 mmol/L and 11.74 x 1078 mol L s7,
respectively.

Compared with the steady kinetic parameters of NiFe,04, NiO
and CeO,/NiO nanoparticles (Table S2), 3DRGO-NiFe;04/NiO NPs

possesses lower K, value with H,0, [31-33]. The K, value of

3DRGO-NiFe,04/NiO with TMB was also less than that of 3DRGO-
Fe304-Pd, Pd and Pt-pCyN;_x NPs [23,34,35]. These data demon-
strated that the anchor of NiO NPs and NiFe,04 NPs on 3DRGO
sheets obviously improved their affinity toward H,0, [36], thus it
showed excellent catalytic activity even though there is no noble
metal present. Meanwhile, three parallel lines of double-reciprocal
plots conformed to ping-pong mechanism in Figs. S4c and d
(Supporting information) [23,37].

Furthermore, as shown in Fig. 2B, 3DRGO-NiO NPs and 3DRGO-
NiFe,0,4 NPs showed very weak catalytic effect compared with that
of 3DRGO-NiFe,04/NiO NPs. It can be speculated that the excellent
catalytic performance of the prepared 3DRGO-NiFe;0,4/NiO NPs
stem from the synergistic effect of the NiO NPs and NiFe,O4 NPs on
the 3DRGO layer.

The mechanism of catalytic colorimetric assay might be
ascribed to -OH radical which generated from H,0, catalyzed by
3DRGO-NiFe;04/NiO NPs. In the present of -OH, terephthalic acid
can produce highly fluorescent 2-hydroxy terephthalic acid [38], so
terephthalic acid was used as fluorescent sensor to test -OH. As
shown in Fig. S5 (Supporting information), the fluorescence
intensity of the sensor gradually enhanced with the catalyst
dosage increasing, and no fluorescent signal can be detected when
no H,0, was added. This result verifies the color change of the
solution was stem from the oxidation of TMB caused by the OH
radical.

Magnetization curve of 3DRGO-NiFe,0,4/NiO NPs illustrated the
magnetic nanoparticles are superparamagnetic with a magnetic
saturation value of 6.05 emu/g (Fig. S6 in Supporting information),
they could be separated easily from the mixture by a magnet (inset
in Fig. S6 in Supporting information). This property endows this
material can be reused and their catalytic effects retained 82.51%
after recycled for ten times (Fig. S7 in Supporting information).

In order to evaluate the practical application of the prepared
3DRGO-NiFe,04/NiO NPs in visual detection of OPs, dichlorvos was
selected as a representative analyte. The enzyme inhibition
reaction was carried out in appropriate conditions. Fig. S8
(Supporting information) showed the influence of temperature,
pH, incubation time as well as the concentrations of AChCl and
AChE on the detection performance of this assay. The best
detection result was obtained when using 4 U/mL of AChE, 0.5
U/mL of ChOx and 5 mmol/L of AChCl reacted under pH of 3.8 at

room temperature for 10 min. The dose-dependent response of

dichlorvos and corresponding semilogarithmic plot were shown in
Fig. 3A. Dichlorvos can be detected in the range of 50 pg/mL to

2.5 x 10* pg/mL with a detection limit of 10 wg/mL, which was
almost equal to the maximum residue limit reported in the
European Union Agriculture (0.01 mg/mL). [39]. Compared with
the reported work (Table S3 in Supporting information), the
colorimetric method in this work exhibits notable sensitivity with
a wide linear range which could be owed to the highly catalytic
effects of 3DRGO-NiFe,;0,4/NiO NPs.

Selective assay was evaluated to identify the detection ability of
this colorimetric method for dichlorvos. 0.45 mmol/L of different
ions (K*, Ca%*, Cd?*, Cu?* and sodium citrate), amino acid (histidine,
glycine, glutamic) and carbohydrate (glucose and sucrose) were
added in the absence of dichlorvos (black bars in Fig. 3B).
Competition experiments were conducted by subsequently adding
dichlorvos to each solution (red bars in Fig. 3B) [40]. The
concentration of the interferents is 1000 times as high as that of
the OPs. The results showed that this colorimetric method has
good selectivity for OPs detection [39].

A test paper based on 3DRGO-NiFe,04/NiO NPs for dichlorvos
detection was developed. As shown in Fig. 4A, the color of the test
paper was blue at first, the addition of dichlorvos make the blue
color become lighter, and the depression degree is proportional to
the concentration of dichlorvos (from 0 to 50 mg/mL). The color
change can be distinguished by naked eyes, the quantitative
analysis can be achieved by using smartphone. The image signal
was converted into data saturation (S) and lightness (L) by APP
acquired from the smartphone screen. To improve the detection
sensitivity and repetition performance of this method, the ratio of S
to L was selected as analysis signal. A linear relationship
S/L=0.43326-0.06319log[dichlorvos] ~ (R*=0.99, LOD of
10 wg/mL) was calculated by S/L and logarithm of dichlorvos
concentration in Fig. 4B. According to the APP analysis, the detected
pesticide was less than 10 .g/mL when the value of S/L was higher
than 0.518. As a consequence, the convenient and fast APP method on
the smartphone was successfully used in dichlorvos detection.

For the sake of application in real samples, the efficiency of the
proposed colorimetric array in vegetables and fruits was further
investigated. As shown in Table S4 (Supporting information), the
recoveries of dichlorvos in these samples were in the range of
84.2%—112.0% with a relative standard deviation (RSD) of less than
1.9%, which indicated that this method can be applied in OPs
residues detection in real samples.

To further verify the feasibility of the combination of paper sensor
and APP in detecting dichlorvos residue in real samples, vegetables
and fruits sprayed with a certain amount of dichlorvos before and
after washing with water was tested by the paper sensor and the
image results were processed by smartphone (Fig. 5 and Table 1).Asa
systemic pesticide, dichlorvos can enter the crop after field
application. So the test paper developed by this work can be used
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Fig. 4. (A) Photographs of 3DRGO-NiFe,04/NiO NPs based paper sensor with
different concentration of dichlorvos under sunlight and (B) linear relationship
analyzed by smartphone APP.
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Fig. 5. Photographs of 3DRGO-NiFe,04/NiO NPs based paper sensor for real
samples before (A) and after (B) washing: 1. Chinese cabbage, 2. pepper, 3. eggplant,
4. cucumber, 5. tomato, 6. apple, 7. grape, 8. pear.

Table 1

S/L values of real samples sprayed with dichlorvos before (A) and after (B) washing.
Samples 1 2 3 4 5 6 7 8
A 0.319 0330 0307 0340 0.339 0.334 0418 0.346

B 0475 0523 0371 0502 0480 0.529 0450 0.498

1. Chinese cabbage, 2. pepper, 3. eggplant, 4. cucumber, 5. tomato, 6. apple, 7. grape,
8. pear.

to evaluate the cleaning efficiency of the residual dichlorvos on the
surface of fruits and vegetables. According to the S/L value in Table 1,
little amount of dichlorvos was left on the surface of pepper and
apple after cleaning, but other samples need further washing.

In summary, nickel ferrite/nickel oxide nanoparticles-co-
loaded three-dimensional reduced graphene oxide (3DRGO-
NiFe,04/NiO NPs) was prepared by a one-pot hydrothermal
method, which showed intrinsic peroxidase-like activity and high
affinity toward H,0,, so a colorimetric method based on mimetic
peroxidase 3DRGO-NiFe;04/NiO NPs for OPs detection has been
developed. Dichlorvos was chosen as model compounds to
evaluate the detection performance. The detection linear range
for dichlorvos is from 50 pg/mL to 2.5 x 10* pug/mL with a LOD of
10 pg/mL. This method can also be used to detect dichlorvos in real
samples, including fruits and vegetables. Furthermore, a test paper
can be developed based on the 3DRGO-NiFe,0,4/NiO NPs for visual
detection of dichlorvos. Notably, the image information of the
paper sensor can be converted into digital signal and quantitative
detection by a smartphone. Thus, we provided a simple and
inexpensive assay for rapid detection of dichlorvos, which has a
great potential application for other OPs detection in environmen-
tal chemistry.
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