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Handling Editor: Dr. J.P. Landers Organophosphorus pesticides (OPs) are of great concern due to its potential harms on human health and the
environment. Herein, a budget-friendly, rapid and convenient colorimetric sensing platform is developed for
Keywords: detection of OPs in the environmental and food samples. The sensing element, PANI-MnO; nanozyme with
PANI-MnO, nanocomposites excellent oxidase mimetic activity is synthesized at room temperature, which is able to directly oxidize 3,3,5,5-
Nanozyme

tetramethylbenzidine (TMB) to generate blue colored oxidized TMB (OxTMB) within 2 min. Ascorbic acid (AA)
can inhibit the oxidization reaction of TMB, consequently causing the blue color fading. Ascorbic acid 2-phos-
phate (AAP) could be hydrolyzed to produce AA by alkaline phosphatase (ALP). In the presence of OPs can
effectively decrease ALP activity, resulting in the recovery of catalytic activity of PANI-MnO,. Therefore, sen-
sitive and selective OPs detection is achieved. Under the optimal conditions, excellent detection performance in
term of glyphosate as a model is achieved with a linear range from 0.50 to 50 pM, the detection limit is 0.39 pM
(S/N = 3). The utility of method is further improved by combining a portable smartphone platform with a color
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picking application. The colorimetric platform achieves instrument-free detection of OPs and overcomes the
uneven color distribution of traditional paper-based chip, providing an alternative strategy for the qualitative
discernment and semi-quantitative analysis of OPs on-site.

1. Introduction

Organophosphorus pesticides (OPs) are widely used for pest control
in the agriculture industry around the world due to their broad-spectrum
insecticide activity and effectiveness [1]. However, due to OPs are not
susceptible to degradation and inappropriate use, pesticide residues are
an increasing threat to ecological environment and food safety [2,3].
Therefore, the monitoring of OPs in environmental and food samples is
extremely significant. Until now, enzyme-linked immunosorbent assay
(ELISA) [4], capillary electrophoresis (CE) [5], gas chromatography
(GC) and high performance liquid chromatography (HPLC) or chroma-
tography separation coupled with mass spectrometry (MS) detection,
have been popularly used to detect OPs, these methods are generally
able to distinguish various pesticides with high sensitivity and speci-
ficity [6-8]. Nevertheless, they are expensive, cumbersome,
time-consuming and rely on complicated instrumentation and highly
trained manpower, which limit their application for detection of OPs in
on-site resource-limited situations [9].

Recently, the colorimetric strategy has been considered a promising
method for the detection of OPs because of its fast response, direct
observation with the naked eye and easy-operation [10]. Advanced
functional nanomaterials with high specificity or catalytic properties are
critical in the development of colorimetric sensor. To date, lots of
functional nanomaterials such as Fe-N/C SAzymes [9], Mn-ZnS QD-MIP
[10], Fe~Co MNPs/Fe-N—C [11], have been established for the detection
of OPs. However, many nanomaterials are subjected to high temperature
synthesis and complex multistep steps. Therefore, the synthesis of
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functional nanomaterials using simple and convenient methods under
milder conditions for detection of OPs is still highly desirable, particu-
larly from simple and readily available starting materials.

Nanozymes with intrinsic enzyme-mimetic properties have attracted
significant attention in analytical chemistry, because they can easily
overcome some of the main disadvantages of natural enzymes such as
instability, high cost and poor reproductivity [12,13]. In recent years,
concerns related to oxidase-like nanozymes have been increased in the
catalysis related fields due to no need of HyO, in the oxidase
mimic-catalyzed reaction systems [14]. Materials containing noble
metals are commonly used as oxidase-like nanozymes for catalyzed re-
actions, but the limited scarce reserves and high cost cannot support
their practical applications [15]. Therefore, it is crucial to exploit
non-noble metal-based nanozymes as alternatives. The catalytic prop-
erty of manganese oxides in oxidase-like nanozymes catalyzed reactions
was excellent due to their unique redox features, various structures and
ease of synthesis [16,17]. Zhang et al. [15] reported oxidase mimetics
(the wire-liked MnO», rod-like MnOOH and octahedral-like Mn3O4)
could be controllably synthesized. Wan et al. [16] compared the MnO,
oxidase-like catalytic activity of five different morphologies (nano-
sphere, nanosheet, nanowire, nanostick and nanocomplex). Neverthe-
less, there is still limited research on approaches to synthesis of
manganese oxides nanozymes with composite structure. Thus, it is
highly desired to control synthesis of manganese oxides nanomaterials
with various composites and structures and further understanding of
their potential applications for biocatalysts and biosensing.

Polyaniline (PANI) is an organic material with extended conjugated
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Scheme 1. Principle of colorimetric sensing for glyphosate detection based on the oxidase mimicking property of PANI-MnO,.
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Fig. 1. (a) TEM micrograph of the PANI-MnO,; (b) HR-TEM micrograph of the PANI-MnO,; The lattice fringes of MnO, nanoparticles in (c) are highlighted by red
circles.; (d) HAADF-STEM micrograph of the PANI-MnO,; (e-h) The elemental mapping of C, N, O and Mn of the PANI-MnO,. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

bonds [18]. Due to their ease of synthesis, high electrical conductivity,
good chemical stability and easy functionalization, they can be widely
used in various fields including chemical sensors, batteries, super-
capacitors, catalysis, and so on [19-21]. In particular, when PANI in-
teracts with inorganic materials, the synergistic effect between
composite materials can improve their electrical, optical, and catalytic
properties [22]. In the past dozen years, a series of PANI composites
(such as PANI/CugSs composite nanowires, PANI/Au hybrids, composite
NiFe;04-PANI) have been prepared and used as efficient peroxidase
mimics [23-25]. However, research on conductive polymer nano-
composites mainly focused on preparation of peroxidase mimics.
Therefore, it is of value to explore the formation, catalytic mechanism,
and potential analytical applications of oxidase mimetics, which are
made of manganese oxides and conductive polymer.

Herein, the PANI-MnO> is synthesized by a facile one-step self-as-
sembly redox polymerization method, the formation and catalytic
mechanism of the PANI-MnO, are systematically discussed. A simple,
rapid and low-cost colorimetric method has been developed for OPs
detection based on PANI-MnO,. By portable colorimetric platform, the
results of uniform color distribution can be directly observed by
smartphone applications. Our developed method contains sensitive
response and portable device, thus offering a novel strategy for the on-
site detection of OPs in the real samples.

2. Experiment

2.1. Design of the smartphone-based colorimetric platform for detection of
glyphosate

As illustrated in Scheme 1A, PANI were prepared by rapid mixing
reaction. Then, PANI were used as carriers and reducing agents,
attachment of the MnO, nanoparticles to the its surface via oxidation
reaction with the KMnOy, obtaining PANI-MnOs, all synthetic steps were
conducted at room temperature. The prepared PANI-MnO, exhibited
excellent oxidase-like activity and can oxidize colorless 3,3,5,5'-tetra-
methylbenzidine (TMB) to produce blue products (OxTMB). After add-
ing ascorbic acid 2-phosphate (AAP) and alkaline phosphatase (ALP),
AAP can be hydrolyzed by ALP to produce ascorbic acid (AA). The

generated AA can reduce the generation of oxidized TMB, causing sig-
nificant blue fading. The addition of glyphosate irreversibly inhibited
the activity of ALP, leading to the recovery of TMB color reaction
(Scheme 1B). In order to realize the portable detection of glyphosate, a
colorimetric sensing platform based on PANI-MnO; was prepared. After
addition of glyphosate, TMB chromogenic reaction occurred in 96-well
plate, the color can be recognized by a smartphone colorimetric plat-
form, on-site detection of glyphosate can be made by comparing the RGB
difference values (Scheme 1C).

2.2. Synthesis of PANI-MnO>

PANI was synthesized according to previous reports, with slight
modifications [26]. Briefly, aniline (6.4 mmol) was dissolved in HCI
solution (1 M, 20 mL), and then ammonium peroxydisulfate (1.6 mmol)
was dispersed in the same HCI solution. Both solutions were rapidly
mixed and incubated for 90 min at 25 °C. The blackish green product
was centrifuged at 10000 rpm for 10 min to separate the precipitate of
PANI. This precipitate was subsequently washed with ultrapure water
and anhydrous ethanol, and then dried at 60 °C for 12 h.

PANI-MnO; was synthesized based on the reduction method with
slight modifications [27]. 40 mg PANI was dispersed in 30 mL ultrapure
water and sonicated for 30 min, and then this solution was added with
10 mL 2-morpholinoethanesulfonic acid (10 mM, pH 6.0) and 10 mL
KMnO4 (25 mM), and the mixture was stirred for 1 h at room temper-
ature. The black product was centrifuged at 10000 rpm for 10 min to
separate the precipitate of PANI-MnO,. This precipitate was subse-
quently washed with ultrapure water and anhydrous ethanol, and then
dried at 60 °C for 12 h.

For comparison, MnO5 and MnO, nanosheets were synthesized ac-
cording to previous reports [28,33].

2.3. Investigation of oxidase-like mimetic activity

The oxidase-like property of PANI-MnO, was photometrically stud-
ied by using TMB as substrate. Typically, PANI-MnOs (30 pL, 1 g L™1)
was added into 2.94 mL of acetate buffer (0.1 M, pH 4.0), followed by
adding TMB (30 pL, 10 mM) and incubating the mixture for 2 min. Then,
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Fig. 2. The XPS spectrum of PANI-MnO,, (a) Mn 2p, (b) C 1s, (c) O 1s, and (d) N 1s.

the absorbance at 650 nm of the mixed solution was measured by
UV-Vis immediately. The analysis process of MnO; and MnO2 nano-
sheets was performed similarly to that described above, but different for
the addition amount was adjusted according to the test of manganese
content by inductively coupled plasma mass spectrometry. Details can
be seen in Table S1.

2.4. Colorimetric detection of glyphosate

In order to detect glyphosate, different concentration of glyphosate
reacted with ALP (100 pL, 5.4 mg L~ 1,100 pL AAP (1.8 mM) and 100 pL
Tris-HCl (50 mM, pH 10.0) were added in 5 mL centrifuge tube and
incubated at 37 °C for 60 min. After that, the product was supplemented
with 2.54 mL of acetate buffer (0.1 M, pH 4.0) and PANI-MnO,, (30 pL, 1
gL1). The centrifuge tube was shaken for 5 s to ensure adequate contact
between the PANI-MnO; and AA, followed by adding TMB (30 pL, 10
mM) to fulfill reaction in 2 min. Finally, recording the absorbance at
650 nm of the mixed solution.

To study the selectivity of colorimetric method for glyphosate, some
possible interfering ions and pesticides were selected investigated in
assay reaction. The subsequent treatment was similar to those of the
detection of glyphosate.

2.5. Analysis of real samples

The soil, tap water and lake water samples were obtained from near
our lab and Lihu Lake. Agri-food products (pear, cucumber, soybean)
were obtained from the local supermarket and stored at 4 °C before
analysis. Each sample was spiked with 0 pM, 5 pM, 10 pM glyphosate

and measured three times. The detailed sample pretreatment method
was explained in the supplementary materials.

2.6. Fabrication of colorimetric sensing platform

To achieve the on-site detection of OPs, the portable analytical
platform was conducted on a 96-well plate to control natural light
interference. This platform consisted of a LED lamp, a white paper
partition, a mirror, an acrylic board and a smartphone holder. RGB
values were extracted from the pictures taken by smartphone.

3. Results and discussion
3.1. Characterizations of PANI-MnO,

The PANI were characterized with scanning electron microscope
(SEM), PANI maintained uniform fibrous structure with a diameter of
30-50 nm and a length of several hundred of nanometers (Fig. S1). The
TEM image in Fig. la showed that the PANI-MnO5 was rod-shaped
structure with a diameter between 70 and 80 nm. Compared with the
PANI, the PANI-MnO; had a rougher surface, the PANI was wrapped by
a thin layer of MnO3 nanoparticles with a thickness of about 10-25 nm.
The HR-TEM image (Fig. 1b) demonstrated uniform distribution of
MnO; nanoparticles on PANI surface. They were potential active sites,
which may play important roles in the catalytic reaction of PANI-MnO».
Fig. 1c showed lattice fringes of MnO> further confirm that the forma-
tion of MnO; nanoparticles. The elemental mapping (Fig. 1d-h)
confirmed the homogeneous distribution of C, N, O and Mn in PANI-
MnO,. Furthermore, the EDS results (Fig. S2a) were also indicated the
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presence of C, N, O and Mn elements.

X-ray photoelectron spectroscopy (XPS) was used to investigate the
elemental and chemical composition of PANI-MnO,. The survey spec-
trum (Fig. S2b) again confirmed the co-existence of C, N, O and Mn el-
ements in the PANI-MnO». The Mn 2p peak (Fig. 2a) was composed of

two spin-orbit doublets, Mn 2p; » with binding energy of 654.0 eV and
Mn 2p3/> with binding energy of 642.4 and 645.6 eV. The typical
characteristics of tetravalent Mn were in accordance with that previ-
ously reported [29]. The peak of C 1s can be deconvoluted into three
peaks located at 284.8, 286.4 and 288.5 eV (Fig. 2b), which can be
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ascribed to C-C/C-H, C-N and C—=0 groups, respectively [30]. The O 1s
spectrum (Fig. 2¢) was attributed to two peaks of 529.8 eV (Mn-0) and
531.4 eV (C=O0). Fig. 2d showed that the N 1s contribution at 398.1 and
399.5 eV, belonging to quinoid imine (=N-) and benzenoid amino group
(-NH-), respectively [31].

The X-ray diffractometer patterns of PANI, MnO; and PANI-MnO,
were displayed in Fig. 3a. The diffraction peaks at 20.4° and 25.0° in
PANI were attributed to the periodicity of the polymer chain [32]. MnO,
has two characteristic diffraction peaks located at 37.1° and 66.4°,
corresponding to the (100) and (110) crystal planes of MnO,, respec-
tively. They were identical to the hexagonal phase MnOy
(PDF#30-0820). Similar peaks in PANI-MnO, were also observed
clearly, but these diffraction peaks have decreased, indicating the
presence of PANI and the formation MnO; nanoparticles shell [33].

Fourier transform infrared (FTIR) spectroscopy was used to examine
the structures and composition of PANI, MnO; and PANI-MnO,
(Fig. 3b). The prepared PANI presented the characteristic peaks at 1575,
1484, 1297, 1242, 1124 cm ™!, which were corresponding to stretching
of the benzenoid and quinonoid rings, C-N and C=N stretching vibra-
tions and N = Q = N (where Q denoted the quinonoid ring) bending
vibration, respectively [32]. The similar peaks at the analogous position
were presented in PANI-MnO,, indicating the presence of PANI.
Furthermore, the sharp peak at 550 cm ™! should be caused by of the
Mn-O vibrations, indicating the presence of MnO5 [29].
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3.2. Colorimetric response and possible catalytic mechanism of PANI-
MnO,

Fig. 4a showed the absorbance of TMB in different catalytic systems
(MnO nanosheets, MnO,, PANI + MnO, nanosheets, PANI + MnOj,
PANI-MnOy), the appearance of an absorbance signal at 650 nm and
typical blue color indicated those nanozymes had intrinsic oxidase-like
activities. From the relative activity of Fig. 4b, under the same condi-
tions, the catalytic activity in the order PANI-MnO; > MnO; nanosheets
> MnOa. In order to gain more insights into the oxidase-like activity of
the PANI-MnO,, the steady-state kinetic experiment was carried out
(Fig. S3). Using Lineweaver-Burk equation, Michaelis constant (K,
0.36 mM) and the maximum reaction velocity (Viax, 2.7 X 1077 Ms ™
were determined, indicating high binding affinity between TMB and
PANI-MnO,. The differences of oxidase-like activity among these
nanozymes were mainly caused by factors such as compositions, surface
properties, morphologies, and electron transfer abilities [34].

In order to probe the catalytic mechanism of PANI-MnO,, the effects
of surface and electrochemical properties on oxidase-like activity were
studied. As depicted in Fig. 4c, the surface charge of PANI-MnO, was
negative in acetate buffer. Under acidic conditions, TMB molecules
(pKa~~4.2) became positively charged via protonation [34]. Therefore,
PANI-MnO; might interact with TMB through electrostatic interactions,
the TMB were more readily sorbed to PANI-MnO, surface, facilitating
subsequent electron transfer. The Ny adsorption/desorption isotherm
curves of MnO, and PANI-MnO (Fig. 4d) exhibited type V adsorp-
tion/desorption behavior, which was ascribed to the existence of the
mesoporous structure. Compared with MnO,, due to PANI as carriers
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Fig. 6. (a) Absorption spectral observation of PANI-MnO, oxidase mimetics activity. Inset: Solutions of different components under white light. (b) Absorption
spectra of the different solutions of PANI-MnO, with TMB. Inset: Corresponding photographs under white light.
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prevented aggregation phenomenon of MnOsy, the specific surface area
of PANI-MnO, was increased by 28.7 %. This implied that the PAN-
I-MnO, possessed a higher catalytically active surface area and exposed
more active sites.

The redox peak currents of the PANI-MnO,/GCE were higher than
MnO; nanosheets/GCE and MnOy/GCE (Fig. S4a). In addition, the area
of CV curves increased with the increase of scan rate while the shape of
the CV curves kept almost unchanged (Fig. S4b). The results above
illustrated that PANI-MnO,/GCE has better conductivity and cycling
stability. It can be attributed to the extended conjugated n bonds of
PANI, which improved the PANI-MnO, surface electrochemistry per-
formance and accelerated the electron transfer rate [35]. Thus, the
catalytic performance enhancement of PANI-MnO; can arise due to
synergistic effects between PANI and MnOs.

As shown in Fig. S5a, the absorbance of PANI-MnO2/TMB system
increased by around 49 % in the O,-saturated solution, and decreased by
around 44 % in the No-saturated solution, indicating that dissolved O, as
substrate played an important role in PANI-MnO, catalysis process.
Fig. S5b illustrated that the oxidase mimicking activity of PANI-MnO,
was significantly suppressed by these quenchers (AA, TBA, FFA and
PBQ). This demonstrated that PANI-MnO, could catalyze O, to produce
«OH, 0% and '0,. The EPR experiments further confirmed the genera-
tion of the eOH, O3 and '0,. Fig. 5a showed 1:2:2:1 quartet charac-
teristic of DMPO-eOH in the presence, indicating that PANI-MnO» have
an ability to generate hydroxyl radicals [36]. The typical EPR spectra
confirmed the presence of the superoxide radicals (Fig. 5b). The EPR
signal with an intensity ratio of 1:1:1 indicated the generation 'O,
(Fig. 5c¢).

3.3. Principle of colorimetric sensing strategy

To explore the colorimetric sensing mechanism, the UV-Vis spec-
trophotometer was used to monitor changes in absorbance during the
reaction. From the absorption spectra and photographs of Fig. 6a, it can
be seen that the solutions of PANI-MnOy and TMB were colorless and
there was no absorbance generated near 650 nm, indicating that the
TMB alone was not oxidized under natural light conditions. The mixture
of PANI-MnO; and TMB turned blue, and the absorbance significantly
increased. Meanwhile, the PANI-MnO,/TMB color reaction system has
been found to be unaffected by the presences of OPs, AAP and ALP.
However, when PANI-MnO, and TMB are incubated with ALP and AAP,
a significant decrease of oxidase-like activity was observed accompanied
by an attenuated catalytic efficiency of PANI-MnO, toward TMB
(Fig. 6b). When glyphosate was incubated with ALP and AAP, and then
added into the mixture of PANI-MnO,/TMB, the value of absorption
increased and the blue color restored. We concluded that glyphosate

could irreversibly inhibit the activity of ALP and hinder subsequent re-
actions [37], loss of AA caused extra PANI-MnO; preservation and
absorbance recovery [38]. Thus, the above results demonstrated that
principle of detecting OPs was feasible.

3.4. Optimization of experimental conditions

To obtain higher sensitivity and wider linear range, detection con-
ditions were investigated such as the pH of the buffer, enzyme reaction
time and temperature, ALP concentration and AAP concentration. The
reaction time was fixed at 60 min to optimize the pH of the buffer. A)-A
was used as a criterion to optimize the detection conditions. Ayg and A
represented the absorbance of PANI-MnO,/TMB color reaction system
at 650 nm in the absence and presences of 180 pg L™! ALP and 60 pM
AAP, respectively. The values of Ap-A increased as the enzymatic reac-
tion progressed and reached the stationary state at around 60 min
(Fig. S6a). Hence, the optimal enzymatic reaction time was believed to
be 60 min. The value of Ay-A was maximal at pH 10.0 (Fig. S6b). The
ALP exhibited promising catalytic activity against AAP in alkaline en-
vironments. However, excessive pH values were also detrimental to the
enzyme activity [39]. Similarly, the incubation temperature was 37 °C,
the value of Ag-A reached maximum value (Fig. S6c). Therefore, the
optimum pH of enzymatic reaction was 10.0, and the optimum tem-
perature was 37 °C. In addition, the PANI-MnO, displayed the highest
oxidase-like activity at pH 4.0 (Fig. S6d). Therefore, pH 4.0 was chosen
as the optimal pH for subsequent colorimetric analysis.

The sensitivity of glyphosate detection was related to its relative
inhibition rate. High or low concentrations of ALP and AAP were un-
favorable to detection of glyphosate. If the enzyme reaction rate was too
fast, the glyphosate was too late to inhibit the activity of ALP. In case the
enzyme reaction rate was too low, resulting in higher value of absor-
bance, which affected the detection effect. As shown in Figs. S6e and S6f,
when the concentration of AAP was changed from 0 to 60 pM and the
concentration of ALP was varied from 0 to 180 pg L), and the relative
inhibition rate of glyphosate on activity of ALP increased with
increasing concentrations of ALP and AAP. Subsequently, the relative
inhibition rate decreased. Therefore, and 60 uM of AAP and 180 g L ™! of
ALP were chosen for the subsequent colorimetric detection.

The relative inhibition rate was calculated using the equation: (AgLy-
A/AgLy) x 100 %. AgLy was value of absorbance in the presence of the
10 uM glyphosate, and A was the value of absorbance at 650 nm without
glyphosate.

3.5. Detection of glyphosate

The PANI-MnO,/TMB system was established to detect glyphosate
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Table 1

Comparison with earlier reported colorimetric glyphosate sensing methods.
Sensing Linear range LOD Application References
materials (HM) (HM)
CS, 21.89-47.33 6.51 Soil, wheat [40]
Cu(ID-PV 2.5-60 2.66 Tap water [41]
Cu(ID) 2.00-200 1.00 Soil, environmental [42]

water
MoS, 2.37-11.8 0.51 Environmental water [43]
nanoflake

PANI-MnO, 0.50-50 0.39 Soil, water samples, This paper

fruit

under optimal conditions. The absorption signal was recorded in Fig. 7a.
As the glyphosate concentration increased, the absorbance decreased
linearly. In the range of glyphosate concentration from 0.50 to 50 pM, as
the glyphosate concentration increased, Agso (the value of absorbance at
650 nm) increased gradually. Showing two-segment piecewise linear
function (Fig. 7b). Agso values showed a linear relationship with
glyphosate concentration from 0.25 to 10 pM. The linear equation can
be expressed as follows: Y; = 0.0218X+0.1478 ®R? = 0.9932, X repre-
sented concentration of glyphosate). There was a linear relationship
between Agso and glyphosate concentration in the range of 10-50 pM.
The equation can be expressed as follows: Y5 = 0.0067X+0.2964 (R? =
0.9909). The limit of detection (LOD) of the nanozyme colorimetric
sensing method was 0.39 pM (S/N = 3). As shown in Table 1, compared
with previous work, the proposed colorimetric method has a better
linear response range and lower detection limit.

Furthermore, the effects of potential interferences were performed to
examine the selectivity of sensing method. Specifically, the influence of
some common substances including metal ions (Na™, K*, Mg2+, Cu2+,
Ca2*, AI®*") and anions (CI~, SO3~, NO3, NO3, CO%~, HCO3) were
investigated. As shown in Fig. 8a, either metal ions or anions have little
or no effects on the absorption signal.

The selectivity of proposed method toward glyphosate has been
further examined by monitoring eight common pesticides (dipterex,
rogor, chlorpyrifos, carbendazim, thiabendazole, dinotefuran, imida-
cloprid and thiamethoxam). OPs (dipterex, rogor, chlorpyrifos) can
generate absorbance signals due to their own phosphate ester structure,
other pesticides did not have the such characteristics and could not
cause any disturbance in detection (Fig. 8b), indicating that the pro-
posed method showed good selectivity toward OPs.

s o
w s

Absorbance (a.u.)
[—
o

IR

) x X X X X ,EX * ;»' a‘\ . ,v v
@@‘ LEGS S P ANNC éoaogom
Q
R

Analytica Chimica Acta 1286 (2024) 342045

3.6. Determination of glyphosate in real samples

To explore the practical usability of the proposed colorimetric
method, we determined the glyphosate concentration in tap water, lake
water, soil, pear, soybean and cucumber. Among them, OPs were
detected in the soybean sample, but was not detected in the other
samples. As displayed in Table 2, the results obtained from our experi-
ments agreed well with the specifications. Furthermore, the recovery
was in the range of 98.4-108.6 %, and the relative standard deviation
(RSD) was within the range of 0.6-3.7 %. All the results indicated the
feasibility of the proposed for detecting glyphosate in practical samples.

3.7. Building a colorimetric smartphone-based platform for detection of
glyphosate

Our proposed colorimetric method by using PANI-MnO, can well
detect glyphosate, but still required analytical instruments. To further
improve the utility of this method, the colorimetric platform was
established. The 3D design of the colorimetric platform was shown in
Scheme 2A. The LED light with a white paper partition provided
appropriate light intensity to illuminate the 96-well plate, while the
transparent acrylic plate was used to support the 96-well plate. A mirror

Table 2
Determination of glyphosate in real samples (n = 3).

Samples Added(pM) Found(pM) Recovery(%) RSD(%)
0 ND! - -

Tap water 5 5.18 103.6 1.5
10 9.86 98.6 2.3

Lake water 0 ND - -
5 5.12 102.3 2.4
10 9.95 99.5 2.0

Soil 0 ND - -
5 4.98 99.6 2.1
10 10.25 102.5 3.7

Pear 0 ND - -
5 4.92 98.4 2.2
10 9.92 99.2 0.7
0 ND - -

Cucumber 5 5.22 104.5 2.1
10 9.87 98.7 0.6
0 3.37 - 1.7

Soybean 5 8.8 108.6 1.5
10 13.87 105.0 2.6

ND': Not detected.
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Fig. 8. (a) Absorbance response of assay system solutions in the presence of common coexistence ions (100 pM each). (b) Absorbance response of assay system

solutions in the presence of different pesticides (100 pM each).
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Scheme 2. The mechanism and 3D design of the colorimetric platform based on a smartphone for the detection of glyphosate.

was arranged at the bottom of the acrylic board, and the color of the
solution in the 96-well plate was reflected on the smartphone camera by
the mirror. Compared to photos taken under white light conditions with
nonuniform colors, this simple arrangement of the device allowed us to
obtain clearer images (Scheme 2B).

The specific on-site detection process was shown in Scheme 2C. With
the addition of glyphosate, the colorimetric sensing platform would
display a color change from light blue to deep blue. After taking photos
with a smartphone, the smartphone APP (color recognizer) can monitor
the absorbance change of the colorimetric reaction after processing in
RGB value mode. The inset was the linear plot of the RGB values to the
glyphosate concentration in the range of 5-50 pM ((G + B)/R =
0.01849X + 1.8803, R = 0.9956), the LOD was approximately at 1.2
BM (S/N = 3). The concentration of glyphosate in real samples (tap
water, lake water, soil, pear, soybean and cucumber) was tested using
the colorimetric sensing platform (Fig. S7 and Table S2), the recovery
was in the range of 86.4-116.8 %, and the RSD was within the range of
0.3-3.5 %. These results showed the great potential of colorimetric
platform in on-site detection of glyphosate.

4. Conclusion

In summary, the PANI-MnO, nanozymes were successfully synthe-
sized by one-step self-assembly redox method at room temperature.
Meanwhile, a sensitive, rapid, and reliable colorimetric method for
detecting OPs was established by combining the excellent oxidase-like
activity of PANI-MnO3 and the redox reaction between its and natural
enzyme products. The method has been successfully applied to the
detection of OPs in soil, water samples and agricultural products. In
addition, a portable colorimetric sensing platform based on smartphone
has been developed, which can realize the detection of OPs without the
requirement of any sophisticated instrumental and overcome the uneven
color distribution problem in traditional paper-based devices.
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