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A B S T R A C T
 
Glyphosate is widely used in agriculture, and its residues accumulate in soil and water, which adversely 
affects human health. The existing colorimetric methods for glyphosate detection are usually achieved by 
inhibiting the catalytic activity of natural enzymes or nanozymes, and often require the participation of 
easily decomposable H2O2, leading to unstable detection capabilities or even false positive results. This 
article reports a smartphone-assisted sensor for colorimetric detection of glyphosate in several food samples 
based on enhancing the laccase-like activity of cubic Ag2O nanoparticles. Glyphosate can significantly 
enhance the generation of radicals and electron transfer in cubic Ag2O reaction solution, causing an obvious 
change in the color of the system, which can be easily distinguished by naked eye. The established sensor 
has excellent detection performance, with limit of detection as low as 2.09 μg/L, and it is highly selective to 
other competitive substances. The method of enhancing the enzyme-mimic activity of nanomaterials to detect 
glyphosate residues is proposed for the first time, which can avoid false positive results caused by traditional 
enzyme inhibition methods and complex food matrices. Moreover, smartphones can simplify the conventional 
analysis procedure and achieve convenient on-site monitoring of glyphosate pesticides in food. 
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1.  Introduction

Glyphosate, as a commonly used herbicide with high efficiency and 
low toxicity, has been extensively applied in agriculture, landscaping and 
aquaculture[1-3]. However, the misuse of glyphosate in agriculture can 
lead to its residues accumulating in soil and water, adversely affecting 
the environment[4] and thereby endangering human health[2]. It has been 
reported that glyphosate pesticide has certain reproductive toxicity 
and teratogenicity, which can get into the human body via respiration 

and contact[5-6]. Meanwhile, the World Health Organization and the 
International Agency for Research on Cancer have listed glyphosate 
as a potential carcinogen to humans recently[7]. Therefore, many 
institutions have established maximum limits for glyphosate in food. 
For example, the Chinese Ministry of Agriculture has set a maximum 
allowable limit of 0.5 mg/kg for glyphosate residues in in vegetables 
and fruits[8], and the US Environmental Protection Agency has 
established a maximum tolerance limit of 700 μg/L for glyphosate 
residues in drinking water[9]. Therefore, the establishment of highly 
sensitive detection method for glyphosate is very important to 
ensure the safety of food.

Instrumental methods such as gas chromatography[10], tandem 
mass spectrometry[11], and liquid chromatography[12] are the most 
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reliable and frequently utilized methods for pesticide residue 
detection. Although these methods can provide reliable results and 
high sensitivity, they still have inevitable limitations in practical 
applications, such as complex instrument requirements, cumbersome 
operation steps, high analysis costs, and time-consuming processes. 
In addition, surface-enhanced Raman spectroscopy (SERS) with 
ultrasensitively has also been proposed for the monitoring of 
glyphosate residues[13]. But its stability and reproducibility are poor, 
which may affect the accuracy of detection. Recently, rapid detection 
methods such as fluorescence[14] and electrochemical methods[15-16] 
have also been utilized for pesticide detection like glyphosate, 
which have excellent detection performance. However, they often 
demand cumbersome electrode processing and may even use toxic 
fluorescent substances. In recent years, colorimetric method has 
been widely concerned by researchers. Compared with instrumental, 
fluorescent and electrochemical methods, colorimetry is more 
convenient and rapid, and the results can be directly observed[17-18].

Recently, researchers have paid great attention to nanomaterials 
with catalytic activity (referred to as nanozymes)[19-21]. Nanozymes 
with enzyme-mimic activities such as oxidase, peroxidase and catalase 
have been discovered successively[22-25]. Currently, the pesticide 
colorimetric detection methods based on nanozymes most rely on the 
color change of gold nanoparticles (NPs)[26] or the enzyme-mimic activity 
of peroxidase[27], which are highly susceptible to environmental 
influences and lead to unreliable detection results. Thus, the 
development of a new method for colorimetric detecting pesticides 
utilizing new enzyme-mimic activity is of great significance. Laccase is 
a type of polyphenol oxidase widely present in various plants, named 
after its discovery in lacquer trees[28]. Since only oxygen is required 
in the catalytic oxidation process, laccase has been favored by 
researchers recently[29-33]. Due to the fact that H2O2 is not involved 
in the react process of laccase, which enables us to obtain more 
accurate detection results. Therefore, we believe that laccase can 
supply a relatively stable sensing signal for the detection of pesticide 
residues like glyphosate. Furthermore, present strategies for detecting 
glyphosate residues based on nanozymes mostly depend on inhibiting 
their catalytic activity. However, there are many interfering 
substances in the biological environment, which can easily interfere 
with the accuracy of the detection. Therefore, establishing an 
analytical method to enhance the activity of laccase can increase 
the results exactitude of pesticide detection.

Herein, it is firstly found that glyphosate can directly enhance 
the laccase-like activity of Ag2O NPs, which change the color of 
the system from light pink to deep red. This enables us to propose 
a novel sensor for glyphosate colorimetric determination by 
using the laccase-like activity of cubic Ag2O NPs. The degree 
of red change in reaction solution is not only linearly related to 
glyphosate quantity, but also can be transformed into RGB (red, 
green, blue) values through software on smartphones, thereby 
achieving convenient quantitative detection of pesticide residues. 
This study is the first to report a new strategy for detecting 
pesticide residues by enhancing the activity of laccase, which 
can avoid false positive results caused by traditional enzyme 
inhibition methods and complex food matrices. Moreover, the 
proposed colorimetric sensor does not require H2O2 to be involved 
in the detection procedure, and is expected to be used for accurate 
measurement of pesticide in food.

2  Materials and methods

2.1 Reagents

Glyphosate, malathion, 2,4-dichlorophenol (2,4-DP), isocarbophos, 
dimethoate, acrylamide, sodium acetate, omethoate, iprobenfos, 
ammonia (NH3·H2O), trichlorfon, carbendazim, paraquat, acetamiprid, 
4-aminoantipyrine (4-AAP), carbaryl, λ-cyhalothrin, parathion-
methyl, agarose, acetic acid (HAc), dichlorvos, sodium hydroxide, 
potassium chloride, chlorpyrifos, methanol, silver nitrate (AgNO3) 
powder and ethanol absolute are bought from Shanghai Aladdin 
Biochemical Technology Co., Ltd. (China). The soybean and 
orange juice used in the real samples bought from food market. 
The experimental water is all ultrapure water.

2.2 Instruments

The morphological characteristics of cubic Ag2O NPs is 
observed by the scanning electron microscope (Sigma300, 
ZEISS). The electrophoresis analysis is performed by BEP-
600 electrophoresis apparatus (Bertrand, Beijing, China). The 
X-ray photoelectron spectroscopy (XPS) (Nexsa, USA) is 
utilized to analyze the elements and groups of Ag2O NPs. The 
purity of the Ag2O crystals is measured through the X-ray 
diffraction (XRD) (6100, Japan). The JES FA200 Electron  
Spin-Resonance Spectrometer is utilized to collect the electron 
spin-resonance spectroscopy (EPR) signal. The Zeta potential and 
particle size of Ag2O NPs are determined by a nanoparticle size and  
Zeta-potential analyzer (Beckman Coulter, USA). The absorbance 
values are recorded by the microplate spectrophotometer (US 
thermoelectric). The surface area analysis and pore size distribution 
of Ag2O are obtained by ASAP 2020 Plus (Micromeritics, USA) 
specific surface and pore analyzer. The Fourier transform infrared 
spectroscopy (FTIR) was performed by a Nicolet 6700 FTIR 
spectrometer with a secondary Nicolet of 5th module (Thermo 
Scientific, USA) at a resolution of 1 cm−1 using KBr as a reference.

2.3 Preparation of cubic Ag2O NPs

The preparation method of the cube-shaped of Ag2O NPs is as 
follows[34]. Add 100 mL ammonia (0.01 mol/L) to 50 mL AgNO3 
(0.01 mol/L) solution while stirring. After mixing thoroughly, 
continue to stir for 20 min, and then continue to slowly drop 
5 mL sodium hydroxide (0.1 mol/L) solution in the stirred state. 
Thus, a large amount of sediment appears in the container. Then 
the solution is centrifuged to obtain the precipitate, and the Ag2O 
powder is obtained by drying the precipitate.

2.4 Electrophoresis and free radical analysis

After incubation for 30 min at 37 ℃, the samples with different 
ingredients are identified by 3.5% agarose gel electrophoresis at  
85 V[35]. A certain amount of Ag2O, 2,4-DP and glyphosate are mixed, and 
the semiquinone radicals in the reaction system is determined by 
EPR detector [36-37].  
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2.5 Catalytic kinetics of cubic Ag2O NPs

Different contents of 5 μL Ag2O (2 mg/mL) and 20 μL glyphosate 
pesticide are added into centrifuge tubes and blended evenly. 
Subsequently, 10 μL phenolic substrate 2,4-DP of different quantities, 
415 μL buffer, and 50 μL chromogenic substrate 4-AAP (1 mg/mL) are 
added to the above mixture and thoroughly mixed. Put 200 μL of the 
above reaction solution into the enzyme-labeled plate, and measure the 
absorbance value of solution at 510 nm every 10 s. The reaction rate 
is calculated by Lineweaver-Burk formula, and the apparent kinetic 
parameters are obtained by Origin mapping. The extinction coefficient (α) 
of the oxidation product is known to be 13.6 L/(mmol∙cm)[38]. 

2.6 Procedure of glyphosate detection

A certain amount of Ag2O, glyphosate is put into the centrifuge 
tube and mix sufficiently. Then, 10 μL 2,4-DP, a certain volume 
of HEPES buffer and 4-AAP are added to form a 500 μL catalytic 
system. The color of the solution in the centrifuge tube is directly 
observed with the human eye, and the absorbance values at 510 nm of 
the experimental group (A1) and the blank group (A0) are measured. 
The blank group uses ultrapure water instead of glyphosate 
solution. The response of the constructed colorimetric sensor to 
glyphosate pesticide is determined by the difference of absorbance 
(∆A  = A 1 − A 0) .  In addition, the procedures for detecting 
glyphosate pesticides using a smartphone are as follows. After 
a smartphone takes a picture of the reaction system under a fume 
hood with a fixed light source, and then the RGB values in the 
picture are converted through the Coloree software. Finally, input 
the obtained RGB values into the established standard curve to 
calculate the amount of glyphosate.

2.7 Analysis of actual samples

Taking into account the food contamination of glyphosate with 
different degrees, we chose tap water, soybean, orange juice, apple 
and tea leaf as the food samples to validate the detection performance 
of the proposed sensor in real samples. The pre-treatment process 
of food samples is referred to reported literatures. For tap water 
samples[39], the samples are filtered with filter paper to remove some 
suspended solids. Then, various quantities of glyphosate are added to 
tap water filtrate. Finally, microporous filter membrane (0.22 µm) is 
used to remove the microorganisms from the tap water to obtain the 
treated samples. For the soybean sample[14], 10 g of soybean powder 
is dissolved in 50 mL of water and mix thoroughly. Then glyphosate 
with various contents is added to the solution and ultra-sounded for 30 min. 
The solution is centrifuged at 5 000 r/min for 10 min to obtain the 
supernatant. The supernatant is mixed with methylene chloride and 
centrifuged for 5 min to remove the fat. Finally, the supernatant is 
diluted with buffer, and the filtrate is collected by microporous filter 
membrane filtration. Different amounts of glyphosate are added 
to orange juice to obtain a labeled sample[40]. The sample is then 
repeatedly filtered with microporous filter membrane until the solution 
becomes transparent and collected for detection. For the apple and tea 
leaf sample[35], different amounts of glyphosate were evenly sprayed 
on the surface of the samples. After drying in a fume hood for 12 h, 
the samples were repeatedly eluted with HEPES buffer, and then the 

eluate was filtered through a microporous filter membrane for further 
determination. Moreover, the content of glyphosate in the filtrate is 
measured with high performance liquid chromatography to validate 
the reliability of the constructed sensor.

3  Results and discussion

3.1 Characterization of cubic Ag2O NPs

The morphology characteristics of nanomaterials are characterized 
by scanning electron microscope (SEM, Fig. 1A) and transmission 
electron microscope (TEM, Fig. 1B), Ag2O exhibits a smooth cubic 
shape with a lateral size range of 150−400 nm (Fig. 1C). The crystal 
structure of Ag2O is studied through XRD pattern (Fig. 1D). Distinct 
diffraction peaks can be observed at 32.79°, 38.07°, 54.90°, 65.44° 
and 68.76° from in Fig. 1D, which correspond to the (111), (200), 
(220), (311) and (222) reflection surfaces of Ag2O, respectively[34,41]. 
All diffraction peaks in the figure are consistent with the results of 
Ag2O (JCPDS No.41-1104), and there are no other impurity peaks. The 
results suggest that the prepared cubic Ag2O NPs is well-crystallized. 
To further study the surface characteristics of Ag2O, the experiment 
of nitrogen adsorption and desorption was carried out (Fig. 1E). The 
adsorption isotherm of cubic Ag2O is consistent with the typical IV 
isotherm, and an obvious H1 type hysteresis loop appears in the range 
of 0.15−1.0 P/P0, which proved that the surface of the Ag2O displayed 
a relatively uniform pore structure. The analysis also proves that 
Ag2O has a specific surface area of 2.83 m²/g and an average pore 
size of 6.31 nm, which confirms that the as-prepared Ag2O has the 
characteristics of mesoporous nanomaterial (2 nm < pore size < 50 nm).

The XPS further analyzes the elemental composition and 
chemical state of the nanomaterials, and the spectral diagram in 
Fig. 1F confirms the existence of Ag and O elements. The Ag 3d 
spectrum (Fig. 1G) can be divided into 2 peaks at 368.1 and 374.1 eV, 
respectively corresponding to 3d5/2 and 3d3/2 of Ag, and 2 fitted peaks 
are attributed to Ag+. Similarly, the spectrum of O 1s is also divided 
into 2 fitted peaks (Fig. 1H). According to previous literature[42], 
the strong peak at the binding energy of 531.0 eV corresponding to 
the Ag−O bond, suggesting that the exist of bound oxygen on the 
surface of Ag2O. And the weak peak of 529.6 eV may be attributed 
to the sorption of hydroxyl groups on the surface of Ag2O. All of the 
above demonstrate that Ag2O NPs with a cubic structure have been 
successfully prepared. Moreover, Ag2O can soluble in water to form a 
stable colloidal solution with obvious Tyndall effect (Fig. S1).

3.2 Construction of colorimetric sensor

3.2.1 Principle of sensor

It is firstly found that glyphosate pesticide can enhance the 
laccase-like activity of Ag2O NPs. Therefore, a simple and reliable 
colorimetric sensor for glyphosate is constructed, and the detection 
principle is shown in Fig. 2. The cubic Ag2O NPs can oxidize phenolic 
substrate 2,4-DP to produce semiquinone radical, while molecular 
oxygen as an electron acceptor generates corresponding free radical 
and is further reduced to water molecules[41]. Then, the semiquinone 
radical generated in the reaction solution will react with the added 
chromogenic agent 4-AAP, ultimately producing a pink substance 
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Fig. 1  (A) SEM image of cubic Ag2O NPs. (B) TEM image of cubic Ag2O NPs. (C) Size distribution histogram of cubic Ag2O NPs. (D) XRD pattern of cubic 
Ag2O NPs. (E) Nitrogen adsorption and desorption isotherms of Ag2O. Inset: corresponding pore-size analysis. (F) XPS pattern of cubic Ag2O NPs. (G) Ag 3d 

high-resolution XPS spectra of cubic Ag2O NPs. (H) O 1s high-resolution XPS spectra of cubic Ag2O NPs.
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with a weak absorption peak at 510 nm (Fig. S2). Once glyphosate 
is added, pesticide molecules adsorb onto the surface of Ag2O NPs 
to generate glyphosate-Ag2O compounds with enriched negative 
charges. Thus, the complex attracts a large number of opposite-
charged 2,4-DP close to the Ag2O NPs by electrostatic adsorption 
and then catalyzes them. Finally, the reaction system produces a large 
number of red products, showing a deep red color. The degree of red 
variation in the catalytic solution is linear with the pesticide content, 
which enables us to establish a novel sensor for colorimetric detection 
of glyphosate. 

3.2.2 Feasibility of sensor

The feasibility of the established colorimetric sensor for the detection 
of glyphosate pesticide is evaluated by observing and measuring the 
absorption spectra of reaction systems containing different substances 
(Fig. 3A). The cubic Ag2O NPs have the laccase-like activity and 
indeed can catalytic oxidize phenolic 2,4-DP to generate semiquinone 
radicals, the latter react with 4-AAP to produce a small amount of red 
product. Then, the solution appears pink and produces a weak peak 
at 510 nm (Sample 1). Once adding various quantities of glyphosate 
into the reaction solution, the nanozymes can oxidize a large amount 
of 2,4-DP to produce radicals. Thus, the system appears deep red 
and produces a distinct absorption peak at 510 nm (Samples 2−4). 
However, both the substrate alone and the substrate containing 
glyphosate are colorless and have no characteristic absorption peaks 
(Samples 5−6). There is a positive correlation between the color 
variation in solution and the content of pesticide molecule, which can 
be applied to the colorimetric determination of glyphosate in food. 
Furthermore, the effects of different substances in the solution on the 
sensor are recorded (Fig. S3). All solutions appear colorless, indicating 
that they do not affect the sensor. The absorbance values of the Ag2O 
catalytic system containing different substances at different times are 
determined to obtain the best reaction time (Fig. 3B). Regardless of 
whether glyphosate solution is added, the absorbance value of the 
cubic Ag2O NPs catalytic system increases with the raise of reaction 
time until it reaches saturation at 20 min. In view of the need to detect 
the pesticide rapidly, the 15th min is chosen as the collection time for 
the follow-up experiments.

3.3 Enhancement mechanism of glyphosate on Ag2O NPs

3.3.1 Electrophoresis and Zeta potential analysis

To validate the interaction between glyphosate and cubic Ag2O 
NPs, agarose gel electrophoresis experiments are conducted. As 
shown in Fig. 4A, the injection hole of the first channel presents the 
inherent black brown color of Ag2O NPs, which is due to the serious 
aggregation of nanozymes in the electrophoresis process and the 
inability to passing the holes formed by the gel. Surprisingly, the 
injection holes in second channel appear light gray with brown bands 
on the gel. This can be attributed to the fact that the cubic Ag2O NPs 
are more dispersed after the interaction with glyphosate and can 
migrate on the agar-gel, thus leaving fewer nanozymes in the vicinity 
of the sample pore. The data imply that glyphosate can adsorb on the 
surface of Ag2O NPs and improve their dispersibility.

To further verify the adsorption between glyphosate and Ag2O 
NPs, the Zeta potential of the nanozymes front and back the addition 
of pesticide is measured (Fig. 4B). The potential of individual Ag2O 
is −9.74 mV, while the potential of the nanozymes solution with 
added glyphosate pesticide is −14.34 mV. This is mainly due to the 
adsorption of negatively charged glyphosate[43] on the surface of Ag2O 
NPs, forming complexes with enriched negative charge. The above 
results show that glyphosate pesticide can be adsorbed on the surface 
of cubic Ag2O NPs to generate low potential compounds, and making 
the nanozymes solution more dispersed. In addition, the 2,4-DP 
solution is positively charged.

3.3.2 FTIR analysis

To further investigate the interaction mechanism between Ag2O 
and glyphosate, the FTIR spectra of Ag2O before and after the 
addition of glyphosate were recorded. As exhibited in Fig. 4C, the 
FTIR spectrum of Ag2O was consistent with previous reports[44-50]. 
The observation of bands (1 060, 883, 815, 695 and 600 cm−1) from 
600−1 100 cm−1 are attributed to Ag−O stretching vibration and 
thereby confirming the formation of the Ag2O NPs. For the spectrum 
of Ag2O after reaction with glyphosate, the obvious peaks at 3 386 and 
1 656 cm−1 were ascribed to the stretching vibration of O−H, indicating 

Fig. 3  (A) Visual pictures and absorption spectra of varying catalytic solutions and (B) the consequential absorbance values at various reaction times. Sample 1, 
 cubic Ag2O NPs + 2,4-DP + 4-AAP; Sample 2, Sample 1 + 40 μg/L glyphosate; Sample 3, Sample 1 + 200 μg/L glyphosate; Sample 4, Sample 1 + 400 μg/L 

glyphosate; Sample 5, 2,4-DP + 4-AAP; Sample 6, Sample 5 + 400 μg/L glyphosate.
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that glyphosate molecules rich in hydroxyl groups were adsorbed onto 
the surface of Ag2O. Moreover, the addition of glyphosate changed 
the intensities of all peaks of Ag−O (1 060, 883, 815, 695 and 600 cm−1), 
indicating that multiple interaction sites on Ag2O were altered by 
glyphosate. Based on the above results and previous reports[51-52], it is 
reasonable to speculate that glyphosate is mainly adsorbed on the 
surface of Ag2O through hydrogen bonding (Fig. S4). Considering 
the pore like structure (Fig. 1E) and other properties of Ag2O, we 
speculate that pore diffusion and even van der Waals forces may also 
play a role in the adsorption process of glyphosate.

3.3.3 Free radical analysis

The phenolic substrate 2,4-DP can produce semiquinone radicals in 
the course of oxidation process[53] and can be determined by EPR[36-37], 
which has also been confirmed by previous reports[41,54]. To explore 
the changes of radicals in the catalytic solution, we measure the 
spectrum of free radical signals before and after with the adjunction of 
glyphosate (Fig. 4D). There is an obvious ESR signal appears in the 
catalytic system of nanozymes, indicating that the cubic Ag2O NPs 
indeed can oxidize phenolic 2,4-DP to produce semiquinone radicals. 
After adding glyphosate, the radical signal peak of the sensing 
solution is apparently increased. The result indicate that glyphosate 

can promote the production of semiquinone radicals in the catalytic 
solution, and then enhance the laccase-like activity of Ag2O NPs.

3.3.4 Electrochemical analysis

To further elucidate the mechanism of enhancing the laccase-like 
activity, cyclic voltammetry experiments are performed on the 
reaction system before and after adding glyphosate (Fig. S5). Both 
individual 2,4-DP solutions and 4-AAP solutions exhibit oxidation 
peaks at different potentials (Samples 1-2), which suggests that they 
all electrocatalytic oxidation. The catalytic solution of cubic Ag2O 
NPs generates an oxidation peak with a current of 19.59 μA at 0.53 V 
 (Sample 3). The peak location of 2,4-DP is changed, which is 
due to the Ag2O NPs promoting the oxidation of substrate and then 
reacting with chromogenic agent 4-AAP to produce new products. 
Surprisingly, once various quantities of glyphosate are added, the peak 
current of the reaction solut ion increases  f rom 19.59 μA to 
24.01 and 33.83 μA (Samples 4−5), respectively. However, 
individual pesticide molecu les  cannot  be  e lec t roca ta ly t i c 
oxidation (Sample 6). These phenomena demonstrate that the addition of 
glyphosate accelerates the electron transfer between nanozymes and 
substrates, thereby promoting the simulated laccase-like activity 
of Ag2O NPs.

Fig. 4  (A) Agarose gel electrophoresis analysis of the interaction between glyphosate and cubic Ag2O NPs. Inset: The corresponding sectional photo of the 
injection holes (side view). (B) Zeta-potential of various solutions pH 7.5. (C) FTIR spectra of different samples. Sample 1, Ag2O; Sample 2, Ag2O + glyphosate.  

(D) EPR spectrum of the radical generated during the catalytic process. 
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2,4-DP content, and reaches the peak value at 100 μg/mL. Once the 
quantity of the 2,4-DP continues to increase, the absorbance value 
of the solution decreases sharply. The reason may be due to the fact 
that the limited cubic Ag2O NPs cannot oxidize excessive substrates. 
When the concentration of 4-AAP is low, the absorbance difference 
of the system raises rapidly and reaches a maximum value at 100 μg/mL 
(Fig. S9). If the concentration of 4-AAP is more than 100 μg/mL, 
the sensor signal nevermore increases, which may be that the 4-AAP 
bound to the semiquinone radicals has become saturated. 

3.4.3 Effect of nanozyme and temperature 

The content of nanozymes is crucial to the construction of sensors, 
and we further studied the influence of Ag2O quantity on detection 
signals (Fig. S10). As the raise of Ag2O content, the absorbance 
value of solution gradually increases until the quantity of nanozyme is 
20 μg/mL. The detection signal of the system decreases significantly 
with the amount of the Ag2O further increases, which may be due 
to the limited pesticide molecules could not completely adsorb the 
excess nanozymes. The Ag2O solution containing glyphosate is 
stored at −20 to 80 ℃ for 20 min, and then 2,4-DP, HEPES buffer 
and 4-AAP are added and thoroughly mixed. The detection signal of 
the mixed solution is measured to determine the effect of temperature 
on established sensor (Fig. S11). At −20 to 20 ℃, the absorbance 
difference increases sharply as the raise of temperature. However, at 
20−80 °C, the sensing signal increases slowly. Considering that the 
constructed sensor has a good detection signal at 20 ℃, we chose to 
conduct subsequent experiments at room temperature. 

3.5 Sensitivity of sensor

The sensitivity of glyphosate colorimetric sensor is assessed by 
analyzing the variation of color, UV/Vis spectrum and sensing 
signal front and back with adding various concentrations of 
pesticide to Ag2O catalytic solution (Fig. 6). The absorbance 
difference of the solution raises as the increase of glyphosate, 
and the corresponding color progressively changes from the initial 
pink to deep red. There is a good linear relationship between the 
absorbance of the sensor and the concentration of glyphosate  

3.3.5 Effect of glyphosate on enzymatic kinetics

The relationship between the quantities of glyphosate and the reaction 
rate of cubic Ag2O NPs is revealed through steady-state kinetic analysis. 
By changing the concentrations of glyphosate and 2,4-DP, Michaelis-
Menten curves (Fig. 5A) and double reciprocal curves (Fig. 5B) are obtained, 
and the apparent kinetic parameters are collected in Table S1. With the 
contents of glyphosate raises, the maximum reaction rate of Ag2O 
gradually increases. However, the Km value, the affinity of Ag2O 
to the substrate, did not change significantly after the addition of 
glyphosate. It is speculated that the reason may be that the initial 
rate of the reaction was recorded in the kinetic experiment, and at 
the beginning of the reaction, the adsorption capacity of glyphosate 
on Ag2O is not large enough, so the rapid increase in the adsorption of 
the substrate has not been captured. 

3.4 Optimization of detection conditions

3.4.1 Effect of HEPES

Many nanozymes typically exhibit strong enzyme activity under 
acidic circumstances. The influence of pH value and ion content 
of HEPES buffer on sensor detection is investigated. The results 
in Fig. S6 show that the constructed sensor obtains the peak value 
of absorbance value in HEPES with pH 7.5, which indicates that the 
method can obtain the optimal detection performance in a near-neutral 
condition. As the buffer amount increases, the sensing signal of the 
system at 510 nm sharply raises and obtains its maximum value at 
15 mmol/L (Fig. S7). If the buffer content is further increased, the 
absorbance difference of the solution is reduced gradually, which is 
probably because the high salt ion concentration is not conducive to 
catalysis of nanozymes.

3.4.2 Effect of 2,4-DP and 4-AAP concentration

To obtain the optimum detection circumstances for the established 
sensor, we also investigate the effects of substrate amounts of 2,4-DP 
and 4-AAP. As can be seen from Fig. S8, the absorbance difference 
of sensing system progressively raises with the increase of the phenol 

Fig. 5  (A) Michaelis-Menten plots for the oxidation of 2,4-DP catalyzed by cubic Ag2O NPs in the presence of glyphosate. (B) Lineweaver-Burk plots for the 
oxidation of 2,4-DP catalyzed by cubic Ag2O NPs in the presence of glyphosate.
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between 6 and 60 μg/L. When the content of glyphosate is more than  
400 μg/L, the sensing signal and color of the system nevermore change 
significantly. The calculated limit of detection (LOD)[55] is 2.09 μg/L 
(12.32 nmol/L), which is well below the maximum limit for 
glyphosate in food stipulated by various institutions. To evaluate 
the detection performance of the proposed colorimetric sensor, we 
compare it with other glyphosate detection methods that have been 
reported (Table S2). Even though fluorescent and electrochemical 
methods have lower LODs and wider linear ranges, they often 
demand cumbersome electrode processing[56], and even fluorescent 
methods may use toxic substances. In recent years, colorimetric 
method has been widely concerned by researchers. On the contrary, 
the colorimetric method can easily and quickly to identify glyphosate 
without expensive instruments. 

Compared with other glyphosate colorimetric sensors, the 
established sensor using laccase-like activity of nanomaterials has 
strengths such as being facile, cheap, reliable and sensitive. Notably, 
laccase does not require H2O2 to be involved in the catalytic process, 
which avoids the inaccurate results induced by the presence of 
different peroxidases in complicated environment. In addition, most 
of the reported glyphosate detection methods currently inhibit enzyme 
activity, and we firstly propose a strategy for detecting glyphosate 
residues by enhancing the catalytic activity of nanomaterials, which 
can provide new ideas for the analysis of other pesticides in food.

3.6 Smartphone-assisted detection of glyphosate

Because of the correlation between the color change of the 
sensing solution and glyphosate concentration, and the color is 
situated in the visible light area, which allows us to establish a 
standard curve for detecting pesticide quantity relied on RGB 
values. Firstly, take photos of the reaction system under a fume 

hood with a fixed light source, and then the data of the photo 
is converted by the software on the smartphone to obtain the 
corresponding RGB value. Finally, a standard curve is established 
using the RGB value of the system and the quantity of glyphosate. 
The results are shown in Fig. 7, with the concentration of 
glyphosate increases from 0 to 600 μg/L, the color of the reaction 
system gradually turns from colorless to pink or even deep red, 
and the corresponding R/G value also increases. There is a good 
linear relationship between the R/G value and the concentration of 
glyphosate (40−200 μg/L). The calculated LOD is 16.2 μg/L (95.48 nmol/L), 
which is also well below the maximum limit for glyphosate in food 
stipulated by various institutions. The combination of smartphones 
can simplify the conventional analysis procedure and can satisfy the 
on-site monitoring needs of glyphosate in food.

3.7 Selectivity and stability of sensor

To evaluate the selectivity of the constructed colorimetric method 
for glyphosate, various pesticides such as malathion, carbendazim, 
dimethoate, isocarbophos, paraquat, dichlorvos, parathion-methyl, 
iprobenfos, trichlorfon, chlorpyrifos, omethoate, acetamiprid, 
λ-cyhalothrin, and carbaryl are added to the solution (Fig. 8). From the 
results in the Fig. 8, the reaction system containing other pesticides is 
pink, while the solution containing glyphosate is dark red. Moreover, 
the absorbance difference of the sensing solution containing glyphosate 
pesticide is obviously higher than that of other solutions. Surprisingly, the 
response of the sensing solution to glyphosate is not disturbed by other 
pesticides. These results indicate that the proposed colorimetric sensor 
has high selectivity and good anti-interference capability to glyphosate 
pesticide. Given that the detection performance of glyphosate 
colorimetric sensors is closely related to the catalyst, the stability 
of Ag2O nanomaterial has been investigated (Fig. S12). Strikingly, 

Fig. 6 Visual pictures of the colorimetric sensor with different amounts of glyphosate added. (B) UV/Vis absorbance spectra of the colorimetric sensor treated 
with varying concentrations of glyphosate. (C) Relationship between absorbance difference (∆A) and glyphosate content. Inset: absorbance changes of catalytic 

systems at low quantity of glyphosate (y = 0.007 4 + 0.008 4x, R2 = 0.994).
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Fig. 7 Procedure of smartphone-assisted detection of glyphosate. Inset: R/G changes of catalytic systems at low quantity of glyphosate  
(R/G = 1.025 3 + 0.000 9x, R2 = 0.993).
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the laccase-like activity of Ag2O remained almost unchanged after  
6 months. Moreover, the constructed colorimetric sensor for 
glyphosate detection also can maintain a relative sensing signal of 
approximately 94% after 6 months (Fig. S13). Such excellent stability 
makes the colorimetric sensor potentially suitable for practical 
applications in various situations.

3.8 Analysis of glyphosate residues in real samples

To evaluate the applicability of the smartphone-assisted 
colorimetric sensor to glyphosate, various quantities of glyphosate 

are acceded to three real food samples. The recovery rate is analyzed, 
and the effectiveness of the detection results is validated through 
HPLC method (Table 1). The average recovery range of glyphosate 
is 91.34%−98.71%, and the relative standard deviation (RSD) is 
2.9%−5.4%, which is substantially agreement with the data obtained 
by instrument method. Moreover, we also assess the suitability of 
the smartphone-assisted colorimetric sensor in real samples, and the 
results also consistent with the HPLC method. The experimental data 
suggest that the established smartphone-assisted colorimetric sensor 
is suitable and accurate, which can be applied to detect glyphosate in 
real samples in food.
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4  Conclusions

In summary, a facile, reliable and rapid smartphone-assisted 
colorimetric sensor is established relied on enhancing the laccase-like  
activity of nanomaterials. The LOD for glyphosate stands at 2.09 μg/L, 
significantly lower than the maximum allowable content set by the 
Chinese Ministry of Agriculture for glyphosate in vegetables and 
fruits, which is 0.5 mg/kg, as well as the maximum limit established 
by the US Environmental Protection Agency for glyphosate residue 
in drinking water, which is 700 μg/L. Compared with other detection 
methods of glyphosate, the constructed colorimetric sensor does 
not require H2O2 to be involved in the detection procedure, which 
can obtain relatively accurate results of detection from complex 
food samples. The established sensor can be employed to the rapid 
determination of glyphosate concentration in tap water, orange juice 
and other food samples, and the data of detection are consistent with 
those of instrument method. Moreover, the standard curve of RGB 
value versus glyphosate quantity is determined by a smartphone. The 
smartphone-assisted sensor has been successfully employed to the 
detection of real samples, which can be widely applied to the rapid 
detection of pesticide residue in food.
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