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A B S T R A C T

To overcome the time-consuming off-site limitations in conventional pesticide detection, this contribution pre
sents an in situ quantitative analysis detection strategy for pesticides on leaf surfaces using matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry imaging technology. Taking fungicide metrafenone as a 
representative, we initially screened seven commonly used matrices, and identifying α-cyano-4-hydroxycinnamic 
acid as the most effective one in positive mode. Subsequently, coating the matrix using sublimation spraying 
method resulted in the highest mass intensity. The optimal combination of operation parameters were estab
lished with imaging step size of 30 μm × 30 μm, laser diameter of 75 μm, and laser energy of 4.01 μJ/pulse. 
Under these conditions, a lowest detection limit of 0.6 ng/mm2 was reached for metrafenone, demonstrating 
extremely high sensitivity and strong repeatability. This method exhibits great potential for the analysis of 
various pesticides, including triadimefon and tebuconazole, thereby offering innovative approaches to the 
analysis of pesticide residues.

1. Introduction

The widespread use of agricultural pesticides has become a global 
concern due to their persistence in the environment and potential risks 
to human health and ecosystems (Maggi et al., 2023; Zhao et al., 2023). 
Pesticides, particularly fungicides, are commonly detected in the at
mosphere, soil, water bodies, and agricultural products, raising signifi
cant concerns to food safety, environmental contamination, and public 
health (Chen et al., 2023; Zhao et al., 2023). Consequently, stricter 
regulations have been imposed by organizations such as the World Trade 
Organization (WTO) and the International Organization for Standardi
zation (ISO) to monitor pesticide usage and set residue limits (Rani et al., 
2021). Leaves, as the primary receptors of pesticide application, are 
crucial surfaces for detecting pesticide residues. Therefore, detecting 

pesticide residues on plant surfaces, particularly leaves, is crucial for 
assessing their environmental impact and ensuring compliance with 
safety standards (Li, 2022).

Currently, traditional destructive methods have been widely used for 
pesticide detection from plant surfaces. These methods include spec
troscopic techniques (e.g., UV–Vis), chromatography, and 
chromatography-mass spectrometry (Feng et al., 2020; Pang et al., 
2020; Wang et al., 2022). Although these methods are effective for both 
qualitative and quantitative analysis, they typically require sample 
extraction and preparation, which may result in sample loss and are 
time-consuming. Additionally, these methods may also have limitations 
in sensitivity when detecting pesticides at trace levels, and the extrac
tion process itself is often time-consuming and labor-intensive (Ridha 
et al., 2024; Semysim et al., 2024; Yao et al., 2014). Due to their 
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destructive nature, these methods are unsuitable for on-site or in-situ 
monitoring of pesticide residues, highlighting the need for more effi
cient and non-invasive techniques.

To overcome these limitations, non-destructive methods such as 
Fourier Transform Infrared (FTIR) spectroscopy, Surface-Enhanced 
Raman Spectroscopy (SERS), and Near-Infrared (NIR) spectroscopy 
have been explored for real-time, non-invasive pesticide detection (Lv 
et al., 2024; Wang et al., 2021; Zhang et al., 2023). These techniques 
allow for direct analysis of pesticide residues on plant surfaces without 
altering the samples. However, while these methods are fast and offer 
non-destructive analysis, they often face sensitivity limitations, espe
cially for detecting low concentrations of pesticides. Additionally, 
spatial distribution mapping of pesticide residues is challenging, as these 
techniques typically provide only surface-level or bulk concentration 
information without detailed spatial resolution (Shao et al., 2016; Vil
lanueva et al., 2023).

In recent years, matrix-assisted laser desorption/ionization mass 
spectrometry (MALDI-MS) imaging has emerged as a powerful tool for 
the in situ, spatially resolved analysis of pesticide residues on plant 
surfaces. MALDI-MS can directly detect and map the distribution of 
pesticides without the need for complex pre-processing, making it ideal 
for studying pesticide behavior on plant surfaces. Previous studies have 
demonstrated the capability of MALDI-MS to detect various pesticides, 
such as thiram, imidacloprid, and propamocarb, on crops like banana 
and wheat (Annangudi et al., 2015; Wang et al., 2023). Despite its 
success in qualitative mapping, MALDI-MS has yet to provide reliable 
quantitative data, especially at the trace levels typically found in agri
cultural environments. Furthermore, the complexity of commercial 
pesticide formulations, which often contain adjuvants, presents addi
tional challenges in achieving accurate and reproducible quantification.

To address this issue, this study aims to develop an optimized 
MALDI-TOF-MS imaging approach for the quantitative detection of 
pesticide residues, specifically the fungicide metrafenone (MF), on 
wheat leaves. MF was chosen as a model pesticide due to its widespread 
use and environmental persistence (Kamel & Hoppin, 2004; Pimmata 
et al., 2013). The objective is to optimize key experimental parameters, 
including matrix selection, matrix deposition techniques, and laser set
tings, to enhance the sensitivity and reproducibility of MALDI-TOF-MS 
for pesticide quantification. We hypothesize that by optimizing these 
parameters, MALDI-TOF-MS can achieve highly sensitive and accurate 
quantitative analysis of pesticide residues directly on plant surfaces. The 
findings of this study will provide valuable insights into the environ
mental risks associated with pesticide residues and offer a new meth
odology for assessing pesticide contamination in agricultural products.

2. Materials and methods

2.1. Reagents

Detailed reagents used in this work were shown in the Table S1, 
supplementary data, SD. The specific preparation method of the matrix 
was as follows. A 10 mg⋅mL− 1 solution of CHCA and DHB was prepared 
by dissolving them in acetonitrile/H2O (1:1, v/v). 9AA was dissolved in 
isopropyl alcohol/acetonitrile (1:1, v/v) to form a 1 mg⋅mL− 1 solution. 
SA was dissolved in CHCl3/acetonitrile (1:1, v/v) to form a 10 mg⋅mL− 1 

solution. NEDC, DAN, and THAP were dissolved in methanol/acetoni
trile (1:1, v/v) to form a 1 mg mL− 1 solution. After preparation, the 
solutions were sonicated for 30 min to ensure complete dissolution, and 
stored at low temperature.

2.2. Wheat cultivation

Wheat (Triticum aestivum L.) plants were cultivated under controlled 
environmental conditions in an artificial climate incubator. The growth 
substrate consisted of agricultural soil collected from field sites in 
Qingpu District, Shanghai, China (30◦58′08′′N, 121◦01′56′′E). Prior to 

germination, wheat seeds were surface-sterilized and subsequently 
imbibed in deionized water. The pre-treated seeds were then uniformly 
distributed on moistened germination paper and maintained until 
radicle protrusion was observed. When the coleoptiles reached 
approximately 1 cm in length, seedlings were transferred to the growth 
chamber maintained under a period regime of 14 h daytime and 10 h 
dark cycle. The specific parameters of the climate incubator are shown 
in Table S2. The wheat plants were grown to the containing-five-leaf 
stage to be utilized for subsequent experiment.

2.3. MALDI-TOF-MS imaging method for sample preparation

In the present work, wheat leaves exhibiting vigorous growth were 
selected and washed three times with ultrapure water to remove surface 
dust. By using the conductive tape, the wheat leaves were fixed on the 
indium‑tin oxide (ITO) coated side of the conductive glass slides. Sub
sequently, the target MF solution was dropped on the surface of the 
wheat leaves and placed under dark conditions within a laboratory fume 
hood for 1 h duration. Following complete solvent evaporation, the 
samples were prepared for subsequent MALDI-TOF-MS imaging anal
ysis. A commercial spray gun (Platinum 0.2, Chiyoda Japan Co., Ltd.) 
and the matrix elevating instrument (iMLayer™ Shimadzu China Co., 
Ltd) were utilized to apply a uniform coating of the matrix solution onto 
the sample surfaces. Such methodical matrix application was critical for 
enhancing ionization efficiency during mass spectrometric analysis. The 
detailed procedural protocols for the three matrix coating methods are 
comprehensively documented in the Text S1. Stereomicroscopy was 
performed to fully ascertain the coating uniformity of the samples. 
Subsequently, MALDI-TOF-MS imaging analysis was conducted utilizing 
predefined instrumental parameters, displayed in Fig. S1, supplemen
tary data, SD. To enhance the signal-to-noise ratio and reduce potential 
variability, each experimental sample was replicated in duplicate. 
Detailed information about the instruments used during the experiment 
was displayed in Table S3.

The longitudinal distribution profile of MF permeation in wheat 
leaves was investigated using frozen sectioning technology. A series of 
MF standard solutions at varying concentrations were applied dropwise 
to the wheat leaf surfaces, followed by ambient air drying. After that, 
gelatin was dissolved in ultrapure water at a ratio of 1:9 (w/w) by 
heating to 40 ◦C in a water bath. Wheat leaf specimens containing MF 
were embedded and frozen in molds. After that, frozen samples were 
sectioned using a freezing microtome at − 20 ◦C to a thickness of 60 μm. 
The sections were attached to conductive glass slides, sprayed with a 
matrix, and analyzed further using MALDI-TOF-MS imaging.

2.4. MALDI-TOF-MS imaging for data acquisition and analysis

The MALDI-TOF-MS imaging data acquisition system utilized SHI
MADZU Imaging MS Solution ver. 1.30 software. Before each imaging 
data acquisition, the instrument was mass calibrated using the software. 
The regions of interest in the leaf were studied in both negative and 
positive modes sample and detector voltages of 3.00 and 1.75 kV, 
respectively. The obtained spectra were acquired at a speed of 1000 Hz 
over the mass range of m/z 100.00–500.00. Images of the compounds of 
interest were acquired manually using the root mean square normali
zation protocol in the software. Additional details are provided in the 
Table S4.

3. Results

3.1. Method optimization on MALDI-TOF-MS imaging by using selected 
MF fungicides as an example

3.1.1. Optimization of matrix
The identification performance of the MALDI-TOF-MS imaging 

technique was highly dependent on the selection of matrix chemicals, as 
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which played a critical role for the intensity of mass spectral signal and 
data interpretation. It was believed that an optimal matrix chemical 
possessed strong photon absorbance at the laser excitation wavelength, 
solubility in solvents compatible with the analytes, vacuum stability, 
and the capacity to promote ionization (Giampà et al., 2016; Ouyang, 
Wang, et al. (2024); Wang et al., 2013). Given the critical influence of 
the matrix on data quality and information recovery, several commonly 
utilized matrix chemicals were evaluated in this study for MF detection. 
These included α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydrox
ybenzoic acid (DHB), 9-aminoacridine (9AA), sinapic acid (SA), N-(1- 
naphthyl) ethylenediamine dihydrochloride (NEDC), 1,5-diaminonaph
thalene (DAN) and 2,4,6-trihydroxyacetophenone (THAP). Their ca
pacities to enable effective MF measurement by MALDI-TOF-MS 
imaging were systematically examined.

As background matrix signals could potentially interfere with the 
detection of the analytes of interest, experiments were initially per
formed in the absence of MF (Braga et al., 2019; Ouyang et al., 2023; 
Song et al., 2021). Matrix solutions were directly deposited onto the 
surface of wheat leaves followed by analysis using MALDI-TOF-MS im
aging. Since the characteristic bromine-containing MF protonated 
isotope ions [M + H]+ ions were observed at m/z 409.06 and 411.06 in 
positive ion mode, the imaging response of the matrix spots under the 
specific m/z was evaluated. As illustrated in Fig. 1, among the matrices 
evaluated, DHB and THAP exhibited signals at m/z 409.06 and 411.06, 
consistent with the expected MF isotope ions. Matrix spotting with SA 
generated a minor bright spot in the corresponding ion images, while 
CHCA, 9AA, NEDC and DAN displayed no detectable background 
interference at the noted m/z values in positive ion mode. These results 
demonstrated that DHB, THAP, and SA generated background interfer
ence consistent with the MF target ions, rendering them unsuitable as 
matrices for surface analysis.

Furthermore, the matrix solutions CHCA, 9AA, DAN, and NEDC were 
combined with the target MF, followed by MALDI-TOF-MS imaging. As 
shown in Fig. 2(B-1, B-2), all four matrices coated with MF displayed a 
clear signal (m/z = 407.05/409.05 ([M - H]− )) response, except for the 
matrix NEDC where no 81Br signal of MF was detected (m/z 409.05). 
Despite the effective ionization of MF by the CHCA, 9AA and DAN 
matrices in negative mode, the relative isotopic peak intensities deviated 
from theoretical abundances based on the natural isotopic distributions 
of 79Br (50.69 %) and 81Br (49.31 %) (Xu et al., 2021). Accordingly, the 
intensity of the 79Br peak in the mass spectra would be slightly higher 
than that of 81Br, as confirmed in a previous reported study (Hong et al., 
2021). Since the peak intensity data in the negative ion mode were 
distorted, the results in the positive ion mode were relatively reliable. 
Consequently, the CHCA matrix in positive ionization mode was 
concluded to enable optimal ionization and accurate measurement of 
MF, providing a robust basis for further method optimization.

3.1.2. Optimization of spraying methods
In MALDI-TOF-MS imaging analysis, the spraying method of the 

matrix was critical for achieving homogeneous analyte-matrix co-crys
tals, which was the basis for obtaining high quality images of spatial 
distribution and quantitative reproducibility (Giampà et al., 2016; Wang 
et al., 2013). The matrix spraying methods could be classified as solvent- 
assisted methods, including direct dry drop and spray gun application, 
or solvent-free methodologies such as sublimation. The dry drop 

technique involved direct deposition of matrix solution onto the sample 
surface prior to imaging. The remaining two approaches was utilized a 
commercial spray gun or a matrix sublimation instrument to achieve 
homogeneous matrix coating over the analytical area. In this study, 
these three representative matrix spray methods were evaluated using a 
CHCA matrix and the results were illustrated in Fig. 3.

By utilization of the dry drop coating method, the results displayed 
the spatial distribution of MF on the leaves exhibiting incongruence with 
the original dispensed droplet shapes. It was a challenge to precisely 
locate the MF droplets after drying, and this method resulted in distor
tion of the spatial distribution of MF. Furthermore, under identical 
analytical parameters, significant variations in the MS signals or MF 
between experimental replicates were observed. The spray gun coating 
parameters, specifically the air flow and exhaust valve settings, were 
systematically optimized to achieve optimal spatial resolution and 
signal intensity. However, unexpectedly weak MF distributions were 
detected. This signal reduction was subsequently attributed to the 
displacement of MF by the impacting matrix droplets. In contrast, 
employing the matrix sublimation method demonstrated a distinct 
spatial distribution of MF on the leaf surface, characterized by well- 
defined droplets exhibiting high intensity mass spectral peaks and 
excellent reproducibility. The sublimation method does not require the 
addition of organic solvents, ensuring uniform matrix crystallization and 
controlling thickness of the matrix. These attributes facilitate reliable 
reproducibility of the analytical outcomes (Bodzon-Kulakowska et al., 
2020) Based on the collective evidence, the sublimation deposition 
method employing a CHCA matrix emerged as the optimal approach. 
Additionally, the instrument parameters for MALDI-TOF-MS imaging 
will be optimized on this basis.

3.1.3. Optimization of MALDI-TOF-MS imaging instrument parameters
During data acquisition, MALDI-TOF-MS imaging software gridded 

the sample image into micron-sized pixel points, with an average MS 
map obtained for each pixel point. The final visualized image was 
attained by integrating and processing each MS data point (Balluff et al., 
2021; Deininger et al., 2011; Fonville et al., 2012; Ouyang, Huang, et al. 
(2024)). During the actual operation, when the region of interest (ROI) 
of the sample was selected, the laser source remained stationary and the 
analysis was completed by the movement of the two-dimensional (2D) 
sample stage. Therefore, the pitch of the 2D stage in the X- and Y-axis 
directions determined the pixels size of the visualized image. According 
to the MALDI-TOF-MS setup, various pitches to measure MF on wheat 
leaves were determined (equal distance in X- and Y-axis directions), 
including 10 μm (pixels 62,500), 30 μm (pixels 21,010), 50 μm (pixels 
7910), 70 μm (pixels 3901), 90 μm (pixels 2432) and 110 μm (pixels 
1674). Optimization of the step size 2D platform movement step size was 
performed. As shown in Fig. 4(A), optimal delineation of the MF spatial 
distribution was attained at a pitch of 10 μm step size. It was evident that 
the image had the highest pixel value below 10 μm. However, a step size 
of 10 μm confines the definable analytical area to 2500 μm × 2500 μm, 
which proves insufficient to fully encompass the fungicide deposition 
area. The heatmap was blurred when the pitch was above 50 μm. Hence, 
30 μm was defined as the optimal step size movement.

In alignment with previous findings (Chang et al., 2024; Dreisewerd 
et al., 1995), the analyte mass spectral signal response exhibited marked 
dependence on selected laser spot dimensions and pulse energy. 

Fig. 1. MALDI-TOF-MS imaging of different matrices on blank wheat leaf at m/z = 409.06 and 411.06.
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Consequently, exploratory investigative optimization of these instru
ment parameters was conducted, and the results were presented in Fig. 4
(B) and Fig. S2. With an increase in laser spot diameter and energy, the 
obtained MF mass spectral signals appeared to follow a normal distri
bution, with the maximum intensity response attained utilizing a 75 μm 
beam diameter coupled to 71.0 % of the instrumental energy output, 
equally 4.01 μJ/pulse of laser energy. In the work of Chang et al. (2024), 
quasi-thermal desorption simulations were employed, and mass spectral 

signal intensities increased concomitantly with increasing laser pulse 
energies were verified. However, excessively large laser spots tended to 
suffer from “over-saturated” blurring. This was probably attributed to 
the onset of secondary processes, such as an increase in the number of 
collisions in the expanding particle plume and charge repulsion, leading 
to broadening and distortion of the mass spectral signal peaks and 
increased fragmentation.

Fig. 2. (A) MALDI-TOF-MS imaging and (B) MS signal intensities (m/z = 409.06/411.06) of MF in various matrices in positive and negative ion modes (filtered 
matrix peaks).
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3.2. Quantitative detection of fungicide MF on wheat leaves

3.2.1. Limit of detection (LOD) and precision
Given the attenuating effects of rainfall, infiltration, and photo

degradation the concentration of fungicides remaining on the surface of 
the leaves would mostly be at the trace levels, necessitating the higher 
sensitivity of the in situ detection MALDI-TOF-MS imaging method 
(Dolinová et al., 2004; Halle et al., 2006; Monadjemi et al., 2011). The 
limit of detection (LOD) was defined as minimum analyte level that 
enables reliable detection, constituting a critical analytical performance 
metric (Lepucki et al., 2021; Lux et al., 2022; Vicente et al., 2020). Under 
optimal instrumental conditions, a gradient series of low-concentration 
target MF solutions was configured to characterize the attainable LOD 
value. Specifically, 0.5 μL of MF solutions containing 0.4 ng, 2.0 ng, 4.0 
ng, 6.0 ng and 8.0 ng were added dropwise to the surface of wheat leaves 
and dried for further detection. The MF mass spectra peak and ther
mogram signal could be observed with at a drop addition of 2.0 ng, as it 
was observed at 0.4 ng. These results were reliable, and reproducible 
across repetitive analyses under identical conditions, thus, establishing 
the LOD associated with the optimized method as 2.0 ng/drop, equiv
alent to 0.6 ng/mm2 of MF. Relative to the in situ fungicide detection 
approach reported by Annangudi et al. (2015) with an LOD of 60.0 ng, 
the current optimized methodology enhances the sensitivity by 30 times, 
achieving an LOD of 2.0 ng. Notably, the European Food Safety Au
thority (EFSA) has implemented maximum residue limits (MRLs) for MF 

ranging from 0.01 to 2 mg/kg, depending on the specific crop. By using 
the MALDI-TOF-MS imaging technology, the limit of detection for MF on 
leaf surfaces was equivalent to 2 mg/kg of leaves.

Parallel repeatability assessments indicated five 2 μL MF aliquots at a 
concentration of 500 μM were deposited onto the wheat leaf surfaces, 
introducing an absolute deposition of 0.4 μg. The intensities of the 
recorded analyte signa demonstrated a relative standard deviation of 
6.42 % across replicates. This minimal variability verifies the excellent 
quantitative reproducibility obtained using the optimized detection 
methodology.

3.2.2. Quantification range and recovery rate
Solutions containing 0.008 μg, 0.020 μg, 0.04 μg, 0.06 μg, 0.12 μg, 

0.24 μg, 0.6 μg, 0.96 μg and 1.2 μg of MF were prepared to determine the 
quantitation range. Aliquots of 0.5 μL MF solution were deposited on 
wheat leaf surfaces and analyzed utilizing an optimized MALDI-TOF-MS 
imaging method, which employed a sublimator sprayed with matrix 
CHCA matrix at a thickness of 1.2 μm over a 30 μm × 30 μm step size 
using a 75 μm diameter laser at 4.01 μJ/pulse power. The linearity and 
quantitative range of MF using the optimized method were obtained, 
and the results were shown in Fig. 5. The R2 value of the standard curve 
was observed to be 0.9934 for the MF mass range of 0.008–0.6 μg, 
indicating a direct linearity and demonstrating its usefulness for quan
titative analysis.

Finally, a spiked recovery test was performed, in which MF solutions 

Fig. 3. (A) MALDI-TOF-MS imaging and (B) MS signal intensities (m/z = 409.06/411.06) of MF under various matrix spraying methods in positive ion mode 
with CHCA.
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were added dropwise to the surface of wheat leaves at low, medium and 
high dosage (0.024 μg, 0.120 μg and 0.480 μg). Quantification was 
replicated six times at each concentration under identical instrumental 
parameters. As shown in Table 1, the average recovery was calculated as 
97.75 ± 11.44 %.

3.3. Distribution characteristics of MF on wheat leaves

The distribution of fungicide on the crop after application was 
closely correlated with epidermal morphological features of the leaf. 
Scanning electron microscopy (SEM) was utilized here to resolve the 
micromorphological features of wheat foliar surfaces. The epidermis of 
leaves was observed with an ordered row of corrugated structures 
contoured around surface folds and clearly visible structures such as leaf 
hairs, stomatal apparatus and leaf slit (Fig. 6(A)). The target MF distri
bution was arranged in a linear, and compact manner, consistent with 
the path of the cell structure on the wheat leaf surface (Fig. 6(B)).

The MF concentration at the edge of the droplet was higher, 
consistent with microscopic observations made by Trivella and Richard 
(2014). Due to limitations in technology available at that time, only the 
microscope was used to photograph the apparent phenomenon. The 
accumulation of MF at the edges was caused by the “coffee ring effect”, 
where the evaporation rate was faster at the edges of MF droplets, 
forming a directional flow from the center to the edges of the droplets 
was formed to replenish the evaporated solvent at the edges (Deegan 
et al., 1997; Hu & Larson, 2006; Robert et al., 2000). Studies have the 
demonstrated that the inclusion of surfactants, such as lignin sulfonate, 
enables modulation of fungicide distribution uniformity across leaf 
surfaces, consequently improving crop protection efficacy (Hejazi, 
2020; Monadjemi et al., 2011). In addition to profiling the foliar MF 

distribution, combined with the frozen section technique, the imaging of 
MF infiltrating into the leaf suture was observed using MALDI-TOF-MS 
imaging, as shown in Fig. 6(C)).

3.4. Feasibility of applying MALDI-TOF-MS imaging to the detection of 
common pesticides

In the present work, the potential application of MALDI-TOF-MS 
imaging for rapid in situ detection of agrichemical residues on crop 
surfaces was investigated, using the broad-spectrum fungicides tri
adimefon (TDF) and tebuconazole (TEB) as model compounds. Through 
systematic optimization of matrices, analytical step sizes, and instru
mental parameters, an expeditious in-situ identification method for 
pesticides TEB and TDF on the surface of wheat leaves was constructed, 
as displayed in Table S5. As exemplified for TDF, shown in Fig. 7 and 
Fig. S3, 0.5 μL aliquots containing 20–30 ng deposited on leaves 
revealed well-defined molecular distribution images concordant with 
the acquisition of anticipated protonated TDF signals at m/z 294.10. 
Analogously, the thermogram signal and characteristic mass spectra at 
m/z 308.15 of pesticide TEB were rapidly imaged and recognized by 
MALDI-TOF-MS imaging technology (Fig. S4). Additionally, guided by 
the active ingredient concentration within the commercial TEB formu
lation, a 500 μM mimic suspension approximating field application 
levels was prepared in the laboratory. As shown in the Fig. 7, after 
applying the 1 μL droplets onto the wheat leaf surface, the images of TEB 
commercial aliquots were successfully captured. The present study 
demonstrated the utility of MALDI-TOF-MS imaging for the rapid 
screening of pesticides in both active ingredients and compounds pre
sent in commercial formulations. Unlike conventional pesticide residue 
analysis which relies on solvent extraction followed by GC or LC, 

Fig. 4. (A) MALDI-TOF-MS imaging of MF at various pitches and (B) MS signal intensities (m/z = 409.06/411.06) of MF at different laser diameters and intensities 
using matrix sublimation method in positive ion mode with CHCA.
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MALDI-TOF-MS imaging technology requires minimal sample pre- 
treatment prior to direct analysis. By allowing in situ characterization 
and quantification of pesticide, this innovative technique provided new 
prospects for pesticide research.

4. Conclusion

This study confirmed the hypothesis that MALDI-TOF-MS can be 
optimized for in situ, quantitative analysis of pesticide residues, spe
cifically metrafenone (MF) on plant surfaces. The conventional meth
odological approach to analyzing pesticide residues on leaf surfaces has 
been characterized by protracted experimental timelines and limited 
analytical depth. By using the MALDI-TOF-MS imaging technology, this 
research develops an innovative and expeditious quantitative detection 
methodology for pesticide residues on leaf surfaces. The proposed 
method addresses critical limitations of existing analytical protocols and 
substantially advances the capabilities of pesticide residue detection. 
This technological approach provides a robust and rapid analytical 
framework for detecting pesticide residues on the surfaces of agricul
tural produce. Moreover, it presents researchers with a novel 

investigative strategy for comprehensively understanding pesticide 
transformation mechanisms and spatial distribution dynamics on leaf 
interfaces. Main conclusions were as follows. 

(1) MALDI-TOF-MS Validation for Quantitative Detection. This 
study confirmed the hypothesis that MALDI-TOF-MS can be 
optimized for in situ, quantitative analysis of pesticide residues, 
specifically metrafenone (MF) on plant surfaces. With optimized 
matrix selection and experimental conditions, a detection limit of 
0.6 ng/mm2 was achieved, demonstrating the potential for ac
curate pesticide quantification.

(2) Matrix Optimization and Sensitivity Enhancement. By 
screening seven matrices, CHCA was identified as the most 
effective for MF ionization, and sublimation spraying method 
could significantly improved the sensitivity.

(3) Localization and Distribution Mapping. Frozen section tech
nique provided clear spatial mapping of MF on wheat leaf sur
faces, confirming the ability of MALDI-TOF-MS to visualize 
pesticide distribution and penetration into plant tissues.

(4) Application to Other Pesticides. It was also demonstrated the 
possibility of MALDI-TOF-MS imaging for the detection of the 
remaining pesticides TEB, TDF, and commercial agricultural 
formulations.

(5) Implications for Environmental Risk Assessment. MALDI- 
TOF-MS imaging technology proved to be a valuable tool for 
the rapid detection of pesticides on leaf surfaces. The results 
obtained in this study provide a novel method for accurately 
evaluating the environmental risks of pesticides.

Fig. 5. (A) Determination of the minimum detection limit of MF on the wheat leaf surface using the matrix sublimation method in positive ion mode with CHCA. 
MALDI-TOF-MS imaging at various MF concentrations. (B) Linear relationship and quantitative range of MF obtained using MALDI-TOF-MS imaging.

Table 1 
Results of MF sample recovery experiments on wheat leaf surface.

Addition amount (μg) Recovery rate (%) Average recovery rate (%)

0.024 100.83±6.85
97.75 ± 11.440.120 107.33 ±3.70

0.480 87.50±2.74
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