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Abstract: In this study, a rapid and non-destructive detection model for pesticide residues on leafy 

vegetables was presented using a developed portable spectrometer. VIS/NIR spectra of three vegetable 

samples, including lettuce, oriental mustard, and bok choy, were analyzed at the range of 380 – 840 nm. 

Stepwise multiple linear regression (SMLR) models were developed based on chemical reference 

measurements and the spectral information of the leaf samples after performing the pre-processing 

method. Furthermore, a data acquisition interface was developed by Matlab GUI. Results of SMLR 

procedure indicated good performance for detection of indoxacarb and chlorantraniliprole with R2 ≥ 

0.90. A fairly good model (0.90 > R2 > 0.80) was obtained for carbendazim in lettuce, whereas a poor 

model was found for emamectin-benzoate with R2 ≤ 0.80. It was concluded that pesticide residues on 

leafy vegetables could be predicted using our developed handheld spectrometer. It can also be 

generalized for the prediction of other pesticide components in agricultural products. 
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1. Introduction 

Pesticides are widely used during the production and post-harvest treatment of 

agricultural products. However, human health and contamination of the environment have been 

affected by the increased use of chemical pesticides [1–4]. Pesticide residues in agricultural 

products have always been a matter of serious concern, especially when these products are 

consumed fresh such as lettuce, mustard, cabbage, and kale [5–7]. Headaches, nausea, cancer, 

reproductive harm, and endocrine disruption are short-term and chronic effects on human 

health when using pesticides regularly [8–10]. 

Recently, fruits and vegetables have been given a lot of attention in monitoring 

programs because of higher pesticide residue levels than other food groups, and most of them 

are eaten raw [11–13]. At least five portions of fruits and vegetables are encouraged to eat daily 

as suggested by the Pesticide Residues Committee in the UK [14–16]. Vegetables provide 

many essential vitamins and minerals of a balanced diet. Besides, epidemiological studies 

reported that healthy lives, including lower risks of cancer, cardiovascular diseases, and obesity 
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were probably related to higher intakes of vegetables. However, pests and diseases infestation 

may affect the yield and quality of vegetables. Therefore, it necessitates using pesticides during 

the production and storage of vegetables. Pesticide use has increased over the years to 

effectively control a pest complex of vegetable crops due to rapid action and less human 

resources requirement [17,18]. However, the exceeding prescribed maximum residue limits 

(MLRs) of pesticide residues in harvested produce are caused by injudicious use of these 

compounds, which may pose serious health risks as some of the vegetables are eaten raw or 

undercooked. 

Pesticide residue monitoring is the only tool to control the quantity of pesticides on 

food. For the past few decades, regulatory authorities in many countries have been setting up 

monitoring systems for agricultural products and the environment. The appropriate use of 

pesticides in terms of authorization and registration (application rates and pre-harvest intervals) 

and compliance with maximum residue limits are monitored closely [19,20]. Pesticide residue 

monitoring is also recognized as a significant aspect of initiatives to reduce potential hazards 

to human health [21–24]. MRLs encourage food safety by restricting the concentration of a 

residue permitted on a commodity and limiting the type of commodity on which it is allowed 

[25–28]. MRLs have been established based on good agricultural practices (GAP) data. MRLs 

must be limited toxicologically. Exceeded MRLs are strong indicators of violations of GAP 

[29,30].  

The advantages of optical methods allow rapid measurement on a large number of 

samples, remain intact and could be used for further analysis. Spectral reflectance in the visible 

and near-infrared region (400 – 2500 nm) has been identified as a popular method to sense 

localized factors relating to the soil and crop. Results from spectral reflectance measurements 

have been widely used in arable research to evaluate such factors as soil properties, crop 

characteristics, crop functional components [31–33]. 

Although pesticide residue estimation in agricultural products was reported in some 

studies recently, a fast and non-destructive method for estimating pesticide residues on leafy 

vegetables has not been reported, especially serious when consumed fresh. In addition, the 

application of a cheap portable spectrometer to estimate the quality and quantity of agricultural 

products needs to be investigated. Research related to the quantification of pesticide residues 

on leafy vegetables is limited. This research aims to apply a developed portable spectrometer 

for pesticide residue estimation on three fresh leafy vegetables. In addition, important 

wavelengths related to those pesticide components were also identified. 

2. Materials and Methods 

2.1. Leaf samples preparation. 

Lettuce (Lactuca sativa L.), oriental mustard (Brassica juncea), and bok choy (Brassica 

rapa subsp. Chinensis) were collected from a market in Hanoi, Hue, and Ho Chi Minh City in 

Vietnam. Three mature, healthy leaves were harvested from each plant for spectral reflectance 

measurements and pesticide residue analyses. Spectral reflectance data were measured using 

the handheld spectrometer before being transferred to a chemical laboratory for pesticide 

residue analyses. The leaf spectral reflectance data were collected at 15 points on the blade area 

and averaged to represent each leaf spectral reflectance reported in our previous studies [34–

36]. 
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Three insecticides (Indoxacarb, chlorantraniliprole, emamectin-benzoate), one 

fungicide (Carbendazim), and one plant growth hormone (Gibberellic acid) were tested, which 

have been commonly used on vegetables in Vietnam. The chemical structures of the pesticides 

are shown in Figure 1. Totally, 68 data points for each insecticide, 54 data points for fungicide, 

and 50 data points for plant growth hormone were obtained. 

 
Figure 1. Chemical structures of pesticides used. 

2.2. Spectrometer characteristics. 

In this study, a Nanolambda application development kit (Model: NSP32m-W1 ADK, 

Nanolambda, Daejeon, South Korea), a full spectrum 1W LED, a rechargeable Li-ion battery 

was integrated to develop a portable spectrometer. The wavelength of LED was in the VIS 
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region (380 – 840nm). The data were transmitted to the computer via a USB port. The 

wavelength sensitivity of the sensor was in the range of 340 – 1000nm. Plasmonic filters are 

the core technology of Nanolambda's sensor. This sensor can be integrated onto a regular 

photodetector such as a complementary metal-oxide-semiconductor (CMOS) imager [37]. The 

spectral resolution was 1 nm and integration times were 100 ms. The wavelength range of LED 

was 380 – 840 nm was used as an external light source.  

Computed aided design and 3D printing was used for prototyping the enclosure to house 

the battery, spectrometer, and charging circuit. A rechargeable Li-ion battery with a nominal 

capacity of 400mAh and a nominal voltage of 3.7V was supplied. A schematic diagram of the 

handheld spectrometer is described in Figure 2. Illumination of light source passed to the leaf 

sample, and the reflected light was detected by Nanolambda sensor. The header of the 

spectrometer was designed to measure reflectance in a dark condition to reduce the noise 

introduced by background effects and other uncertainties. 

   
Figure 2. Schematic diagram of the spectral data acquisition system (1) lettuce leaf sample; (2) spectrometer 

holder; (3) spectrometer; (4) computer. 

 
Figure 3. Data acquisition interface in Matlab GUI. 
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A spectral data acquisition interface was developed by Matlab GUI, as depicted in 

Figure 3. To display the predicted value of the residue content, the best model developed for 

predicting the pesticide residue contents in the samples was displayed in the interface. 

Additionally, a CIE chromaticity graph of reflected light was also plotted for further study. 

Shutter speed and average spectra can adjust to obtain stable and more accurate spectral data. 

2.3. Spectrometer characteristics. 

To remove outliers and reach the actual spectra, the moving average method with 21 

smoothing points was applied. After using the smoothing method, the mathematical 

transformation of pre-processed reflectance data was additionally performed to investigate the 

simple non-linear relationship between reflectance spectra and the pesticide residues. The used 

transformations were 1st and 2nd Savitzky-Golay (S. Golay) derivatives (dλ and 2dλ), square 

root (√λ), squared power (λ2), logarithm base 10 (log(λ)), inversion (1/λ), and exponent (eλ). 

Considering too many bands of spectral data is unnecessary. Therefore, stepwise multiple 

linear regression (SMLR) was employed to estimate pesticide residue concentration in the leaf. 

The adjusted coefficient of determination (Adj-R2) and root mean square error of prediction 

(RMSE) were computed and analyzed. All statistical analyses were conducted using Matlab 

(Ver. R2018a, The MathWorks, Natick, MA, USA) and displayed in the interface. 

3. Results and Discussion 

3.1. Summary of the chemical analyses and reflectance spectrum. 

A summary of the descriptive statistics for the chemical determination of the pesticide 

residue content is provided in Table 1. Interestingly, pesticide residue contents were below the 

maximum residue limits. However, these components might affect human health when 

regularly exposed. The maximum residue limits (MRL) of the pesticides were established by 

FAO/WHO Codex Alimentarius. Mass spectrometry analysis demonstrated that gibberellic 

acid was below the determination limit (< 0.01 mg.kg-1). Therefore, in this study, gibberellic 

acid was ignored due to non-detection. 

Table 1. Statistics of pesticide residue contents in the vegetable. 

Vegetable Component No. of 

sample 

Pesticide residue 

(mg/kg) 

MRL 

(mg/kg) 

Carbendazim (mg/kg) Lettuce 68 0.16 ± 0.002 5 

Chlorantraniliprole (mg/kg) Lettuce 68 0.18 ± 0.01 20 

 Oriental mustard 0.56 ± 0.06 

 Bok choy 0.25 ± 0.03 

Emamectin-benzoate (mg/kg) Lettuce 68 0.27 ± 0.03 0.7 

Indoxacarb (mg/kg) Lettuce 54 0.55 ± 0.04 7 

 Oriental mustard 0.39 ± 0.08  

 Bok choy 0.48 ± 0.06  

Gibberellic acid (mg/kg) Lettuce 50 BDL1 no specific 

 Oriental mustard BDL  

 Bok choy BDL  
1 BDL: Below determination limit (< 0.01 mg.kg-1) 

Figure 4 presents the pre-processed reflectance spectra of lettuce, oriental mustard, and 

bok choy using the handheld spectrometer. The results of the combination pre-processing 

method showed less noise compared with the raw data. In the NIR range (700 – 840nm), 

oriental mustard showed a slightly greater reflectance than lettuce and bok choy, whereas the 

reflectance of oriental mustard was lower than the others in the VIS range (380 – 700nm). The 
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difference among the three varieties was not obvious after using the combination of moving 

average smoothing and derivative methods. 

 
Figure 4. Pre-processed reflectance spectra using the combination of moving average smoothing and 

mathematical transformations. 

3.2. Estimation models of the pesticide residues. 

Pearson correlation coefficients between reflectance spectra and carbendazim are 

shown in Figure 5. Reflectance in the VIS range (500 – 700 nm) was highly correlated with 

pesticide residues. The absolute values of correlations were higher for some transformations 

(e.g., square power, exponent, and 1st S. Golay derivative). Correlation between pesticide 

residues and 2nd S. Golay derivative of spectral data was not conspicuous.  
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Figure 5. Correlation coefficients between pre-processed reflectance data and carbendazim. 

Table 2 presents the results of the SMLR procedure over the wavelength range. The 

best model of the SMLR procedure was selected to estimate pesticide components. Good 

estimation models with R2 ≥ 0.90 were obtained for chlorantraniliprole in oriental mustard (R2 

= 0.93) and bok choy (R2 = 0.92); indoxacarb in lettuce (R2 = 0.96) and bok choy (R2 = 0.98). 

Fairly good models (R2 = 0.80 – 0.90) were found for carbendazim and chlorantraniliprole in 

lettuce (R2 = 0.86), and indoxacarb in oriental mustard (R2 = 0.88). However, the result of the 

SMLR was poor (R2 ≤ 0.80) for emamectin-benzoate. The selected wavelengths of λ, dλ, 2dλ, 

and λ2 were slightly different in the same pesticide component, but various apparently in 

different components.  
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Table 2. Results of SMLR procedures over the entire spectral region (380 – 840 nm). 

Pesticide component Variety Transformation Adj-R2 RMSE Selected wavelength (nm) 

Carbendazim (mg/kg) Lettuce 2dλ 0.86 2.11 482, 530, 589, 623, 751, 

785, 833 

Chlorantraniliprole (mg/kg) Lettuce λ 0.86 0.33 407, 417, 469, 515, 590, 

616, 659, 672, 681, 691 

 Oriental 

mustard 

dλ 0.93 0.23 497, 660, 678, 686, 742, 

782, 806, 810, 823 

 Bok choy 2dλ 0.92 0.25 384, 484, 490, 529, 567, 

590, 755, 766, 812, 819, 822 

Emamectin-benzoate (mg/kg) Lettuce dλ 0.79 0.88 401, 541, 669, 757, 763, 787 

Indoxacarb (mg/kg) Lettuce λ 0.96 0.17 403, 475, 476, 490, 496, 

535, 576, 583, 590, 592, 

604, 694 

 Oriental 

mustard 

λ2 0.88 0.29 583, 590 

 Bok choy 2dλ 0.98 0.12 390, 436, 445, 498, 538, 

562, 579, 655, 693, 756, 
781, 788, 806 

Literature reported that the spectra of sedimented carbendazim were recorded in the 

range of 500 – 850 nm [38]. The maximum absorption spectra of sedimented carbendazim 

occurred at 685 nm, and the absorbance at this wavelength was increased upon increasing 

carbendazim concentration. In a study by Strickland and Batt [39], a pesticide detection method 

was presented using cyclodextrin-based complexation and surface-enhance Raman scattering 

(SERS) on gold nanorods. The result showed the 785 nm laser excitation used in the SERS 

studies. The wavelength was also reported in our model. It proved that the wavelength 785 nm 

was significant. For chlorantraniliprole, wavelengths around the red edge (680 – 750nm) and 

NIR regions (750 – 840nm) were identified by the SMLR model. These regions were reported 

as absorption regions of chlorophyll and carotenoid [40–44]. Wavelengths at 401, 541, 669, 

757, 763, and 787 nm were determined by the SMLR model for emamectin-benzoate, while 

the wavelengths at 403, 475, 476, 490, 496, 535, 576, 583, 590, 592, 604, and 694 nm had a 

strong correlation with indoxacarb in lettuce. It was also found that the selected wavelengths 

by the SMLR procedure for indoxacarb in oriental mustard were around the yellow region (570 

– 590nm). Yalçın et al. [45] used the wavelength at 590 nm to investigate the resistance of two 

populations of T. absoluta against five commonly used insecticides (indoxacarb, 

chlorantraniliprole, metaflumizone, spinosad, and azadirachtin). Additionally, 590 nm was also 

used to determine the susceptibility and esterase activity of the 3rd and 5th instar larva of 

Spodoptera litura against three insecticides, including carbamates and chlorantraniliprole, in a 

study by Muthusamy et al. [46]. 

4. Conclusions 

The present study results indicate that the content of pesticide residues in leafy 

vegetables can be predicted using the optical spectrum data in the VIS-NIR region (380 – 840 

nm) by the SMLR procedure. A cheap portable spectrometer developed for spectral data 

acquisition was useful. To produce accurate results, a smoothing method and mathematical 

transformation of collecting spectral datasets were applied. The results showed that 

chlorantraniliprole and indoxacarb were highly estimated with adj-R2 ≥ 0.90. The good 

performance of the SMLR method was observed for indoxacarb in bok choy leaf. Important 

wavelengths for estimating pesticide residues were laid around red-edge and NIR regions 

assigned to pigment absorption, such as carotenoid and chlorophyll. The violet region (380 – 

450nm) was associated with the pesticide component for lettuce. A wavelength of 590 nm was 
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reported as an important wavelength for developing prediction models of chlorantraniliprole 

and indoxacarb. The findings of this study would be useful for designing or developing any 

multiple wavelength spectrometer for pesticide residues determination of any crops. 
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