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Abstract

:

Rapid and facile determination of pesticides is critically important in food and environmental monitoring. This study developed a self-assembled gold nanoparticle array based SERS method for highly specific and sensitive detection of acetamiprid, a neonicotinoid pesticide that used to be difficult in SERS analysis due to its low affinity with SERS substrates. SERS detection and quantification of acetamiprid was conducted with self-assembled gold nanoparticle arrays at the interface of chloroform and water as the enhancing substrate. Since targets dissolved in chloroform (organic phase) also have access to the hot-spots of Au NP array, the developed method exhibited good sensitivity and specificity for acetamiprid determination. Under the optimal conditions, SERS intensities at Raman shifts of 631 cm−1 and 1109 cm−1 displayed a good linear relationship with the logarithm concentration of acetamiprid in the range of 5.0 × 10−7 to 1.0 × 10−4 mol/L (0.11335 ppm to 22.67 ppm), with correlation coefficients of 0.97972 and 0.97552, respectively. The calculated LOD and LOQ of this method were 1.19 × 10−7 mol/L (0.265 ppb) and 2.63 × 10−7 mol/L (0.586 ppb), respectively, using SERS signal at 631 cm−1, and 2.95 × 10−7 mol/L (0.657 ppb) and 3.86 × 10−7 mol/L (0.860 ppb) using SERS signal at 1109 cm−1, respectively. Furthermore, the developed SERS method was successfully applied in determining acetamiprid on the surface of apple and spinach. This method offers an exciting opportunity for rapid detection of acetamiprid and other organic pesticides considering its advantages of simple preparation process, good specificity and sensitivity, and short detection time (within 1 h).
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1. Introduction


Pesticides have made great contributions to modern agriculture, especially in fruit and vegetable production, since they can protect crops against pests and insects. So far, a great number of pesticides belonging to classes of organophosphates, organo-chlorines, and neonicotinoids have been developed and used [1,2,3]. Among them, acetamiprid, a new type of neonicotinoid pesticide, has been widely used for the prevention and control of insects [4]. However, acetamiprid can cause endocrine disruption in humans with short-term exposure and can cause cancer, birth defects, and even reduce reproductive function in humans with long-term exposure [5,6]. The excessive application of acetamiprid has resulted in its accumulation in soil, leading to negative impact on the safety of fruit and vegetables [7,8]. Since acetamiprid residues in fruit and vegetables pose a safety threat to humans [9], it is essential to detect acetamiprid in fruit and vegetables to ensure food safety and to maintain public health.



At present, acetamiprid is mainly detected using routine detection methods such as gas chromatography (GC) [10], high-performance liquid chromatography (HPLC) [11], and liquid/gas chromatography tandem mass spectrometry (LC-MS/GC-MS) [12]. These methods possess good specificity and accuracy, however, these methods depend on complex sample preparation procedures, expensive instruments, and professional personnel [13]. Their applications in the rapid detection of acetamiprid have been hindered by these shortcomings. Therefore, it is critically important to develop an easy and rapid method for the detection of acetamiprid.



Surface-enhanced Raman scattering (SERS) is a combination of Raman scattering and nanotechnology. It has advantages of simple sample preparation, rapid response, high sensitivity, and simultaneous characterization capacity [14]. Therefore, it has been considered as a promising technique for food quality and safety analysis. In addition, recently published studies have highlighted the potential of SERS on quantitative analysis, which used to be a challenge for conventional SERS analysis due to the instability of SERS signals [15,16,17]. However, the reported SERS methods for acetamiprid detection relied on recognizing elements to capture acetamiprid due to the low affinity between SERS substrates such as gold nanoparticles (Au NPs) and acetamiprid [9,18,19]. Recently reported SERS analysis based on self-assembled Au NP arrays at the interface of the water–organic (W/O) phase provides a new solution in breaking the affinity limitation between acetamiprid and SERS substrates since targets dissolved in the organic phase also have access to the hot-spots of Au NP array and their Raman signals can be further enhanced by ~10-fold compared with conventional SERS [20,21].



Herein, we proposed a facile and rapid SERS method for the detection and quantification of acetamiprid using a self-assembled Au NP array at the interface of water and chloroform as the enhancing substrate. The Au NP colloid was synthesized by our lab using a citrate reduction method. The self-assembled Au NP array was prepared by adding an equal volume of homemade Au NP colloid and chloroform into a hydrophilic glass vial and shaking vigorously. For the detection of acetamiprid, acetamiprid dissolved with chloroform was first mixed with an equal volume of Au NP colloid to form a self-assembled Au NP array. SERS spectra of the samples were then collected with a portable Raman spectrometer by irradiating the self-assembled Au NP array with 785 nm laser under optimized conditions. The advantages of the self-assembled Au NP array at the interface of the W/O phase are easy preparation, self-healing, and good SERS enhancement for oil-soluble analytes. The developed SERS detection platform based on the self-assembled Au NP array at the interface of the W/O phase exhibited great potential in breaking the binding affinity limitation between targets and SERS substrates as well as quantitative SERS detection of hydrophobic analytes.




2. Experimental Section


2.1. Reagents and Instruments


Chloroauric acid tetrahydrate (HAuCl4·4H2O, 47.8%) was supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium citrate tribasic dehydrate (99.0%), chloroform (CHCl3), n-hexane, cyclohexane, acetamiprid, cyclohexane sulfuric acid (H2SO4, 98%), and hydrogen peroxide (H2O2, 30%) were purchased from Aladdin Biochemical Technology Co. Ltd. (Shanghai, China). All reagents were of analytical grade and used as received. Fruits and vegetables were purchased from a local supermarket. Au NPs were characterized by Evolution 201 UV-Vis spectrometer (Thermo scientific, Madison, GA, USA) and a Talos F200X transmission electron microscopy (TEM) (Thermo Scientific, Hillsboro, OR, USA). SERS spectra were measured using a portable Raman spectrometer (i-Raman Plus BWS465-785H spectrometer, B&W Tek, Newark, DE, USA).




2.2. Synthesis of Au NP Colloid


Au NPs were prepared according to a previously reported method [16]. Briefly, 300 μL of HAuCl4·4H2O (1%, w/v) and 30 mL of distilled water were added into a 100 mL clean conical flask. The mixture solution was stirred at the speed of 250 rpm using a magnetic stirrer and rapidly heated to boil. As soon as the solution was boiling, 180 μL of sodium citrate tribasic dihydrate solution (1%, w/v) was added into the mixture. The conical flask was removed from heat after about 5 min, once NP maturation was completed as the color turned a cloudy claret. The synthesized Au NP colloid was cooled at room temperature and stored at 4 °C for further use. UV-Vis absorption spectrum of the synthesized Au NPs was collected using a 1:2 dilution (stock: H2O). Representative TEM images of the synthesized Au NPs were collected with 10 μL of 1:5 (stock: H2O) dilution on a carbon-coated copper grid.




2.3. Preparation of Self-Assembled Au NP Array at the Interface of Water and Chloroform


An interfacial self-assembled Au NP array was prepared following a reported method with minor modification [14]. Briefly, 1.5 mL chloroform and 1.5 mL homemade Au NP colloid were added into a hydrophilic glass vial unless otherwise stated. The mixture was vigorously shaken to induce self-assembly of Au NPs at the water–chloroform interface. After 30 to 60 s of sharp shaking, the Au NP array was formed at the interface between the aqueous phase and organic phase and the color of the Au NP colloid changed from cloudy claret to colorless.




2.4. SERS Detection of Acetamiprid


In this study, 0.0222 g acetamiprid was dissolved in 10 mL chloroform to prepare a stock solution of acetamiprid with a concentration of 1.0 × 10−2 mol/L. The stock solution was diluted with chloroform to the required concentrations unless otherwise stated. For SERS detection, 1.5 mL Au NP colloid was mixed with 1.5 mL of acetamiprid chloroform solution and shaken vigorously. The interfacial self-assembled Au NP array was formed in 1 min after shaking. Then, the mixture including the generated Au NP array was gently transferred into a quartz cuvette. After, SERS spectra were collected by a portable Raman system with a 785 nm laser at a power of 320 mW and an integration time of 6 s. SERS analysis was conducted in triplicate.




2.5. Real Sample Detection


To verify the feasibility of the developed SERS method in real sample analysis, apple and spinach were used as representatives. Apple and spinach were bought from a local supermarket. A surface swab method was used to recover pesticides from the surfaces of apple and spinach [22]. Swab sticks were bought from a drugstore. First, the surface of apple or spinach was wiped by a swab pre-soaked with chloroform, then the swab stick was immersed in 2 mL chloroform and ultrasonically extracted for 15 min to release the pesticides. Next, 1.5 mL of the obtained chloroform containing pesticide was mixed with an equal volume of Au NP colloid to induce a self-assembled Au NP array. After the formation of the Au NP array, the mixture was transferred into a silicon cuvette to collect its SERS spectra.





3. Results and Discussion


3.1. Preparation of Self-Assembled Au NP Array at the Interface of Water and Chloroform


In this study, Au NPs were synthesized by a citrate reduction method and characterized with UV-Vis spectroscopy, particle size analyzer, and TEM. UV-Vis spectroscopy was used to examine the optical properties of the Au NP colloid. It has been reported that Au NPs exhibited good optical property depending on their localized surface plasmon resonance (LSPR) bands [23]. Figure 1A shows a representative UV-Vis spectrum of the synthesized Au NPs. The UV-Vis spectrum of the synthesized Au NP colloid presented a maximum absorbance at 544 nm, which indicated the successful synthesis of Au NPs [24]. As can be seen from Figure 1B, the main diameter of the synthesized Au NPs was 51 nm. Morphology of the synthesized Au NPs was characterized by TEM. The TEM image in Figure 1B (insert panel) shows that the morphology of the homemade Au NPs was homogeneous and oval in shape.



Scheme 1 presents the procedure of detecting acetamiprid by SERS combined with a self-assembled Au NP array at the interface of chloroform and water. The Au NP array was spontaneously formed at the incompatible water/chloroform interface after vigorously shaking the mixture of an equal volume of the homemade Au NP colloid and chloroform in hydrophilic glass bottle. The whole process was completed within 30 to 60 s, and a golden metallic film at the interface of the chloroform and water phases was clearly observed. Since the Au NPs were trapped in the water/chloroform interface, the Au NP colloid residual turned colorless. The Au NP colloid residual was also assessed by UV-Vis spectroscopy and the UV-Vis spectrum of the Au NP colloid residual was almost the same as that of the double distilled water (control) (Figure S1).



Performances of different organic solvents on the induction of self-assembled Au NP arrays were investigated. The results (Figure 2) indicated that chloroform was better than n-hexane and cyclohexane. This is probably because the polarity of chloroform is much closer to water when compared with n-hexane and cyclohexane, and the closer the polarity of organic solvent is to water, the easier the formation of the self-assembled Au NP array [25,26]. It has been reported that the formation of self-assembled Au NP arrays are decided by three forces: the interfacial surface tension, coulombic repulsion, and van der Waals attraction [27,28]. Thus, chloroform was used as the organic solvent to induce the self-assembly of the Au NP array in the following experiments.




3.2. Comparison of Self-Assembled Au NP Array Based, Liquid Based, and Dried Liquid Droplet Based SERS Detection of Acetamiprid


In this study, SERS detection of acetamiprid using the self-assembled Au NP array as an enhancing substrate was conducted by the above described procedure. Liquid based SERS detection of acetamiprid was conducted by dissolving and diluting acetamiprid with methanol instead of chloroform and a 1.5 mL well-prepared sample with 1.5 mL Au NPs colloid, then the mixture was placed into a 1 cm quartz cuvette before collecting the SERS spectra. SERS detection of acetamiprid in a dried liquid droplet was conducted by dropping a 10 μL well-prepared liquid sample of liquid based SERS detection onto a tin-foil covered glass slide, dried at room temperature, and then the SERS spectra were collected from the dried liquid droplet. SERS spectra of acetamiprid at the concentration of 1.0 × 10−5 mol/L collected from the self-assembled Au NP array based, liquid based, and dried liquid droplet based SERS analysis are given in Figure 3. As can be seen in Figure 3, characteristic peaks of acetamiprid at Raman shifts 631 cm−1, 827 cm−1, 854 cm−1, 1043 cm−1, and 1109 cm−1 were clearly observed in the self-assembled Au NP array based on SERS detection. However, no characteristic peak of acetamiprid was observed in the liquid based and dried liquid droplet based SERS analysis. Therefore, the performance of the self-assembled Au NP array based on SERS on the detection of acetamiprid was superior to those of the other two modes of SERS analysis. In addition, a comparison of the SERS spectrum of acetamiprid at the concentration of 1.0 × 10−5 mol/L and the Raman spectrum of acetamiprid powder is shown in Figure S2. As can be seen from Figure S2, the locations of the characteristic peaks of acetamiprid were different in the SERS spectrum of acetamiprid at the concentration of 1.0 × 10−5 mol/L and the Raman spectrum of the acetamiprid powder [29]. This phenomenon was in agreement with a previous report and is probably due to the interaction of acetamiprid with the Au NP array. The peak at 631 cm−1 was attributed to the ring structure and the peak at 1109 cm−1 was associated with the C–C stretches in the molecule [2]. The peak at the Raman shift 854 cm−1 was probably related to the CNC stretching. The peak at 827 cm−1 is possibly derived from the ring vibration from para-disubstituted benzene and the peak at 1043 cm−1 might be related to ring vibration from ortho-disubstituted benzene. Stability of the self-assembled Au NP array was assessed by comparing the SERS spectra of acetamiprid collected with the freshly prepared Au NP array and Au NP arrays stored at room temperature for three days and seven days (Figure S3). As can be seen from Figure S3, intensities of the characteristic SERS signals of acetamiprid at the Raman shifts of 631 cm−1 and 1109 cm−1 showed no significant difference between the spectra collected from freshly prepared Au NP array and Au NP array stored for three days. After being stored for seven days, the intensities still reached 89% of that from the fresh prepared Au NP array. These results indicated that the self-assembled Au NP array prepared in this study had good stability.




3.3. Optimization of the Experimental Parameters


To improve the sensitivity of the self-assembled Au NP array based SERS for acetamiprid detection, experimental parameters such as the volume ratio of Au NPs and sample solution and integration time were optimized. Effects of concerned parameters were evaluated by the intensity of the characteristic SERS peaks of acetamiprid at 631 cm−1 and 1109 cm−1. Volume ratios of chloroform and Au NP colloid were optimized from 3:1 to 1:3 by keeping a constant total volume. Figure 4A illustrated the SERS spectra of acetamiprid collected with self-assembled Au NP arrays prepared at different volume ratios of chloroform and Au NP colloid. As shown in Figure 4A, the intensity of the SERS signal at 631 cm−1 and 1109 cm−1 first increased and then decreased when the ratio of chloroform and Au NP colloid changed from 3:1 to 1:3, and the highest intensity was observed at the volume ratio of 1:1. When the volume ratio of chloroform and Au NPs was in the range of 3:1 to 1:1, intensities of characteristic peaks of acetamiprid at 631 cm−1 and 1109 cm−1 increased with the increase in Au NP dosage. This is probably because more hot-spots were generated with the increase in Au NP colloid dosage. While some folds that stretched into the water phase were clearly observed in the Au NP arrays when the ratio of chloroform and Au NP colloid was in the range of 1:1 to 1:3, in this range, the intensity of SERS signals decreased with the increase in Au NP dosage. This phenomenon was in agreement with a previously reported study [20]. We speculated that the formation of folded area in the Au NP array would lead to the reduction in hot-spots that were available for acetamiprid in chloroform. Therefore, an equal volume of Au NP colloid and chloroform was used to induce the formation of high-quality interfacial Au NP arrays for acetamiprid detection in subsequent experiments.



Integration time is also a vital factor affecting the intensity of Raman signal, normally the intensity of the Raman signal increases with the increase in integration time. However, if the integration time was too long, the SERS intensity might exceed the maximum range of the instrument. Therefore, optimization of the integration time was evaluated by the intensity of characteristic peaks as well as the integrity of the Raman spectrum. As shown in Figure 4C, intensities of the characteristic SERS peaks of acetamiprid at 631 cm−1 and 1109 cm−1 increased with the increase in integration time. When an integration time of 7 s was applied, the SERS spectra of acetamiprid exhibited an overall upward shift, and the absolute intensities of the characteristic peaks at the Raman shifts of 631 cm−1 and 1109 cm−1 were almost the same with those collected with an integration time of 6 s. Thus, an integration time of 6s was used as the optimal integration time in the following experiments. The intensity of the Raman peak is crucial to quantitative analysis. This method was expected to be more sensitive and accurate with an integration time of 6 s applied.




3.4. Specificity of the Developed Self-Assembled Au NP Array Based SERS Method


Acetamiprid, clothianidin, imidacloprid, and thiamethoxam all belong to neonicotinoid pesticides and were selected to assess the specificity of the developed SERS method. SERS spectra of these pesticides collected with the self-assembled Au NP arrays and their corresponding principal component analysis (PCA) results are given in Figure 5. The results indicated that SERS spectra of different neonicotinoid pesticides were significantly different and the developed SERS method also could be applied to the detection of other organic pesticides. In the PCA plot (Figure 5B), the first three components explained 99.53% of the difference, and PC1, PC2, and PC3 accounted for 85.25%, 10.63%, and 3.64%, respectively. The loading plots for the first three components in PCA analysis are given in Figure S4.




3.5. Detection of Acetamiprid by Self-Assembled Au NP Array Based SERS


The sensitivity and dynamic range of the developed SERS method based on the self-assembled Au NP array for acetamiprid detection were determined under the optimal experimental conditions. The logarithm concentrations of acetamiprid and their corresponding intensities of the characteristic SERS peaks of acetamiprid at 631 cm−1 (ring deformation) and 1109 cm−1 (C-C stretch) were used to build standard curves, which could be used for the quantification of acetamiprid. SERS spectra of acetamiprid solutions with different concentrations were collected under the optimized conditions, and are shown in Figure 6A. Each sample was analyzed in triplicate and averaged. As can be seen from Figure 6A, the two typical peaks of acetamiprid at Raman shifts of 631 cm−1 and 1109 cm−1 increased with the increase in acetamiprid concentration. However, acetamiprid solution with a concentration above 5.0 × 10−4 mol/L showed weaker SERS signals than those of the adjacent lower concentration solution. We speculated that when the concentration of acetamiprid was above 5.0 × 10−4 mol/L, a non-negligible part of acetamiprid would enter into the Au NP colloid and lead to the agglomeration of Au NPs during vortex before the formation of the self-assembled Au NP array. The prior agglomeration of Au NPs led to the formation of an inhomogeneous self-assembled Au NP array that exhibited a weak SERS enhancement property and resulted in the decrease in SERS signals at the concentration above 5.0 × 10−4 mol/L. As shown in Figure 6B, the SERS intensities at Raman shifts of 631 cm−1 and 1109 cm−1 displayed a good linear relationship with the logarithm concentration of acetamiprid in the range of 5.0 × 10−7 to 1.0 × 10−4 mol/L, with correlation coefficients of 0.97972 and 0.97552, respectively. The limits of detection (LOD) and quantification (LOQ) were calculated according to the following equations: LOD = 3 SD/k and LOQ = 10 SD/k, SD is the standard deviation of the SERS intensities at 631 cm−1 and 1109 cm−1 for blank samples, and k is the slope of the standard curve. Thus, the calculated LOD and LOQ of this method were 1.19 × 10−7 mol/L and 2.63 × 10−7 mol/L using the SERS signal at 631 cm−1, and 2.95 × 10−7 mol/L and 3.86 × 10−7 mol/L using the SERS signal at 1109 cm−1.



The linear range, LOD, LOQ, and R2 of the developed SERS method and previously reported methods were compared and are listed in Table 1. In comparison with other methods for the detection of acetamiprid, the developed self-assembled Au NP array based SERS method exhibited a wider linear range and lower LOD. In addition, LODs of the developed SERS method were below the maximum residue limitations for spinach (5 mg/kg) and apple (0.8 mg/kg) in the Chinese standard. In addition, the developed SERS method is easy to conduct and can be finished within 1 h. Therefore, the developed SERS method has the potential to be applied as a rapid detection method for acetamiprid and the determination of other organic pesticides.




3.6. Application of the Developed SERS Method in Quantitative Detection of Acetamiprid in Spinach and Apple


The feasibility of the developed Au NP array based SERS method for detecting acetamiprid in real samples was evaluated using spinach and apple as representatives. Samples were first artificially contaminated with acetamiprid at concentrations of 1.0 × 10−6 mol/L and 1.0 × 10−5 mol/L. Then, the un-contaminated sample (control) and artificially contaminated samples were detected using the developed SERS method. The corresponding SERS spectra were given in Figure S5. The results were summarized in Table 2. As can be seen from Table 2, recoveries for the detection of acetamiprid on the surface of spinach and apple using the developed SERS method were in the range of 73.69–98.07% with RSDs ranging from 1.25% to 6.85%. The results proved that the developed SERS method had good accuracy and consistency.





4. Conclusions


In this study, an easy, rapid, and quantitative SERS method for acetamiprid detection was developed using self-assembled Au NP array as enhancing substrate. The Au NP array was prepared through mixing an equal volume of chloroform and Au NP colloid in a hydrophilic glass vial. Under the optimized experimental conditions, SERS intensities at Raman shifts of 631 cm−1 and 1109 cm−1 displayed a good linear relationship with the logarithm concentration of acetamiprid in the range of 5.0 × 10−7 to 1.0 × 10−4 mol/L, with correlation coefficients of 0.97972 and 0.97552, respectively. The LODs for acetamiprid were as low as 1.19 × 10−7 mol/L and 2.95 × 10−7 mol/L at 631 cm−1 and 1109 cm−1, respectively. Furthermore, the method has the advantages of simple preparation process, good specificity, and short detection time (within 1 h). Furthermore, the developed SERS method was successfully applied in acetamiprid detection on the surfaces of apple and spinach. Therefore, this study developed a facile and rapid SERS method for acetamiprid detection and quantification, which had the potential to be applied for the rapid determination of acetamiprid and other organic pesticides in fruit and vegetables.
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Figure 1. (A) UV-Vis absorption spectrum of the synthesized Au NP colloid. (B) Size distribution (main panel) and transmission electron microscope image of the synthesized Au NPs (insert panel). 
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Scheme 1. The procedure of acetamiprid detection using SERS combined with a self-assembled Au NP array at the interface of water and chloroform. 
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Figure 2. Images of the mixture of thee Au NP colloid and different organic solvents before and after shaking (1: n-hexane, 2: cyclohexane, 3: chloroform). 
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Figure 3. SERS spectra of acetamiprid at the concentration of 1.0 × 10−5 mol/L and corresponding controls collected by (a) self-assembled Au NP array based, (b) liquid based, and (c) dried liquid droplet based SERS analysis. 
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Figure 4. (A) SERS spectra of acetamiprid collected with the Au NP array generated by chloroform and Au NPs at volume ratios from 3:1 to 1:3; (B) SERS intensity of 631 cm−1 and 1109 cm−1 at different volume ratios; (C) SERS spectra of acetamiprid collected with an integration time of 1 s to 7 s; (D) SERS intensity of 631 cm−1 and 1109 cm−1 at different integration times. 
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Figure 5. (A) SERS spectra of acetamiprid and other neonicotinoid pesticides with a similar structure (imidacloprid, thiamethoxam and clothianidin) at a concentration of 1. 0 × 10−5 mol/L; (B) PCA plot of SERS spectra of acetamiprid, imidacloprid, thiamethoxam clothianidin, and blank. 
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Figure 6. (A) SERS spectra of acetamiprid with concentrations from 0 to 1.0 × 10−3 mol/L collected with the self-assembled Au NP array as the enhancing substrate; (B) Standard curves of the developed SERS method for acetamiprid quantification (5.0 × 10−7 mol/L to 1.0 × 10−4 mol/L) based on the intensities of the Raman shifts at 631 cm−1 and 1109 cm−1. 
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Table 1. Comparison of different methods for acetamiprid detection.
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	Analytical Method
	Liner Range
	LOD
	LOQ
	R2
	References





	LC-MS/MS
	1.802 × 10−8 to 1.802 × 10−6 mol/kg
	2.7 × 10−9 mol/kg
	8.98 × 10−9 mol/kg
	0.9998
	[12]



	SPE/LC–MS
	2.2 × 10−7 to 2.2 × 10−6 mol/L
	9.0 × 10−8 mol/L
	-
	-
	[30]



	Colorimetry
	1 × 10−7 to 1 × 10−5 mol/L
	1.0 × 10−7 mol/L
	-
	-
	[1]



	Electrochemistry
	1.0 × 10−8 to 2.0 × 10−6 mol/L
	2.0 × 10−10 mol/L
	-
	0.998
	[31]



	SERS
	4.5 × 10−6 to 4.5 × 10−4 mol/L
	4.5 × 10−6 mol/L
	-
	-
	[29]



	SERS
	5.0 × 10−7 to 1.0 × 10−4 mol/L
	1.19 × 10−7 mol/L
	2.63 × 10−7 mol/L
	0.97972
	This work







-: Not mentioned.
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Table 2. Determination of acetamiprid in spiked spinach and apple using the developed SERS method.
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Samples

	
Spiked

Concentration (mol/L)

	
Detected

Concentration (mol/L)

	
Recovery (%)




	
631 cm−1

	
1109 cm−1

	
631 cm−1

	
1109 cm−1






	
Spinach

	
-

	
-

	
-

	
-

	
-




	
1.0 × 10−6

	
8.259 × 10−7

	
7.369 × 10−7

	
82.59

	
73.69




	
1.0 × 10−5

	
8.759 × 10−6

	
9.755 × 10−6

	
87.59

	
97.55




	
Apple

	
-

	
-

	
-

	
-

	
-




	
1.0 × 10−6

	
8.617 × 10−7

	
9.807 × 10−7

	
86.17

	
98.07




	
1.0 × 10−5

	
9.701 × 10−6

	
9.706 × 10−6

	
97.01

	
97.06








-: not detectable.
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