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A B S T R A C T   

Carbendazim and acetamidine are pesticides that widely used to control pests and diseases in 
oilseed rape. In this paper, a rapid, accurate and reliable method was proposed for the detection 
of carbendazim and acetamidine with SERS microfluidic chip technology. Ag-ps(Polystyrene 
microspheres) microsphere SERS substrate was prepared by spin coating and magnetron sput
tering deposition of Ag. The enhancement factor of prepared SERS substrate was 2.4 × 1010. The 
SERS detection working curves were well fitted and the linear parameters R2 were 0.987 and 
0.994, respectively. The limit of detection was 0.01 mg/mL. The use of SERS microfluidic chip to 
detect carbendazim and acetamidine is expected to provide a way for the detection of pesticide 
residues in crops, which has broad application prospects in the field of food safety.   

1. Introduction 

The use of pesticides can prevent oilseed rape from being harmed by diseases, pests and grasses, so as to ensure crop yield and 
quality [1–4]. Pesticide used in rape plant may lead to pesticide residues in rapeseed, among which organophosphorus pesticides are 
widely used. Organophosphorus pesticides have the characteristics of wide range, high efficacy and short half-life, which have been 
widely used in rape planting. In order to control the production of pests and weeds, pesticides are used heavily, about 4 kg per hectare. 
This will bring a series of problems, such as pesticide residues, drug resistance, environmental pollution, etc., which have a serious 
threat to the safety of rape production [5–7]. Carbendazim and acetamidine are widely used to control pests and diseases in oilseed 
rape. They can improve the yield and quality of oilseed rape and ensure the economic benefits of farmers. However, if used incorrectly 
or in excess, it may remain in crops and have an impact on human health and the environment. Therefore, it is urgent to develop rapid, 
accurate and sensitive detection methods of carbendazim, acetamidine and other pesticides. 

At present, the commonly used pesticide residue detection methods include chromatography, enzyme inhibition and biosensor 
detection [8–10]. The chromatographic method has small sample amount, fast analysis speed and high detection sensitivity, but it is 
limited by molecular size, boiling point and other factors, so the separation effect of polar substances is poor, and limited in detection 
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[11]. The specificity of enzyme inhibition method needs to be further improved, and the sample substrate also has certain influence on 
enzyme activity [12]. Biosensors have the advantages of high selectivity, portability and automation, but the production process is 
complicated and the cost is high. In recent years, the rapid development of instrument technology makes the spectral analysis and 
detection technology in agriculture, food detection widely used [13–15]. Compared with the traditional chromatography, enzyme 
inhibition method, biosensor method, surface enhanced Raman spectroscopy has the advantages of fast detection speed, high sensi
tivity, low detection limit. 

Raman technology includes Raman spectroscopy and various derivative methods. It is a kind of scattering spectrum characterized 
by molecular vibration and rotation [16]. When the excited light and analyte molecules collide inelastic, the scattered light of different 
wavelengths is generated, and the scattered light of higher wavelength is collected to form Raman spectrum. Each molecular structure 
has its unique fingerprint characteristics of Raman spectrum, which makes Raman spectrum has important application value in the 
analysis of molecular structure [17]. The phenomenon was first discovered by Raman in 1928. SERS was originally discovered in 1974 
by Fleischmann et al. who observed that the Raman signal of pyridine molecules adsorbated on rough silver surfaces was much 
stronger than that of pyridine molecules adsorbated in solution. Surface-enhanced Raman spectroscopy (SERS) techniques signifi
cantly enhance the Raman signal compared to conventional Raman spectroscopy, thereby improving the sensitivity of SERS substrates. 

Currently, researchers attribute surface-enhanced Raman scattering to two mechanisms: electromagnetic enhancement and 
chemical enhancement. In electromagnetic enhancement, local electromagnetic field enhancement caused by surface plasmon reso
nance is considered to be the most important contribution. Surface plasmon is the collective oscillation effect of free electrons in metal 
under the photoelectric field. Selecting appropriate excitation wavelength can greatly improve the intensity of electromagnetic field 
[18,19]. The chemical enhancement is attributed to the fact that when molecules are chemically adsorbed on the substrate surface, 
surface adsorbed atoms and other co-adsorbed species may have certain chemical interactions with molecules. These factors have a 
direct impact on the electron density distribution of molecules, that is, the change of system polarizability affects its Raman strength 
[20,21]. 

Microfluidic technology is a technique to study the behavior and control of micro fluid. It controls the flow and mixing of liquids at 
the micron scale by placing fluids in micron scale channels. Compared with traditional laboratory technology, microfluidic technology 
has the advantages of high throughput, high sensitivity, small size, low cost, automation and integration [22–24]. In recent years, 
Raman spectroscopy and surface-enhanced Raman spectroscopy are combined with microfluidic chip, showing their unique com
plementary advantages. The laser spot can penetrate the transparent chip, so as to realize the non-destructive, in situ, online, and 
multi-target detection on the chip, with high resolution, fast speed, high sensitivity, good repeatability, and high degree of automation 
[25,26]. Gauthier Emonds-Alt et al. combined SERS with a microfluidic system to develop, optimize and validate methods for the 
determination of glyphosate in tap water. The microfluidic setup was optimized, the microfluidic design was constructed for the 
configuration of this application to integrate the SERS substrate synthesis into the detection of analytes, and the experimental design 
method was used to maximize the SERS signal of glyphosate. The limits of glyphosate were 40 μg/L and 78 μg/L, respectively. The 
recoveries ranged from 76 % to 117 %, and the reproducibility and disunity were less than 17 %. AMPA and glyphosate were 
simultaneously detected in tap water [27]. Xuan He et al. developed an ultra-sensitive and reusable SERS microfluidic biosensor with 
UO2+ response characteristics, prepared an aptamer-modified zinc-silver hybrid array by colloidal crystal template method, and 
applied it to high-performance sensor UO2+ with detection limit as low as 7.2 × 10− 13 M. It is nearly five orders of magnitude lower 
than the maximum pollution level set by the Environmental Protection Agency [28]. Microfluidic technology expands the application 
areas of Raman and surface-enhanced Raman spectroscopy to meet extensive testing requirements, opening up new opportunities for 
integration and miniaturization of analysis platforms [29]. 

In this paper, a fast, accurate and reliable method was proposed. The SERS microfluidic chip technology was used to prepare the 
SERS substrate of Ag-Ps microspheres by spin coating and magnetron sputtering deposition of Ag. The PDMS microfluidic chip was 
designed and the SERS substate was bonded for detection. The linear parameters R2 of carbendazim and acetamidine were 0.987 and 
0.994, respectively, and the minimum detection limit was 0.01 mg/mL. The detection principle is shown in Fig. 1. 

Fig. 1. Fabrication and detection of SERS microfluidic chip.  
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2. Experimental section 

2.1. Materials 

Domestic monodisperse polystyrene microsphere solution; N-type silicon substrate with crystal phase <110>; 99.99 % pure silver 
target; R6G; Graphene oxide (GO); Polydimethylsiloxane (PDMS); SU-8 3035 photoresist; Polyethylene glycol (PEG); PTFE catheter; 
Carbendazim powder standard sample, acetamidine powder standard sample; Methanol, acetone, anhydrous ethanol, dilute hydro
chloric acid from the laboratory, are analytically pure; Deionized water was used in all experiments. 

2.2. Preparation of SERS base for PS microsphere arrays 

First, a four-inch silicon wafer is cut into a cube shape of 1.5 cm by 1.5 cm using a silicon wafer knife. Then, the cut silicon wafers 
were cleaned with acetone, anhydrous ethanol, dilute hydrochloric acid and deionized water for 5min in turn. Finally, a large amount 
of deionized water was used for washing, and the surface of the silicon wafers was dried with nitrogen. Magnetron sputtering 100 nm 
thick silver film on the treated silicon substrate as the reflective layer. During the self-assembly of PS microspheres with a diameter of 
200 nm, the concentration of dispersing liquid and the spin coating speed have a great influence on the array structure. Therefore, 
different concentrations and different rotation speeds are selected for the experiment to achieve the optimal effect. Before spinning 
coating, the substrate is placed in a plasma cleaning machine, and plasma treatment is carried out for 1min to improve the hydro
philicity of the silicon wafer. Then the silicon substrate with improved hydrophilicity was placed on the suction cup of the glue 
levelling machine, the vacuum pump was opened, the silicon wafer was fixed on the suction cup, and the rotational speed of the glue 
levelling machine was adjusted. The rotational coating time was 15s–20s. After the above experiments were prepared, 20 - 40 μl of PS 
microsphere dispersing liquid of different concentrations was dropped on the silicon wafer with a pipette gun. After dispersing liquid 
spread all over the silicon wafer, spin coating was started. The optimal spin coating effect was achieved by adjusting different spin 
coating speed. The single layer PS microsphere array structure prepared above is used as template, and placed into the magnetron 
sputtering coating machine. The current is adjusted to about 50A, and the magnetron sputtering 60 nm thick precious metal silver is 
used as the active layer, thus greatly improving the Raman signal intensity. On the basis of the prepared Ag-PS microspheres SERS base, 
10 mg of GO was dissolved in 100 mL deionized water, and then ultrasonic mixing was carried out to make GO completely dissolved in 
water, and 0.1 mg/mL of GO aqueous solution was obtained. Then a pipette was used to absorb 20 μl of GO aqueous solution and add it 
to the surface of SERS base. The rotational speed of the homogenizer was set as 1200r/min for 10s and 2500r/min for 30s, so that the 
GO aqueous solution was evenly distributed on the surface of SERS base. Finally, the SERS substrate coated with GO was heated at 
80 ◦C for 20min to obtain Go-Ag-Ps microspheres SERS substrate. 

2.3. Microfluidic chip preparation 

According to the microfluidic microchannel structure, the drawing is designed in AutoCAD, and the mask plate is made by UV 
lithography technology. Before PDMS inverted mold, mold surface needs to be treated, mold surface should be clean, smooth, free of 
dust and impurity. The mold surface should also be modified with silanization, to avoid the adhesion of PDMS on the mold. A syringe 
was used to drain 40 g of PDMS into a plastic beaker. Then take PDMS curing agent 4 g in plastic beaker according to the ratio of PDMS 
to curing agent 10:1. A glass stirring rod was used to stir for 30min, and thoroughly mix PDMS and curing agent. After the stirring is 
completed, many tiny bubbles will be produced in the mixture. Place the plastic beaker containing the PDMS mixture in a vacuum 
oven. Open the exhaust valve to draw out the air in the oven. When the vacuum inside the box reaches the vacuum standard, close the 
exhaust valve. During the vacuum period, the PDMS mixture will expand, and pay attention to prevent the mixture from overflowing. 
After vacuum for 30min, the air bubbles in the mixture have disappeared. The treated PDMS mixture is coated on the silicon mold and 
placed in a vacuum oven. At 80 ◦C, it was cured for 1 h. After curing, the cured PDMS cover sheet is peeled off from the silicon template. 
After salinizing the silicon template, the PDMS can be directly peeled off from the silicon template. Then the cured PDMS were cut to 
obtain the PDMS cover. Then, a hole punch was used to punch holes in the corresponding positions on the PDMS cover sheet. The 
finished PDMS cover sheet and glass substrate were soaked in ethanol and isopropyl alcohol solution successively, cleaned by ul
trasonic cleaning instrument for 10min, and then taken out on an electric heating plate and dried at 50 ◦C. Avoid dust during cleaning 
and drying. Put the dried PDMS cover sheet and glass substrate into the plasma cleaning machine, plasma treatment 45s, improve the 
hydrophilicity of the surface of both, take out the PDMS cover sheet and glass substrate bond, microfluidic chip production is 
completed. 

2.4. SERS microfluidic chip bonding 

The glass base of microfluidic was 7.5cm × 2.5cm × 0.2 cm. A square area with an area of 0.5cm × 0.5 cm and a depth of 0.5 mm 
was cut out by CNC technology in the corresponding detection area, which was used for placing SERS base. The SERS base of the GO- 
Ag-PS microspheres prepared was placed in the testing area, the glass base and the PDMS cover were cleaned in the plasma cleaning 
machine for 45s, the surface hydrophilicity of the glass base and the PDMS cover was significantly improved, and the SERS base was 
taken out of the plasma cleaning machine, placed in the testing area and pasted together immediately. After completion of bonding, 
punch holes at the inlet and outlet and insert PTFE catheter. The prepared SERS microfluidic chip physical object had a fishbone 
structure, and its center part was the SERS detection area. The liquid inlet and outlet were connected by PTFE hose, and the liquid to be 
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measured was injected into the microfluidic channel through PTFE hose, and tested in the test area. 

2.5. SERS substrate characterization 

Under 3 kV accelerated voltage, the morphology of SERS base was characterized by scanning electron microscopy (SEM). The SERS 
spectrum was obtained using a micro confocal Raman spectrometer equipped with a 785 nm laser beam. The laser power was set to 30 
mW, the integration time was set to 5s, and the objective magnification was adjusted to 10 times. 

2.6. SERS microfluidic chips test 

Configure R6G water solution with a concentration of 10− 2 M, and successively dilute the concentration gradient by 10 times to 
10− 14 M. R6G solution with a concentration of 10− 6 M was injected into the SERS microfluidic chip. After the R6G solution flowed to 
the detection area, the microfluidic chip was placed on the electric heating table to dry for SERS test. The function of SERS intensity of 
R6G characteristic peak at 1506 cm− 1 as a function of concentration on logarithmic scale was drawn, and their linear relationship was 
further fitted into a working curve. In addition, the uniformity and reproducibility of the prepared SERS microfluidic chips were 
evaluated. 

2.7. The SERS detection of carbendazim and acetamidine 

Preparation of carbendazim standard solution: Weigh 0.01 g carbendazim standard powder and dissolve it into 10 mL methanol to 
prepare 1000 mg/L carbendazim standard solution, and then dilute it successively into 100, 10, 1, 0.1, 0.01 mg/L gradient standard 
solution. 

Preparation of acetamidine standard solution: Weigh 0.01 g acetamidine standard powder and dissolve it in 10 mL methanol to 
prepare 1000 mg/L acetamidine standard solution, and then dilute it successively to 100, 10, 1, 0.1, 0.01 mg/L gradient standard 
solution. 

Carbazim standard solution and acetamidine standard solution were injected into the injection port of SERS microfluidic chip 
through a syringe respectively, and sat for a few minutes. The standard solution flowed to the SERS detection area, and Raman 
spectrum of the standard solution was collected by Raman spectrometer at room temperature. Incident laser wavelength is 785 nm, 
laser power is 30 mW, 50 times objective lens is selected, spectrum acquisition time is 5S, integration times is 2, 10 spectra of each kind 
of sample are collected each time, OMINC software is used to obtain the average value of 10 spectra collected as the original spectrum 
of this concentration. After the collection is completed, OMINC software is used for processing. 

2.8. SERS substrate simulation 

According to SERS substrate design and production material, relevant parameters of simulation were set: the base plate of SERS 
substrate was monocrystalline silicon slice, and the thickness was set as 0.5 μm; A layer of metal made of Ag is arranged on the silicon 
wafer as the reflecting layer, the thickness of which is 0.1 μm. The size of the silver nanospheres is set at 260 nm in the center of the 
substrate, and the gap is 2–12 nm. The excitation wavelength is 785 nm and the incident mode is z-backward. The mesh size is set to 4 
nm. The boundary conditions in the X and Y directions are periodic boundary conditions, and the boundary conditions in the Z axis 
direction are perfect matching layer. The surrounding medium of SERS base was air, and the background refractive index was 1. 

3. Results and discussion 

3.1. Characterization of SERS substrate 

The prepared SERS substrate was characterized by SEM, and the result was shown in Fig. 2. From the SEM image, Ag film was 

Fig. 2. SEM images of PS microspheres after Ag deposition.  
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sputtered to the top of PS microsphere, and the silver nanostructure presented a cluster-like shape instead of a flat geometric structure. 
Compared with the flat precious metal film, the cluster-like silver nanostructure greatly improved the surface roughness and contact 
area of SERS substrate, which could attach more molecules of the object to be tested and produce a stronger enhancement effect. Ag 
nanoparticles are uniformly distributed on the surface of PS microspheres, and the number and intensity of hot spots are greatly 
improved by the tiny gaps between the nanoparticles, which greatly enhances the Raman signal. 

3.2. SERS substrate simulation 

The PS microsphere-Ag structure was studied using the FDTD method to simulate the distribution of electromagnetic fields in PS 
microsphere-Ag nanoparticle arrays. The influence of the distance variation between silver nanoparticles on the enhancement of the 
electromagnetic field was investigated. It has been demonstrated that the deposition of 60 nm Ag nanoparticles significantly enhances 
the electric field. Therefore, the effect of the spacing between 2 and 12 nm (different nanospacing) on the enhancement of the electric 
field was analyzed. A model was established using 60 nm Ag nanoparticles as the simulation object, with the simulation parameters 
being the same as those mentioned above. 

As shown in Fig. 3, it is the electromagnetic field intensity color distribution map at different spacing of 200 nm PS microspheres 
array, and the incident light is at 785 nm. The electric field with a spacing of 2 nm is about 41 V/m at its strongest, and that with a 
spacing of 12 nm is about 19 V/m. The electromagnetic fields with a spacing of 2–12 nm are 41 V/m, 34 V/m, 31 V/m, 31 V/m, 28 V/ 
m, and 19 V/m in turn. Plot the relation between different spacing and the intensity of electromagnetic field, and the results are shown 
in Fig. 4. The results show that the electric field enhancement effect is stronger with the decrease of Ag particle spacing. 

3.3. Sensitivity of SERS substrate 

R6G probe molecules were used for SERS performance detection. R6G aqueous solution with a concentration of 10− 2 M was 
configured, and the concentration gradient was diluted 10 times successively to 10− 14 M. The above R6G solution with different 

Fig. 3. Electric field intensity of 200 nm PS microspheres with a spacing of 2–12 nm.  
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concentrations was added to SERS substrate by drops respectively, and the substrate was placed on the heating table with the tem
perature set at 80 ◦C. Raman spectrum was collected after the solvent was dried, as shown in Fig. 5. 

The Raman spectrum has a characteristic peak at 610 cm− 1,770 cm− 1, 1181 cm− 1,1307 cm− 1, 1359 cm− 1,1506 cm− 1,1644 cm− 1, 
which is consistent with the Raman characteristic peak of R6G, and represent C–H plane bending, carbon ring vibration and C–C bond 
stretching in R6G molecule, respectively. As the concentration of R6G aqueous solution continues to decrease, its corresponding 
Raman spectrum intensity gradually decrease. Fig. 5(a) shows the Raman spectrum of R6G at 10− 2-10− 12 M. When the concentration of 
R6G aqueous solution was as low as 10− 12 M, the corresponding Raman characteristic peak could still be detected under the low laser 
power of 30mw, that is, the R6G detection limit is 10− 12 M. 

Fig. 5(b) took the concentration of R6G solution as the abscissa and the SERS characteristic peak intensity value at 1506 cm− 1 of the 
Raman spectrum of R6G as the ordinate to calculate the standard curve. The linear equation established is y = 3325.8x+43810.7, 
where x is the logarithm of R6G concentration, the linear correlation is R2 = 0.986, the linear range is 10− 2-10− 12 M, and the detection 
limit is 10− 12 M. 

Table 1 shows the stretching vibration of chemical bonds corresponding to different Raman shifts of R6G, which is basically 
consistent with the published data. 

In SERS technology, enhancement factor (EF) is one of the key parameters to measure the effect of signal enhancement. The 
enhancement factor can be used to compare the SERS performance of different base materials, and also to evaluate the SERS signal 
enhancement effect under different experimental conditions. The calculation formula is as follows: 

Fig. 4. Relationship between electric field intensity and nanoparticle spacing.  

Fig. 5. (a) SERS substrate detection spectrum of R6G with different concentrations(b) Relationship between the intensity of the Raman charac
teristic peak of R6G at 1506 cm− 1 and the logarithmic concentration of R6G. 

W. Peng et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e33647

7

EF=
ISERS × Nbulk

Ibulk × NSERS 

ISERS refers to the Raman spectral intensity of R6G on the SERS base, Ibulk refers to the Raman spectral intensity of R6G on the 
common base without enhancement, Nbulk refers to the amount of R6G molecules adsorbed on the common base, and NSERS refers to 
the amount of R6G molecules adsorbed on the SERS base of Ag-PS microspheres. In this paper, R6G solution of 10− 6 M was selected for 
testing and analysis, and enhancement factor was calculated at 1506 cm− 1. ISERS and Ibulk could be obtained directly from Raman 
spectrum, so it was mainly necessary to calculate the value of Nbulk and NSERS. The Nbulk calculation formula is as follows: 

Nbulk = cAh 

The laser wavelength is 785 nm and the laser power is about 30 mW. In the formula, c is the concentration of R6G is 10− 6 M, and A 
is the area of the laser spot, which is about 10 μm2. h is the penetration depth of laser and is related to laser wavelength. In this 
experiment, h should be 15 μm. The calculation formula of NSERS is as follows: 

NSERS =
ClimVA

πr2  

where, Clim is the lowest concentration of R6G solution, V is the volume of R6G solution added on the SERS base by drops (30 μL in the 
experiment), A is the area of laser spot, πr2 is the area of circular region formed by R6G solution on the SERS base. Finally, the 
enhancement factor of Ag-PS microsphere SERS base on R6G at 1506 cm− 1 was up to 2.4 × 1010. 

3.4. Detection limits of SERS microfluidic chip 

R6G solution with a concentration of 10− 2 M was prepared, diluted 10 times to 10− 14 M successively, and R6G solution of the same 
volume (10− 2-10− 14 M) was injected into SERS microfluidic chip successively. The laser power was set as 30 mW, and the integration 
time was 5s for detection. Five Raman spectra of R6G solution with different concentrations were collected and averaged as SERS 
spectra of this concentration. As shown in Fig. 6, Raman characteristic peaks of 1307 cm− 1, 1359 cm− 1 and 1506 cm− 1 of R6G solutions 
with different concentrations can be clearly seen. As the concentration of R6G solution decreases, the corresponding Raman spectral 
intensity decreases gradually. When the concentration of R6G aqueous solution was as low as 10− 11 M, the corresponding Raman 
characteristic peak could still be detected under the low laser power of 30mw, that is, the R6G detection limit of the SERS microfluidic 

Table 1 
Raman SERS spectra and peak distribution of R6G.  

Characteristic peak Raman shift/cm− 1 Peak attribution 

1 610 C–C–C intratorus deformation 
2 770 C–H bending vibration 
3 1181 C–C stretching vibration 
4 1307 C–H stretching vibration 
5 1359 N–C–C stretching vibration 
6 1506 C–C stretching vibration 
7 1644 C–O stretching vibration  

Fig. 6. (a)SERS microfluidic chip detection spectrum of R6G with different concentrations (b) Relationship between the intensity of the Raman 
characteristic peak of R6G at 1506 cm− 1 and the logarithmic concentration of R6G. 
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chip was as low as 10− 11 M. 
Fig. 6(b) took the concentration of R6G solution as the abscissa and the SERS characteristic peak intensity value at 1506 cm− 1 of the 

Raman spectrum of R6G as the ordinate, and calculated the standard curve of SERS microfluidic chip detecting R6G. The linear 
equation established is y = 2912.10x+40354.20, where x is the logarithm of R6G concentration, the linear correlation is R2 = 0.962, 
the linear range is 10− 2-10− 11 M, and the detection limit is 10− 11 M. The results showed that there was a good linear relationship 
between peak intensity and concentration within the range of low concentration, which could be used for quantitative detection of 
pesticide residues. Moreover, the SERS microfluidic chip was highly sensitive and could be used for detection of pesticide residues. 

In the process of detecting R6G using a SERS microfluidic chip, the R6G solution is injected into the microfluidic channel through 
the inlet, and allowed to flow spontaneously along the channel walls by capillary force after waiting for the solution to pass through the 
capillary channel. Then, it flows into the detection area, which is the SERS substrate, and Raman spectroscopy is used to collect Raman 
signals from the SERS microfluidic chip. Upon completion of the collection, the solution also flows out of the microfluidic channel 
through the outlet. Organic solvents such as ether or ethanol are then injected into the microfluidic channel to wash away any 
remaining R6G solution. Deionized water is washed in the same manner once more to ensure the reusability and sensitivity of the SERS 
microfluidic chip. 

In the study, the R6G solution is dried on a desiccator before testing the uniformity and repeatability of the SERS microfluidic chip 
to prevent the solution from drying and solidifying during the Raman signal acquisition process, which could result in the incomplete 
collection of signals from the 10 points due to the solution flowing out of the channel before the acquisition is finished. Drying is not 
always necessary to prevent insufficient detection time or inadequate solution flow. 

When detecting different concentrations of pesticide residues, the solutions are usually from different batches of SERS microfluidic 
chips because the SERS microfluidic chips produced are low-cost and can be mass-produced in large batches. However, for testing 
repeatability, the same SERS microfluidic chip needs to be used. 

3.5. Microfluidic chip structure 

A pump-free PDMS microfluidic chip was designed. The chip size is 45mm × 20mm × 5 mm, as shown in Fig. 7. Microfluidic chip 
consists of three parts. Three liquid inlet ports are set to realize mixing and detection of various substances in the microchannel. The 
chaotic advection effect is generated because the fluid is constantly stretched and folded during the flow process, which can increase 
the mixing degree of the solution. Therefore, the mixing effect of liquid can be enhanced by the use of serpentine channels. The 
detection area was fishbone structure with better liquid fluidity and collection performance, and its area was larger than other areas, so 
SERS base was embedded in this area for convenience of detection. At the outlet, the tested solution is discharged from the outlet, and 
the microfluidic channel is repeatedly cleaned with deionized water to make it reusable. 

In general, different liquids under test are added to multiple intakes respectively at the same time. Under the action of liquid surface 
tension and capillary force, the liquids under test will quickly flow into the snake channel. In the serpentine channel, the three liquids 
under test are thoroughly mixed by centrifugal force. Then it flows into the detection area for detection, and then flows out of the outlet 
after detection. The microchannel is repeatedly cleaned with deionized water for reuse. 

3.6. Uniformity and reproducibility of SERS microfluidic chip 

The microfluidic chip was used for mixing samples, where a certain volume of solution was withdrawn and injected into the inlet of 
the SERS microfluidic chip via a syringe. After allowing the mixture to stand for a few minutes, the combined solution was drawn to the 
SERS detection area under the capillary action, enabling the mixing within the microfluidic channels and the detection of various 
substances. The use of serpentine channels enhanced the mixing of the liquid, as the fluid was continuously stretched and folded during 
its flow, thereby increasing the degree of solution mixing. Raman spectroscopy was performed on the standard solution at room 
temperature using a Raman spectrometer. In practical application, it is crucial to prepare SERS microfluidic chips with good uniformity 
and reproducibility. Therefore, this section tested the uniformity, reproducibility and other aspects of the SERS microfluidic chips 
prepared above. R6G solution with a concentration of 10− 6 M was injected into the SERS microfluidic chip. After the R6G solution 
flowed spontaneously to the detection area. Ten detection points were selected within the detection area for spectral collection, and the 
experimental results were shown in Fig. 8. There was almost no difference in SERS spectrum of R6G molecules, indicating that the 

Fig. 7. Microfluidic structure diagram.  
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SERS microfluidic chip had good uniformity. The intensity of Raman characteristic peaks at 1506 cm− 1 of the Raman spectra of 10 
detection points was compared, and the results were shown in the figure, with the relative standard deviation RSDS of 9.27 %. 

In order to verify the reproducibility of the chip, 10 SERS microfluidic chips were prepared in this paper, and R6G solution with a 
concentration of 10− 6 M was injected into each chip. The test method was the same as above, R6G signal was detected in SERS 
detection area of each chip. The results showed that there was little difference in SERS spectrum of R6G among the 10 SERS micro
fluidic chips, indicating that the SERS microfluidic chip designed had good reproducibility. According to the data in Fig. 9, the Raman 
peak intensity at 1506 cm− 1 detected by 10 SERS microfluidics chips was statistically compared, and the relative standard deviation 
was 8.95 %. 

3.7. Detection of carbendazim and acetamidine pesticides 

The sensitivity of SERS microfluidic chip was investigated. Fig. 10 shows that the Raman signal strength at the corresponding 
characteristic shift decreases as the concentration of acetamidine reduces. When the concentration of carbendazim solution was as low 
as 0.01 mg/L, the characteristic peak of carbendazim molecule was still clearly visible at 1365 cm− 1. Therefore, the detection limit of 
SERS microfluidic chip for carbendazim standard sample could reach 0.01 mg/L. Taking the concentration of carbendazim solution as 
the abscissa and the intensity value of Raman characteristic peak at 1365 cm− 1 of SERS spectrum as the ordinate, the standard curve of 
carbendazim detection on SERS microfluidics chip was calculated. The results are shown in Fig. 10(b). The Raman intensity at 1365 
cm− 1 had a good linear relationship with carbendazim concentration, and the correlation coefficient could reach 0.987. 

Fig. 11 shows the Raman spectra of different concentrations of the standard solution of acetamidine. The Raman intensity of 
Mycorim at the characteristic shift decreases with the decrease of the detection concentration. When the concentration of acetamidine 
solution is as low as 0.01 mg/L, the characteristic peak of acetamidine molecule is still clearly visible at 1108 cm− 1. The results 
indicated that the detection limit of SERS microfluidic chips for acetaminidine standard samples could reach 0.01 mg/L. Taking the 
concentration of acetamidine solution as the abscissa and the intensity value of Raman characteristic peak at 1108 cm− 1 of the SERS 
spectrum as the ordinate, the standard curve of detection of acetamidine on SERS microfluidic chip was calculated, and the result was 
shown in Fig. 11(b). Among them, the signal intensity at 1108 cm− 1 and has a good linear relationship with the concentration of 
acetamidine, the correlation coefficient can reach 0.994. 

4. Conclusions 

In summary, we proposed a fast, accurate and reliable method for detecting carbendazim and acetamidine using SERS microfluidic 
chip technology. Ag-PS microsphere SERS substrate was prepared by spin coating and magnetron sputtering deposition. PDMS 
microfluidic chip was designed and SERS substrate was combined for the detection of carbendazim and acetamidine Compared with 
traditional colorimetric method, gas chromatography, liquid chromatography and other methods, the SERS method proposed in this 
paper has obvious advantages such as simple sample pretreatment, fast reaction speed and reliable result. The working curves were 
well fitted, the linear parameters R2 were 0.987 and 0.994, respectively, and the minimum detection limit was 0.01 mg/mL. Therefore, 
the use of SERS microfluidic chips to detect carbendazim and acetamidine is expected to provide a way for the detection of pesticide 
residues in crops, which has broad application prospects in the field of food safety. 

CRediT authorship contribution statement 

Wang Peng: Writing – review & editing, Writing – original draft, Methodology, Conceptualization. Zhihan Xu: Writing – original 
draft, Formal analysis, Data curation. Chao Yi: Validation, Data curation. Yuankai Zhang: Validation. Qingxi Liao: Supervision. 

Fig. 8. (a)SERS spectra of R6G solution with 10− 6 M concentration tested at 10 detection points in microfluidic chip(b)Intensity distribution of 
characteristic peak of R6G at 1506 cm− 1. 
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Fig. 9. (a)SERS spectra of R6G solution with 10− 6 M concentration tested at 10 detection points in microfluidic chip(b)Intensity distribution of 
characteristic peak of R6G at 1506 cm− 1. 

Fig. 10. (a) SERS spectra of carbendazim standard solution with different concentrations (b) The relationship between the strength of the Raman 
characteristic peak of carbendazim at 1365 cm− 1 and the solution concentration. 

Fig. 11. (a) SERS spectrogram of acetamiprid standard solution with different concentrations (b) The relationship between the intensity of the 
Raman characteristic peak of acetamiprid at 1108 cm− 1 and the concentration of the solution. 
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