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ABSTRACT: The ability to detect pesticide residues at trace levels is crucial for ensuring consumer health and
complying with regulatory standards. Herein, we constructed a hydrophobic layer SERS substrate of silver
nanoparticles on the glass surface, utilizing Lewis bases to enhance the interaction between the pesticide and the
substrate. This facile method enables the ultrasensitive detection of 6-benzylaminopurine (6-BA), with the lowest
detection limit decreasing from 0.01 mg/L to 5x10° mg/L. More importantly, the detection limit of 6-BA in bean
sprouts reached 5x10™ mg/kg, which is 20 times lower than the allowable residue level (0.01 mg/kg) in legumes set by
the EU. Furthermore, the SERS signals of several pesticides, including kinetin, carbendazim, and imidacloprid, can
also be enhanced by an order of magnitude. We believe that this method expands the applicability of SERS technology
for practical pesticide residue detection, offering a simpler and more sensitive means for analyzing various pesticide
contaminants.
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1. Introduction

Given the potential health risks associated with pesticide residues in food, this issue has garnered
increasing attention'> 2. The ability to detect these residues at trace levels is crucial for ensuring consumer
health and compliance with regulatory standards'®!. Among these substances, 6-benzylaminopurine (6-BA), a
widely utilized plant growth regulator, has attracted considerable attention due to its extensive application in
agricultural production®. Nevertheless, irregular usage or excessive residues of 6-BA may pose significant
risks to human health, including potential endocrine disruption and toxic effects. Current methods for

detecting pesticides include gas chromatography®, liquid chromatography!®, and enzyme-linked
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immunosorbent assays (ELISA)!”). However, both gas and liquid chromatography have significant drawbacks,
including high equipment costs and lengthy analysis times. These limitations can hinder their practicality for
routine pesticide monitoring.

Nevertheless, surface-enhanced Raman scattering (SERS) spectroscopy exhibits considerable potential
for application owing to its high sensitivity and rapid detection capabilities!®]. It can effectively overcome the
limitations of other methods in the detection of 6-BA. SERS technology can provide detailed molecular
information without the need for complex sample preparation. Among its various applications, SERS
spectroscopy has emerged as an effective, straightforward, and highly sensitive method for detecting trace

analytes®!'!]

. SERS significantly amplifies Raman signals through interactions between molecules and
metallic nanostructures, primarily via two mechanisms: electromagnetic enhancement!!?) and chemical
enhancement!!®). Electromagnetic enhancement occurs when analytes are adsorbed onto rough metal surfaces,
resulting in localized electromagnetic field amplification!'¥), while chemical enhancement involves charge
transfer interactions between the analyte and the metal, further boosting the signal''>-17],

Building on the principles of SERS detection, this technology has found extensive applications in food
safety research, particularly in the detection of pesticide and veterinary drug residues!'3-!. However, due to
the limited applicability of different SERS substrates in the detection of pesticide residues, there are also
defects such as unstable detection results and interference from complex food matrices. These challenges arise
primarily from the varying characteristics of pesticides and the differing enhancement effects of SERS
substrates on the Raman signals of different pesticides. As a result, the effective use of SERS in this context
frequently necessitates complex design and fine-tuning of the SERS substrates!??. This complexity limits the
simplicity and universality of SERS technology in practical applications®*). Therefore, there is an urgent need
for a more universal approach that employs simpler and more cost-effective SERS substrates for detecting
various pesticide residues. To address this challenge, we developed a universal strategy based on the
synergistic integration of a physically functionalized substrate with a tunable chemical enhancement process,
thereby circumventing the need for complex substrate engineering. Reports indicate that the hydrophobic

"[24.251 while the subsequent

substrate effectively pre-concentrates target molecules at the SERS "hot spots
introduction of OH™ or H", tailored to the specific charge characteristics of the analyte, optimizes their
chemical state and charge!?6-28), This dual approach maximizes the chemical enhancement effect, leading to a
substantial improvement in detection sensitivity.

Herein, we synthesized a positively charged silver nanoparticle SERS substrate with hydrophobic
enrichment properties on a glass surface. This hydrophobic material aids in concentrating analytes from liquid
samples, thereby increasing their concentration and detectability in specific environments. Meanwhile, we
introduced OH™ into the detection system based on Lewis acid-base theory to modify the hydrolysis
equilibrium of the target pesticides. The positive charge generated by the hydrolysis of the 6-BA pesticide
significantly enhanced the detection efficacy. Notably, the detection limit of the 6-BA standard solution has

been decreased from 0.01 mg/L to 5x10° mg/L, and the detection limit in the actual bean sprout system is
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5x10* mg/kg. This SERS detection method, which synergistically combines hydrophobic enrichment and
charge alteration for chemical enhancement, can be applied to various pesticides with different acid-base
properties. We selected four pesticides, kinetin, carbendazim, imidacloprid, and isazophos, for validation
purposes. Among these, kinetin and carbendazim exhibited a positive charge following hydrolysis, resulting
in a marked enhancement in SERS detection efficacy using our method. Conversely, imidacloprid and
isazophos did not demonstrate any improvement, as they retained a negative charge post-hydrolysis.
Additionally, for negatively charged SERS substrates, the introduction of H' can further improve the detection
limits. The establishment of this universal and synergistic method enables the straightforward detection of
various pesticides using SERS, promising to enhance the practical application of SERS technology in food

and agricultural residue detection.

2. Materials and Methods
2.1. Materials

Silver nitrate (AgNOs3), sodium hydroxide (NaOH), ammonia solution, sodium chloride (NaCl), sodium
carbonate (Na2COs3), sodium sulfate (Na2SO4), sodium bicarbonate (NaHCOs3), methanol (HPLC grade), and
anhydrous ethanol were obtained from China National Pharmaceutical Chemical Reagent Co. (Shanghai,
China). Rhodamine 6G (R6G), cetylpyridinium chloride monohydrate (CPC), 6-BA, lithium hydroxide
(LiOH), sodium citrate (C¢HsNaO7), and sodium hypophosphite (NaH2POz) were supplied by Aladdin Co.,
Ltd. (Shanghai, China). Carbendazim and kinetin were provided by Yuanye Biotechnology Co., Ltd.
(Shanghai, China). Glass flakes were sourced from Qingdao Xinjingmei Industry and Trade Co. Ultrapure
water used in the experiments was produced using a Milli-Q water purification system (Milli-Q; Millipore,
USA).

2.2. Preparation of SERS Substrates

The glass substrates loaded with silver nanoparticles (AgNPs@GS) were synthesized by the previous
method with a slightly modification!?”). The detailed synthesis procedure was as follows: First, 10 mL of 45
mM silver nitrate (AgNO3) was mixed with 10 mL of a 15 mM cetylpyridinium chloride (CPC) solution, and
the mixture was stirred with a magnetic stirrer for 30 min, resulting in a milky-white dispersion. Subsequently,
the cleaned glass slides were immersed in this dispersion, and 4 mL of 1 M sodium hydroxide (NaOH) was
added. The solution was then placed in a water bath at 35°C under light-excluded synthesis, during which the
color of the solution rapidly transitioned from milky white to brown. Ultimately, glass substrates embedded
with Ag NPs were successfully synthesized. Prior to this process, the blank glass slides underwent ultrasonic
cleaning in ethanol three times, followed by a 24 h immersion in aqua regia. After this treatment, the slides

were rinsed with ultrapure water and dried for subsequent use.
2.3. Characterization

The characterization techniques utilized comprised field emission scanning electron microscopy

(FESEM, SU8100; Hitachi High-Technologies, Japan) with energy dispersive spectrometry for analyzing the
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morphology and size of Ag nanoparticles, UV-visible spectrophotometry for obtaining UV absorption spectra
(UV-vis 2450, Shimadzu Corporation, Japan), X-ray diffraction (XRD, Bruker AXS GmbH, Germany) for
assessing composition and phase, X-ray photoelectron spectroscopy (XPS, Thermo Fisher Escalab 250Xi,
USA) for elemental analysis, optical contact angle (OCA 40, manufactured by Dataphysics Instruments
GmbH, Germany) measurement for evaluating hydrophobicity, and nanoparticle size and zeta potential

(ZEN3700, Malvern Instruments, UK) analysis for determining particle size distribution and surface charge.
2.4. SERS Detection of 6-BA and Pretreatment and Detection of Bean Sprouts

On the surface of the prepared AgNPs@GS substrate, a dropwise addition method is used to sequentially
add a 6-BA standard solution, with each drop volume being 2 pL. After each addition, the next drop is added
when the liquid droplet is nearly dry and forms a smaller-sized coffee ring structure, until the cumulative
added volume reaches 10 pL. Once the sample is completely dry, the spectral collection is performed on the
addition area using a micro-Raman imaging spectrometer, with the specific parameter settings: excitation
wavelength of 785 nm, laser power of 20 mW, and a single spectral integration time of 0.25 s.

Purchase fresh, mold-free, bug-free green beans of uniform size from the local market, wash them with
deionized water, soak them in deionized water, and germinate for 3 days in the dark at 25+1°C until the
desired sprout length (6-8 cm) is reached. The pretreatment of bean sprouts was conducted by integrating
national standard methods with the characteristics of the substrate used in this study. The specific procedure is
as follows: 10 g of crushed bean sprouts were placed in a centrifuge tube, followed by the addition of 20 mL of
methanol. The mixture was subjected to ultrasonic extraction for 15 min and then was centrifuged at 5000 rpm
for 10 min to collect the supernatant. This process was repeated twice, and the collected supernatants were
combined and subjected to rotary evaporation at 40°C and 60 rpm to remove methanol. Then, redissolve the
remaining residue with ammonia solution to a final volume of 5 mL, with a final ammonia concentration of 10
mM. To analyze actual samples, aliquot 10 pL of the redissolved solution and deposit it multiple times on the
same area of the AgNPs@GS. Similarly, after drying, was subjected to SERS detection under identical

conditions.
2.5. Density Functional Theory (DFT) Calculations

The structures of 6-BA, kinetin, and thiabendazole were optimized using density functional theory (DFT)
with the B3LYP functional and the 6-311+G(d) basis set, as implemented in Gaussian 16W software. Normal
mode analysis was performed using GaussView 6.1. Additionally, the molecular electrostatic potential (MEP)

was visualized using the Multiwfn and VMD software packages.
2.6. Statistical Analysis

Raman spectroscopy data were preprocessed with NGSLabSpec software (HORIBA Scientific, Japan)
for baseline correction and other data adjustments. Data calculations and graphical representations were

conducted using Origin 2024 (OriginLab, USA). All SERS measurements, actual sample detections, and

statistical analyses in the text were conducted with at least five independent repetitions (n=5).
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3. Results and Discussion

The synthesis process of AgNPs@GS is illustrated in Figure 1(a). The preparation principle involves
self-assembly and in situ reduction to form uniformly distributed silver nanoparticles on a glass substrate. In
this process, silver nitrate serves as the source of silver ions, while cetylpyridinium chloride acts as a
surfactant to stabilize the nanoparticles. Additionally, sodium hydroxide is employed to increase the pH,
facilitating the reduction of silver ions. This approach ultimately achieves high-performance SERS. We
initially conducted a preliminary optimization of the synthesis conditions for the substrate by varying the
NaOH concentration and the synthesis time (refer to Fig. S1). Scanning electron microscopy (SEM) images
were taken to observe the morphology and particle size of silver nanoparticles grown on the glass substrate for
growth times of 12 h, 18 h, 24 h, and 30 h, and particle size analysis was conducted using Image J. The results
reveal that as the growth time increased, the distribution of silver nanoparticles on the glass substrate
transitioned from sparse to dense, with their shape evolving from irregular to more uniform, eventually
leading to the emergence of irregular polymer. The results of the contact angle test demonstrate that the
substrate possesses excellent hydrophobicity. This hydrophobic property effectively enriches the target
substances, thereby significantly enhancing detection sensitivity*°!. Ultimately, we determined that the SERS
performance of AgNPs@GS was optimal at a NaOH concentration of 1.0 M and a synthesis duration of 24
hours. The AgNPs@GS exhibited optimal SERS performance when the NaOH concentration was 1 M and the
growth time was 24 h. Under optimal conditions (NaOH concentration of 1 M and growth time of 24 h), the
diameter of silver nanoparticles on the glass substrate ranged from 40 to 60 nm, displaying a normal
distribution (refer to Fig. 1(c)-(d)). This indicates that the glass substrate prepared under these conditions not
only has uniform shapes and regular distributions, but also that the gaps between individual silver
nanoparticles are approximately 5 nm, which provides strong electromagnetic enhancement of SERS signal.

Furthermore, we characterized the optimized SERS substrate to verify the successful synthesis of the
silver nanoparticles. Energy dispersive spectroscopy (EDS) was employed to analyze the distribution of silver
elements in the SERS substrate. As shown in Figures 1(e) to (i), the AgNPs@GS primarily consists of oxygen,
silicon, and silver elements®!!. Oxygen and silicon mainly originate from the glass itself, while silver is
derived from the silver nanoparticles synthesized on the glass surface, confirming the successful synthesis of
Ag NPs nanomaterials on the substrate. As illustrated in Figure 1(j), the surface loading of silver nanoparticles
significantly enhanced the overall UV absorption of the glass substrate, with a distinct UV absorption peak
observed at 303 nm compared to the blank glass substratel*). Variations in growth time led to changes in the
particle size of silver nanoparticles, resulting in a blue shift of the absorption peak around 303 nm. The X-ray
diffraction (XRD) results of the AgNPs@GS (refer to Figure 1(h)) show four distinct peaks at 26 = 38.4°,
44.6°, 64.7°, and 77.7°. These peaks correspond to the crystalline planes (111), (200), (220), and (311) of
cubic silver nanoparticles®® 3*/(JCPDS#04-0783), indicating successful growth of silver nanoparticles on the
glass substrate. In the X-ray photoelectron spectroscopy (XPS) spectrum of the AgNPs@GS, the strongest

signal peak corresponds to Ag 3d, representing the chemical environment and oxidation state of silver atoms.
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The XPS analysis of AgNPs@GS revealed distinct peaks for Ag 3ds2 and Ag 3ds. at binding energies of
368.18 eV and 374.18 eV, respectively (Figure 11 and 1m). The observed spin-orbit splitting of 6.0 eV
between these peaks is characteristic of metallic silver (Ag®) 3! confirming the successful formation of silver

nanoparticles in the composite.
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Figure 1. Schematic illustration of the synthesis process of hydrophobic silver nanoparticles substrate (a). Contact angle
images of clean glass sheet and AgNPs@GS. (b). The elemental distribution on a specific location of the glass surface during
mapping scanning using EDS analysis (c). The corresponding size distributions of Ag NPs the substrates synthesized with 24h
(d). The elemental distribution on a specific location of the glass surface during mapping scanning using EDS analysis (c,e):
SEM image (c); EDS image (e); The distribution of O, Si, Ag elements (g-i). UV absorption spectra of AgNPs@GS and clean

glass at 24 h. (j). XRD results of AgNPs@GS and standard PDF card data of silver nanoparticles (k). High-resolution XPS
spectroscopy (1) and AgNPs@GS Ag 3d (m).

Evaluate the SERS enhancement effect, stability, and uniformity of the AgNPs@GS using rhodamine 6G
(R6G). Figure 2(a) presents the Raman spectra of glass substrates loaded with AgNPs at varying
concentrations of R6G. The SERS spectra, with R6G concentrations ranging from 10" M to 10° M,
distinctly exhibit characteristic peaks'?* at 613, 774, 928, 1089, 1126, 1183, 1310, 1360, 1510, and 1651 cm™.
Notably, the intensity of the peak at 1510 cm™ increases progressively with rising concentrations of R6G,
demonstrating a clear correlation between concentration and signal intensity. This characteristic peak,
attributed to the in-plane stretching of the purine ring, was selected for constructing the standard curve due to
its strong intensity, minimal shift, and high specificity for 6-BA. The R6G Raman probe molecules achieved
an impressive detection limit of 10"'! M, indicating that the AgNPs@GS exhibits exceptional sensitivity for
direct target detection. The enhancement mechanism can be attributed to the optimized interparticle spacing of

the Ag NPs, which significantly amplifies the Raman signal. Under optimal experimental conditions, the Ag
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NPs that are grown on the substrate surface exhibit relative uniformity, thereby further enhancing the SERS
signal. As shown in Figure 2(b), after being placed in room temperature air for 120 days (without light
shielding), the Raman signal of AgNPs@GS still has an enhancement of 74.33%, indicating that the substrate
has good stability and possesses certain capabilities for detection in practical complex environments. To
further assess the uniformity of the SERS hotspots, we randomly selected 16 measurement points on the
surface of the SERS substrate and calculated their respective relative standard deviation (RSD) values. The
final standard deviation obtained was 8.45%, indicating excellent uniformity of the SERS substrate in
standard pharmaceutical solutions, as demonstrated in Figures 2(c) and (d). Subsequently, we evaluated the

stability of the substrate using a 10”7 M R6G probe molecule.
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Figure 2. SERS spectrum of different concentrations of R6G solution detected by AgNPs@GS (a). The Raman signal
intensity and the corresponding RSD value were measured at 1510 cm™ for 16 randomly selected points during the detection
of concentrations of 107 M R6G solution (b). The R6G solution with concentrations of 10”7 M were utilized for detection
respectively, and the Raman signal graphs of 16 randomly selected points within the detection regions were captured at
random (c). The Raman signal intensity of the AgNPs@GS at 1510 cm™ using a 107 M R6G solution after being stored at
room temperature for various durations (d).

The sample was prepared using the sequential drop-and-dry method outlined in the experimental section,
which effectively concentrates the analyte for SERS testing, enabling rapid and efficient detection of pesticide
residues. As illustrated in Figure 3(b), the detection limit (LOD) of the AgNPs@GS for the 6-BA standard
solution is 0.01 mg/L. According to the requirements of EU Regulation No. 396/2005 (EC), the detection
methods used in this study just meet the regulatory standards for pesticide detection. This indicates that the
developed SERS substrate has potential applicability in real monitoring scenarios. In the SERS spectrum of
the 6-BA pesticide, the Raman intensity at a shift of 1003 cm™ was selected as the dependent variable, while
the logarithm of the concentration of the 6-BA standard solution served as the independent variable for the

construction of a standard curve. Figure 3(c) presents the linear relationship established through linear
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regression analysis within the concentration range of 0.01 to 100 mg/L. The resulting equation for the standard
curve is expressed as Isers = 7829.15 1g (Xc) + 19011.37, with a coefficient of determination (R?) value of
0.9956, indicating a strong linear correlation with concentration. Notably, even at a concentration as low as
0.01 mg/L, the characteristic peaks of 6-BA at 1003 cm’!, 1215 cm™, and 1593 cm™ remain distinctly
observable. The peak at 1003 cm™ corresponds to the stretching and breathing vibrations of the
monosubstituted benzene ring skeleton, the peak at 1215 cm™! is associated with the stretching and breathing
vibrations of the benzene ring skeleton, and the peak at 1593 cm™ is attributed to the stretching vibration of the

C=N bond.
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Figure 3. SERS signal enhancement mechanism diagram using 6-BA as an example(a). The Raman spectra of 6-BA solutions
at different concentrations were measured by AgNPs@GS (b) and the linear relationship between the logarithm of 6-BA
concentration and the intensity of Raman spectra at 1001 cm™' Raman shift(c). The SERS spectra of 6-BA standard solutions
with varying concentrations, using ammonia solution as an enhancer(d). Linear relationship between the logarithm of 6-BA
solution concentrations and the intensity of the Raman spectra(e).

To further reduce the detection limit of 6-BA to meet actual detection needs, after studying the structure
of 6-BA and referencing relevant literature!*®), we found that according to Lewis acid theory, the lone pair of
electrons on the benzenamine nitrogen atom in the molecule can combine with hydrogen protons in water to
undergo hydrolysis, resulting in a positively charged 6-BA molecule. As shown in Appendix Table S1, the
silver nanoparticle SERS substrates used in this study are positively charged. We adjusted the concentration of
OH ions in the solution to modulate the hydrolysis equilibrium, thereby enhancing the electrostatic attraction
between the molecule and the SERS substrate, which in turn increases the intensity of the SERS signal. The
introduction of OH™ ions may cause changes in the surface charge of the 6-BA molecule, affecting its ability to
adsorb onto the silver nanoparticles on the SERS substrate. Alterations in the surface charge of the molecule
can enhance the electric field coupling between the molecule and the metal surface, thereby improving the
SERS signal®*”). Additionally, OH" ions may enhance the effectiveness of Raman scattering by altering the
molecular conformation or electronic structure of 6-BA. Such structural changes may result in a stronger
Raman signal from the molecule when irradiated with laser light (Figure 3(a)).

As illustrated in Figure 3(d), after introducing ammonia water to alter the hydrolysis equilibrium of
6-BA, its detection limit was reduced from 0.01 mg/L to 5x10° mg/L. Figure 3(e) demonstrates the linear
relationship established through linear fitting within the concentration range of 5x10° to 0.1 mg/L. The
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resulting standard curve fitting equation is Isers = 5270.7 Ig(Xc) + 25367.8, with a correlation coefficient (R?)
0f 0.9952, indicating a strong linear correlation. These results highlight the significant advantage of this SERS
substrate in terms of detection limit, providing a reliable technical foundation for the sensitive detection of
6-BA.

We further evaluated the SERS performance of the substrate by using a bean sprout model with varying
concentrations of 6-BA, as detailed in the operational steps shown in Figure 4(a). The SERS spectra of
residual 6-BA extracted from the bean sprout samples are presented in Figure 4(b). The results indicate that by
applying AgNPs@GS, the detection limit for 6-BA residues in the bean sprouts was achieved as low as 5x10*
mg/kg. This value is substantially lower than the European Union's maximum residue limit (MRL of 0.01
mg/kg for 6-BA in legume vegetables as regulated by EU No. 396/2005), demonstrating not only superior
performance compared to previously reported results (refer to Table S2) but also high practical relevance for
food safety control. Figure 4(c) illustrates the linear relationship established through linear fitting within the
concentration range of 5x10™ to 1 mg/kg. The obtained standard curve fitting equation is Isers = 2053.811g
(Xc) + 7965.5, with an R? value of 0.9932, indicating a strong linear correlation with concentration. The
results indicate that AgNPs@GS has significant advantages in detection limits, as it not only enhances the
Raman signal intensity through the electromagnetic enhancement effect, but also improves the SERS signal
intensity through hydrophobic interactions and the charge interactions between pesticides and surface AgNPs,
achieving outstanding detection performance. To assess the reliability of ammonia-assisted AgNPs@GS as a
SERS substrate for detecting 6-BA pesticide residues in bean sprouts, we analyzed samples using an
established standard curve. Four concentrations within the range of 5x10* to 1 mg/kg were selected: 1 mg/kg,
0.1 mg/kg, 0.01 mg/kg, and 0.005 mg/kg. The recovery rates obtained were 100.98%, 90.27%, 106.40%, and
91.40%, with corresponding RSD values of 4.59%, 2.19%, 4.24%, and 5.91%. These results indicate that this

method is both accurate and reliable for detecting 6-BA pesticide residues in bean sprouts.
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Figure 4. Flowchart illustrating the detection process for actual samples (bean sprouts) (a). The SERS spectra of bean sprouts
exhibiting varying residual concentrations, detected using ammonia as a facilitating agent (b). The linear relationship between
the logarithm of 6-BA concentration and the intensity of Raman spectrum in the bean sprout model (¢).

To investigate the effects of cations and base strength, we thus selected three commercially available,
water-soluble bases (NaOH, LiOH, and NH3-H20) and applied them to three Lewis basic pesticides (6-BA,
kinetin, and carbendazim) to validate and demonstrate the generality of the method. Figures 5 (a)-(c) illustrate
the molecular structures and charge distributions of each compound, with colors representing variations in
charge density. The molecular electrostatic potential maps reveal the electronic characteristics within the
molecules by depicting their charge distributions!®8). The results indicate that these molecules may undergo
protonation in aqueous solution, similar to 6-BA. As illustrated in Figure 5, our findings revealed that after
adding varying concentrations of NaOH, LiOH, and ammonia water, the SERS signals of these three pesticide
molecules significantly increased, even when maintaining the same concentration of the standard solution.
This notable enhancement in signal intensity suggests that the proposed method is not only effective but also
exhibits a certain degree of universality across different Lewis basic pesticides. Moreover, similarly, applying
this method to Lewis acidic pesticides (Figure S3) reveals that the introduction of ammonia can further
promote the hydrolysis of these pesticides, increasing the number of negatively charged pesticide molecules
on the surface, thereby enhancing the interaction with the substrate and boosting the SERS detection signal. In
summary, based on the conclusions of this study and Lewis acid-base theory, the interaction between the
target analyte and the SERS substrate can be effectively enhanced by adding an acid or a base according to the
surface charge of the SERS substrate and the hydrolysis condition of the detected molecules, which can

effectively lower the detection limit to meet practical detection needs.
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Figure 5. Structural formula and surface potential distribution of 6-BA, kinetin and carbendazim(a-c).The SERS spectra of
6-BA, kinetin and carbendazim at a concentration of 1 mg/L obtained using NaOH solutions of varying
concentrations(d-f); The SERS spectra of 6-BA kinetin and carbendazim at a concentration of 1 mg/L obtained using LiOH
solutions of varying concentrations(g-i).The SERS spectra of 6-BA, kinetin and carbendazim at a concentration of 1 mg/L
obtained using ammonia solutions of varying concentrations (j-1).

4. Conclusions

Overall, we synthesized a hydrophobic SERS substrate with exceptional stability and uniformity. This
substrate exhibited outstanding SERS performance, achieving a detection limit of 10"!! M for R6G molecules,
and demonstrated remarkable stability. Utilizing Lewis acid-base theory, we successfully facilitated the
hydrolysis reaction of basic pesticides, resulting in a two-order-of-magnitude reduction in the detection limit
for 6-BA. In practical tests using a bean sprout model, we detected residual concentrations of 6-BA as low as
5%10™* mg/kg. This method is not only applicable to the detection of 6-BA but has also been extended to other
similar basic pesticides, revealing analogous phenomena. In conclusion, our research demonstrates the
applicability of Lewis acid-base theory in optimizing pesticide detection methods. By strategically adding
acids or bases based on the surface charge of the SERS substrate, we can enhance the electrostatic interactions
between the target substance and the substrate. This effectively reduces the detection limit, making it more
applicable for practical pesticide detection and paving the way for further exploration of SERS applications in

environmental monitoring and agricultural safety.
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