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Abstract. This review summarizes our progress and effort in the study during last seven years of one of the very important class of insecticides – neonicoti-noids, which are considered as the most effective ones. Advanced active sub-strates of Au and Ag nanoparticles were produced by pulsed-laser deposition and thermal deposition on different basic substrates as Si wafers, quartz, paper, aluminum ceramic or diamond abrasive films in view of surface-enhanced Ra-man spectroscopy (SERS) detection of the studied neonicotinoids. The SERS peaks intensity rose by at least one order of magnitude after the pulsed-laser annealing of the nobble metal films or nanoparticles ar-rays formation. In all cases, the neonicotinoid insecticides in amounts much smaller than those ordi-narily applied in agricultural medicine were studied. The enhancement factor
(EF) was estimated to be about ≈ 105 (thiamethoxam) as the limit of detection (LOD) reached tenths of ≈nM (thiamethoxam and imidacloprid). The impor-
tance of SERS as a relatively inexpensive and simple method is emphasized in monitoring, controlling and regulating the level of such substances as environ-mental pollutants, thus precluding harming the honey bees’ health and thus the human health.
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1 Introduction

The neonicotinoids (neonics) are chemically similar to the nicotine and are con-sidered the most effective class of active substances used in the agriculture for plant protection against harmful insects. They were developed by “Shell” and “Bayer” in the 1980s [1]. The neonics were accepted for use in EU since 2005. Additionally, one of them, namely, imidacloprid has been the most extensively used insecticide since 1999 until at least 2018. The modern agriculture is un-thinkable without application of different type of insecticides. According to Environmental Protection Agency (EPA) the annual production and market of insecticides exceeds 50 billion US dollars.



[bookmark: _GoBack]Neonics, as well nicotine, bind to nicotinic acetylcholine cell receptors and causes its response [2, 3]. In mammals, the nicotinic acetylcholine receptors are situated in the cells of the central and peripheral nervous systems. In contrast, in insects (including bees), these receptors are located in the central nervous system only. These receptors are turned on by a neurotransmitter, namely, acetylcholine, and although their low-to-moderate activation induces nervous stimulation, i.e. high-level overestimation and blocking them. Finally, these result in paralysis and death. The enzyme acetyl cholinesterase prevents acetylcholine from termi-nating signals from these receptors. Moreover, the acetyl cholinesterase is not capable of breaking down neonics, so that their binding becomes irreversible. Neonics residues gather in the treated plants’ pollen and nectar and thus creat-ing potential risks to pollinators. In what concerns honeybees, not only are they of outstanding significance to the ecology, but they have economic impact as well, providing ingredients for medicinal purposes. In spite of their doubtless importance, honeybees are at risk of becoming an endangered species because of biotic and abiotic stressors. The honeybees’ conservation is a challenge ne-cessitating worldwide cooperation. Thus, the EU and USA undertook exten-sive research and measures to prevent the reduction and disappearance of the bees’ colonies [4–6]. As result of wide studies and discussions, the neonics thi-amethoxam, imidacloprid and clothianidin, were banned by the European Food Safety Authority for outdoor use since May 2018 [6].
Variety of methods and systems for monitoring neonics were described by sev-eral authors. Some of them are following. A systematic review of the analytical methods for studies of risk management and risk assessment of neonicotinoid insecticides was reported by Watanabe [7]. Here, analytical methods based on chromatographic and nonchromatographic techniques were described and sum-marized. The infrared and Raman spectra of imidacloprid were predicted via quantum level simulations and compared them with experimental results. [8, 9] Several experimental approaches were reviewed by Ahmed et al. [10].
Using complicated methods based on the automated flow fluorescent immunoas-say, a sensitivity of 30 pg/ml thiamethoxam was reported by Kim et al. [11], and enzyme immunoassay using enzyme-labelled antigens a sensitivity of 0.5 ng/ml thiamethoxam was achieved [12], respectively. Later on, a very advanced and detailed experimental study of thiamethoxam, that is, FT-IR, FT-Raman, and UV-VIS study based on the density functional theory, and ab initio Restricted Hartree–Fock has been performed and reported by Zhang et al. [13]. An opti-mized geometrical structure of the molecule spectroscopy, as well as theoretical and harmonic frequencies was calculated, and the complete assignments of the observed spectra were proposed as well.
Surface-enhanced Raman diagnostic membranes were used for SERS study of several insecticides, among which is the thiacloprid [14]. Phifer analyzed ap-ple samples for insecticide residues and applied the generated calibration curves to quantify the presence of the residues [15]. Minimum concentration of 12.4




parts per billion (ppb) (12.4 mg/L) was detected, which is below the insecticide residue tolerance levels for apples stated by the U.S. Environmental Protection Agency. In addition, several aptamers were also used to functionalize Au sensor chips in order to improve sensitivity. An advanced and detailed experimental study of thiacloprid was reported by Cañamares and Feis [16], which included Raman and SERS spectroscopy of this chemical in solid form, in acetone so-lution, and adsorbed onto Ag and Au hydrosols concentrations as low as mM. Moreover, they applied density functional theory to calculate how the individual stable molecular structure reflects on the Raman spectra and interpreted the dif-ference between SERS and Raman spectra as well as the possible interactions between this molecule and the metal surface which form iminocyano group. Fi-nally, comparison between experimental and theoretical results was provided. Furthermore, Chamuah et al. [17] reported on the preparation of advanced ac-tive SERS substrates of Au-coated electrospun polyvinyl alcohol nanofibers for study of mainly malachite green, but thiacloprid as well. The minimum concen-tration detectable achieved was 0.2658 ppm (265.8 mg/L). Finally, Ag-coated Au NPs were used for SERS detection of thiacloprid residue or mixture with other pesticides in standard solution and on peach [18].
Imidacloprid is probably the most studied neonic. Different methods have widely been used in order to study imidacloprid in plants and agricultural prod-ucts using liquid chromatography coupled to mass spectrometry [19]. Quintás et al. [20] have applied Fourier transform infrared technique in order to determine the imidacloprid in pesticide formulations and the results were statistically com-pared to those found by high performance liquid chromatography. The limit of detection achieved was about 9 lg/g. Several imaging techniques have also been suggested and used for imidacloprid detection on botanic surfaces. For exam-ple, Gerbig et al. [21] have tested desorption electrospray ionization mass spec-trometry for detection of insecticide on leaves and stem segments. Using this method only qualitative results were achieved. Moreover, near-infrared spec-troscopy was used for imaging of imidacloprid in artificial powders and com-mercial formulation [22]. This method allowed successful quantification from 5% to 99.99% imidacloprid in powders. Lee et al. [23] combined an indirect competitive immunoassay, highly sensitive surface plasmon resonance biochip and a simple portable imaging setup for label-free detection of imidacloprid. The authors proposed that precise semi-quantitative analyses at very low detec-tion limit can further be completed by using image processing in a smartphone.
Multiphoton electron extraction spectroscopy was successfully applied for imag-ing and quantification of imidacloprid on plants and other surfaces [24]. This method was proven to be fast and provided low detection limits (down to nano-gram level) and can be directly performed with no sample pretreatment. With this, it is a good candidate for field analyses. In the advanced papers of Moreira et al. [8, 9] the development and application of quantum level simulations were described in order to predict infra-red and Raman spectra of the most stable con-


former of imidacloprid. Four molecular geometries have been investigated via density functional theory approach employing the hybrid meta functional M06-2X and hybrid functional B3LYP. The M062X/PCM model was proved to be the best to predict structural features, while the values of harmonic vibrational fre-quencies were predicted more accurately using the B3LYP functional. The the-oretical results were compared with the Infrared and Raman spectroscopy mea-surements. Several experimental investigations of imidacloprid residues have been carried out applying surface-enhance Raman spectroscopy (SERS) anal-yses at different configurations [25, 27, 36]. Zhang et al. [25] fabricated gold nanoparticle functionalized glycidyl methacrylate-ethylene dimethacrylate sus-pension as SERS arrays and measured several pesticides, among which imida-cloprid, at concentration of 10 mg/L. Dowgiallo et Guenther [26] have obtained SERS spectra of residue of several insecticides on fruit surfaces and Hou et al. [27] have applied SERS for imidacloprid monitoring as the limit of detection of 0.5 lg/cm2 was achieved for tea leaves and 0.02 lg/cm2 for apple peel, respec-tively. Some other studies were also published [28, 29]. Tang et al. [28] have used silver nanoparticles coated glass bead as nonplanar substrate for SERS sensing. An imidacloprid concentration of 0.05 mg/L was detected. Highly roughed surface of flower-shaped silver nanostructure was developed as SERS active substrates and applied by Chen et al. [29] for testing imidacloprid residue
in tea. A minimum concentration down to 1.0 × 10−4 lg/mL was detected.
In the recent decades, the surface-enhanced Raman spectroscopy (SERS) has be-come a potent tool for a high-sensitivity detection of small quantities of a wide variety of materials. It relies on the enormous Raman signal enhance-ment arising from molecules that are in a close proximity of (adsorbed by) metal nanostructures. Thus, the electromagnetic field interacts with the metal nanos-tructures (NSs) and causes a collective coherent oscillation of the free electrons, i.e., a plasmon resonance takes place. This resonance for Ag and Au is in the UV and visible spectral ranges giving rise to sharp absorption and scattering spectra [30–32].
Silver and gold nanoparticle (NP) arrays still attract widespread attention due to their unique properties and functionalities compared with their correspond-ing bulk materials. The electromagnetic field (EM) in the close vicinity of the metal nanostructures expresses specific properties, when electromagnetic wave irradiates the system. The intensity of the EM field could be few orders of mag-nitude stronger compared with the incident one and decreases rapidly with the distance from nanostructure, so it is localized in the vicinity around the metal surface [33, 34]. Therefore, the spatial characteristics of this field are defined by the structure size, but not by the incident wavelength [35]. The properties of such 2D structures strongly depend on the surrounding medium, the interparti-cle distance, the size, and its form. The enormous enhancement of the EM field intensity around the metal nanostructures area has been used in one of the most important applications – surface enhanced Raman spectroscopy (SERS) [36,37].


This technique has been used for detection and analysis of broad range of ex-plosives, drugs, water and food pollutions, viruses and bacteria, DNA, and sin-gle molecule [38, 39]. It is worth noting that more than a decade the Van Duyne group has been making great effort on different aspects of SERS investigations and different applications [39–42].
The plasmon resonance energy is strongly affected by the NSs composition and morphology. It is well known that one of the important ways to increase the sensitivity is the choice of the proper substrate on which the noble metal NPs are deposited in such a way to increase the presence of SERS hotspots [43, 44].
A variety of commercial active SERS substrates are available and can be found [45–49]. Below we list just a few examples with brief characteristics: Klar-iteTM (Renishaw Diagnostics, UK) and Q-SERS (Nanova, USA) sensors are based on silicon wafers; SERStrate (Silmeco, DK) uses nano-structured Si as a base material covered by Ag or Au nano-pillars; P-SERS (Diagnostic anSERS, MD) is a paper-based SERS device produced by an inkjet-printed technology; J12 853 (Hamamatsu Photonics, JP) is a SERS sensor based on nano-structured Au formed by nano-imprinting technology; the Horiba Scientific SERS sub-strates are coated with Au nanorods by oblique dynamic vacuum evaporation; the Ocean Optics SERS substrates (Ocean Optics, Fl) are based on an Au or Ag active element on glass. Unfortunately, all commercial SERS substrates are still relatively expensive.
The purpose of the following review is to summarize our results on preparation of advanced Ag and Au films and nanostructures by laser or thermal deposition methods on basic substrates as Si wafers, quartz, paper, aluminum ceramic or di-amond abrasive films [50]. The as produced advanced substrates were used for high-resolution SERS analysis of the neonicotinoid insecticide as thiamethoxam [51–53], thiacloprid [54], acetamiprid [55], and imidacloprid [50, 56]. Several diminishing concentrations of the analytes below the level of the use in the agri-
culture were detected and the performance of all types of different substrates were compared. The enhancement factor (EF) was estimated to be about ≈ 105 (thiamethoxam) and the limit of detection (LOD) reached tenths of ≈ nM (thi-amethoxam and imidacloprid).

2 Materials and Methods

2.1 Synthesis of advanced Ag and Au active substrates
The Ag and Au films or nanostructures (NSs) were sanitized by thermal or pulsed-laser depositions on the following initial substrates: two types Si wafers (polished by means of 1-µm grade powder, and its back side left as purchased); (001)SiO2; printer paper; aluminum ceramic; manually dry scratched in advance of quartz substrates using three grades (0.1, 0.5, or 1 µm) of diamond supper-


abrasive slurry coated on high precision polyester diamond abrasive films; high
precision diamond abrasive films. The Ag and Au films of different thicknesses were grown in vacuum (pressure of ~10−3 Pa) at room temperature by stan-dard pulsed-laser deposition using a Q-switched Nd:YAG laser (third harmonic, λ  = 355 nm), pulse duration 12 ns and usual energy density of 3 J cm−2. The thermal deposition was conducted under the same ambient conditions, with the
Ag and Au films thickness being different depending the duration of the heating. Prior to deposition, the wafers were cleared by alcohol, washed by de-ionized water and dried. In some cases, the films were annealed after deposition, by the same pulsed laser by up to three consecutive pulses of several hundred energy densities to form nano-structured arrays within areas of about 3 mm in diameter.

2.2 Materials and instrumentation
The following neonics at diminishing concentrations have been studied: thi-amethoxam – Aktara 25 BG [51–53], thiacloprid – Calipso 480 SC [54], ac-etamiprid – Mospilan 20 SP [55], and imidacloprid – Nuprid 200 SP and War-rant 700 WG [56]. The chemical structures, formula and molecular mass of the investigated neonics having nitromethylene (C=CHNO2), nitroguanidine (C=NNO2) or cyanoamidine (C=NCN) moiety, as well of nicotine, are presents in Table 1.
An SU 8230 Fe SEM (Hitachi, JP) field-scanning microscope was used to ex-plore the samples’ morphology in view of estimating its effect on the SERS spectra intensity using a finite difference time domain (FDTD) simulation (Om-niSim, Photon Design).
The calculation model was based on a numerical solution of the Maxwell equa-tions at complex geometry in homogeneous systems, which consist of variety of mate-rials and environments. It has been proven to give an adequate inter-pretation of the near-field characteristics of the electromagnetic (EM) field in the vicinity of NSs [57–59]. The simulated system was divided into elemen-tary cells, where the electric and magnetic field components were calculated at each time step by the scheme of Taflove et Hagness [57]. The dielectric func-tion of the Ag and Au particles was described by the Drude model as the input parameters were taken from Johnson et Christy [60]. The excitation laser light applied has linearly polarized plane wave at wavelength of 532 nm - the same as the laser excitation of Raman spectrometer used, directed perpendicularly to the NP arrays on the active Ag and Au structures. The dielectric function of the substrate was taken from Palik [61], and the electric field intensity, which is an in-put parameter for FDTD simulation, was assumed to be 1 V/m2. The opti-cal properties of the Ag and Au films and NP areas were measured by optical spectrometer (Jasco V-670, Japan).
The as prepared samples were covered by a solution in water of the desired neonic at various concentrations, then dried at room temperature. Their perfor-


[bookmark: _bookmark1][image: ]Table 1. Chemical structure of nicotine and some neonicotinoid insecticides stud-ied, having nitromethylene (C=CHNO2), nitroguanidine (C=NNO2) and cyanoamidine (C=NCN) moiety, respectively

	Neonicotinoid
	Chemical formula
	Molecular mass (g/mol)
	Chemical structure
	Market name (studied)

	

Nicotine
	


C10H14N2
	

162.23
	
	





[image: ]Thiacloprid	C10H9ClN4S	252.72	Calypso 480 SC
Imidacloprid	C9H10ClN5O2	255.661
Nuprid
 200 SL 
Warrant 700 WG
Acetamiprid
C10H11ClN4	222.678
Mospilan 20SP
Thiamethoxam C8H10ClN5O3S	291.71
Aktara 25 BG



mance was followed by a µ-Raman spectrometer (Photon Design, Japan) at 0.5 mW usual excitation power and wavelength of 532 nm. The resolution achieved
was 0.2 cm−1, with the exciting laser-beam spot size on the samples surface be-
ings ~1 µm2. In order to reduce the noise, each Raman spectrum was obtained by averaging at least between three and six scans taken from different points of the NPs arrays with a 10-min acquisition time.

3 Results and Discussions

3.1 Morphological properties of the Ag and Au active substrates
The morphological and optical properties (transmission spectra) strongly depend on the initial substrate. The morphologies of some Ag and Au nanostructures (NSs) arrays produced on (001) SiO2 are depicted in Figure 1. The insets show
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[bookmark: _bookmark2]Figure 1. Field emission scanning mi-croscopy images of: (a) Ag nanoparticles and (b) Au nanoparticles area. The insets depict the morphology of the films, respec-tively. (c) Nanoparticles size distributions of: Au NPs (red columns) and Ag NPs (blue columns).

(c)

the films, respectively. The size distribution (Figure 1c) evaluated by counting
500 particles has two maximums – one at ~10 nm corresponding to the smaller NPs, and second one at 30÷55 nm, corresponding to the larger NPs. The Ag film is relatively flat and has fine nano-sized structure - see the inset in Figure 1a. At
the contrary, the Au film has larger nano-sized structure – the inset in Figure 1b. Additionally, the Au NPs area consists of one type NPs having a maximum of the distribution at ~22 nm – Figure 1c.
[image: ]The morphologies of the Ag and Au NPs areas produced on printer paper or Al2O3 ceramics are presented in Figure 2. In all cases the annealing leads to



[bookmark: _bookmark3]Figure 2. FE-SEM images of images of the Au NPs (a) and Ag NPs (b), produced on printer paper. The Insets present the NPs diameter distributions, respectively. The as deposited films were irradiated by a single pulse at λ = 355 nm at fluence of 0.28 J/cm2 [53]. SEM images (c, d) of Au film deposited on Al2O3 ceramic after annealing by one and five pulses, respectively, with fluence of 240 mJ/cm2.
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[bookmark: _bookmark4]Figure 3. FE SEM images of the areas: (a) Thermally-deposited Ag on 1-µm polished Si and pulsed laser annealed by three pulses at 430 mJ cm−2; (b) PLD deposited Ag (3 J cm−2) on 1-µm polished Si and laser-annealed by three pulses at 400 mJ cm−2; (c) PLD deposited (3 J cm−2, 10−4 mbar) Ag on 1-µm polished Si and laser annealed by three pulses at 300 mJ cm−2; (d) PLD deposited Au (3 J cm−2) on 1-µm polished Si and laser-annealed by three pulses at 300 mJ cm−2. The insets: (a), (b), (c) - Ag and (d) –
Au are the nanoparticles size distributions [50].

dramatic im-prove of the quality of the surface of the films and formation of smaller nanoparticles, which finally improves the quality of the Raman spectra.
The morphologies of some other samples, after deposition Ag or Au of and pulsed-laser annealing are shown in Figure 3. As one can see, the particles dis-tributions depend slightly on the deposition techniques, i.e., thermal (inset a) and pulsed-laser (inset b), respectively. The average dimensions values, Dmean, are
relatively the same, namely, about ≈ 30 nm. The increasing of annealing laser-
pulse energy density from 300 mJ/cm2 to 400 mJ/cm2 affects slightly on the NPs distribution, i.e., Dmean have practically the same value – see Figure 3b, c. As far as the Au area is concerned, it consists of twice as small Au particles with
an average dimension Dmean = 15 nm (see inset d). In the latter case, however, there are several much larger Au nanoparticles with dimensions between 70 nm and 95 nm, whose number is less than 2% of the Au NPs measured (Figure 3d).
The results of the use back side of non-final polished Si wafer expressed similar figures. However, the NPs area of the 1 µm micro-processed Si wafer, Figure 4a, has narrower particle distribution Dmean = 18 nm, since the area of back side consists of larger NPs with Dmean = 25 nm (Figure 4b).
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[bookmark: _bookmark5]Figure 4. FE SEM pictures of thermal deposited Ag films and then pulsed laser annealed with 3 pulses at 400 mJ/cm2 areas on the basic substrates: (a) 1 µm micro-processed Si and (b) back side of non-finish polishing Si wafer.
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[bookmark: _bookmark6]Figure 5. (a) Transmission spectra of Ag film and Ag NPs area produced on (001) SiO2 [52]. (b) Transmission spectra of silver film, deposited on 1 mm diamond abrasive film (solid line) and laser annealed silver nanostructured area (dashed line) [56]. Transmission spectra of the films and the NSs after annealing produced on 0.5 µm grade of manually polished (100) SiO2: (c) Ag film (A) and Ag NSs (B); (d) Au film (A) and Au NSs
(B) [55].


3.2 Optical properties of the Ag and Au active substrates
As example, some of the transmission spectra of the Ag or Au films and the NSs after annealing produced are depicted in Figure 5. The plasmon resonance is expressed especially in cases after annealing. It is usually situated around
≈ 475 ÷ 480 nm for Ag films (if any) and NS and around ≈ 540 nm for Au films
and Au NS, respectively. It slightly depended on the quality of the substrates.
[image: ]The comparison between optical properties of the Ag and Au NPs areas can be seen from Figure 6. The plasmon resonance here is very well pronounced in both cases, i.e. the Ag and Au NPs arrays. However, it is very strong and narrow in case of Ag NPs and has lower intensity and is broader for Au NPs. The plasmon resonances are centered at 438 nm for the Ag NPs and at 568 nm for Au NPs, respectively. In case of Au film, the plasmon resonance is very shallow. However, both films have nano-structured morphology, which is a base for observation of SERS signals from the films as well. The width of the res-onance band is related to the dephasing of the plasmon oscillations. The wider band width expresses lower dephasing time, which is responsible for lower near field intensity enhancement value. We assume that all the features described can induce difference in the intensity of the SERS in case of the NPs and the films.




[bookmark: _bookmark7]Figure 6. Transmission spectra of Ag nanoparticles (blue line) and Au nanoparti-cles (red line) areas.





3.3 The efficiency of the fabricated active structures on the SERS spec-tra – FDTD method
The efficiency of the active structures was studied and defined via FDTD simu-lation of the EM field intensity distribution in the vicinity of NP array using real FE SEM spectra. Here are some examples.
Different type Ag or Au NPs on SiO2 based substrate are depicted in Fig-ure 7 [55]. Furthermore, Ag or Au produced on three different grades of SiO2 substrates, were depicted in Figure 8 [56]. It is seen, that in the vicinity of nanoparticles the intensity of the electrical field increases up to 106.
Following the results shown in Figure 8, the intensity of the peaks in SERS spectra of Ag NPs arrays were expected to have higher intensity, compared to
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[bookmark: _bookmark8]Figure 7. Calculated near field intensity distribution for imidacloprid in the vicinity of Ag (a), (b), and (c), and Au (d) nanoparticle arrays by finite difference time domain simulation. The silver system consists of particles with three diameters of 10, 20, and 30 nm. In (a), (b), and (c) the distributions are given in a plane through the equator of these nanoparticles, respectively. In (d), the distribution is also given in a plane through the equator of the nanoparticles. The arrow in (c) indicates the polarization direction of the incident wave [55].

those of Au NPs arrays. Additionally, highest SERS intensity of Ag NPs arrays will be obtained in case of Ag covered 1 µm grade substrate and will decreases with the value of the grade of the substrate.

3.4 µ-Raman and SERS spectra of neonics
The neonics on the active Ag or Au substrate (film and NPs area) or on glass were examined by µ-Raman spectrometry. For example, Figure 9a presents comparison be-tween µ-Raman spectra of thiamethoxam (Aktara) deposited on Ag film, Ag NPs, and on glass. As is seen, several strong peaks are detected from the Ag NPs area, whereas the Ag film gives rise to some less intensive peaks. Additionally, several very week and broad peaks are observed, when analyte with a higher concentration (more than two orders of magnitude) was deposited on the glass substrate. Moreover, detailed SERS spectra of Aktara deposited on Ag NPs (Figure 9b) and on Ag film (Figure 9c) are presented. It is worth noting that no SERS signal was achieved by Au NPs.
To the best of our knowledge, a SERS study of the Aktara insecticide (thi-amethoxam) is reported for the first time. The strongest peaks in the SERS spec-
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(c)
[bookmark: _bookmark9]Figure 8. FDTD simulation of the EM field intensity distribution for acetamiprid in the vicinity of Ag NP array on three different grades of SiO2 substrates: (a) 0.1 µm – the distribution is plane parallel to the quartz substrate at 10 nm above it; (b) 0.5 µm – the distribution is plane parallel to the quartz substrate at 35 nm above it; and (c) 1 µm - the distributions at two planes parallel to the quartz substrate at 10 nm above the surface (upper picture) and 30 nm above the surface (lower pictures). (d) FDTD simulation of the EM field intensity distribution in the vicinity of Au NP array on 0.5 µm grade of SiO2 substrate – the distribution is plane parallel to the quartz substrate at 20 nm above it. The sizes and spatial distributions of the NPs were taken from the FE-SEM images adjacent [56].

tra arising from the Ag NPs sample were located between 840 and 1239 cm−1. Additionally, peaks at 545, 584, and 662 cm−1 of intermediate intensity can be seen. According to Nicholas et al. [62], who studied other structurally re-lated halogenated (Cl) pesticides, several peaks below 600 cm−1 may be as-cribed to the C-Cl linkage. Moreover, the activity be-tween 600 and 1600 cm−1 is characteristic for hydrocarbons. The strong peak at 1620 cm−1 may be re-lated to a distortion of the benzene-type ring. According to Zhang et al. [63], the strongest peaks at 901 and 1239 cm−1 and strong peak at 1412 cm−1 in the SERS coincide with the experimentally obtained peaks. Especially, the ob-served peak at 901 cm−1 may be related to the coupled C-O and C-N stretch-ing vibrations of the benzene-type ring. Some other peaks coincide with the theoretically achieved. The vibrations in the region of 1500–1600 cm−1 and 1400–1625 cm−1 can be assigned to the ring C=N and C=C stretching mode, respectively.
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(a)	(b)

[bookmark: _bookmark10][image: ]Figure 9. (a) µ-Raman spectra of thi-amethoxam (Aktara 25) deposited on Ag film, Ag NPs, and glass; (b) SERS spec-trum of analyte deposited on Ag NPs; and
(c) SERS spectrum when deposited on Ag film. Note that the concentrations of the analyte deposited on the Ag NPs (b) and on Ag film (c) were 2.57 mM, and this de-posited on glass was 0.86 M [52].
(c)

The structure of the SERS taken from NPs and films or Raman spectra from bulk materials may poses some different peaks because of morphology dependent selectivity in vibration mode excitation [64]. It is worth noting that sulphur atom in the thiamethoxam molecule may be bonded to the Ag surfaces and thus may affect the SERS spectra or shift of some peaks.
Laser annealing of Ag film on quartz substrates resulted in area containing 2-D NPs. The size distribution of the Ag NPs was much broader with two maxi-
mums at ∼ 10 and 30 ÷ 55 nm. The plasmon resonance of Ag film has about
the same intensity as Ag NPs, although it is much wider. To the best of our
knowledge, for the first time, a strong enhancement of the µ-Raman spectra was detected in the case of Aktara 25 BG deposited on the Ag NPs area caused by plasmon resonance in Ag NPs, thus, the minimum detected concentration of thi-amethoxam was evaluated to be in the order of µg/ml. The enhancement factor was estimated to be about 105.
Raman spectra produced of the thiacloprid on Au NPs produced by thermal de-position on Al2O3 ceramic initial substrates is depicted in Figure 10 [54]. It is seen that the intensity of the SERS spectra dramatically increased after laser annealing. Taking into account all SERS spectra, the deposits on the thickest Ag or Au films have higher intensities compared to those on the thinnest films. Moreover, the SERS spectra on the thinner Au films, have slightly lower inten-
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[bookmark: _bookmark11]Figure 10. SERS spectra of Calypso 480 SC (thiacloprid) deposited on (left): Ag or Au NSs substrates. The concentration was 19 mM in both cases. SERS spectra of clear Ag and Au NSs substrates (no analyte) are also depicted. (right): Au NSs (lower spectrum) and on Au NSs (upper spectrum) after laser annealing by 5 subsequent pulses with fluence of 240 mJ/cm2. The concentration of analyte was 19 mM in both cases [54].

sities compared to those on the thinner Ag films. Following the analyses we can to assign the vibration modes connected to the most characteristic and strongest SERS peaks.
The strong peak around 588 cm−1 (summarized for all samples’ wavenumber shift, ∆, below 3 cm−1) matches well with bending N-C≡N vibration, which also contributes to the well-expressed band around 548 cm−1 (∆ < ±4 cm−1)
[16]. The highest wave-number shift was observed in the case of thinner Ag and Au NSs and lowest thiacloprid concentrations. Both peaks have also quite
strong intensity, especially at 588 cm−1 in the Raman spectrum of thiacloprid
deposited on glass substrates. The characteristic strong or very strong peaks around 627 cm−1 (∆ < −3 cm−1), 817 cm−1 (∆ < ±2 cm−1), and 1096 cm−1 (∆ < ±3 cm−1) can be assigned to the stretching C–Cl vibration [14]. All peaks in the SERS spectra have very small shifting with respect to those reported [14,
16]. Further-more, according to Cañamares and Feis [16] and Yaseen et al. [18], the bands observed by us around 817 and 1585 cm−1 can be connected with CH bending and pyridine stretching bands, respectively. Additionally, these peaks
are consistent with the Raman peaks taken when the chemical was deposited on the glass substrate. The very strong bands around 1424 and 1446 cm−1 (∆ < 2 cm−1) can be associated with the CH2 scissoring mode [16, 18]. Both peaks can be seen in the Raman spectrum. Moreover, the peak around 688 cm−1 can be connected with the SERS observed peak as reported by Phifer [15] and by
Cañamares and Feis [16] with a small shifting. The former indicated peak at 684 cm−1 as characteristic for the thiacloprid connected to the CN bending and CC deformation vibrations.
Additionally, he indicated bands at 927, 1017, and 1264 cm−1 are major peaks characterizing the chemical. However, the last one was not well expressed in
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[bookmark: _bookmark12]Figure 11. SERS of (a) Nuprid 200 SP (imidacloprid) at concentrations 7.8 mM (upper spectrum) and 390 mM (lower spectrum); (b) Warrant 700 WG (imidacloprid) at concen-trations 5.48 mM (upper spectrum) and 274 mM (lower spectrum). The analytes were deposited on Ag NS active substrates [56].

our case and it may be these peaks with CH wagging, CH bending, and CN stretching vibrations, respectively. It is worth noting that he studied not pure thiacloprid, however, but chemical Calypso 4F via SERS diagnostic membranes,
i.e. different from our substrates [15, 16]. Finally, the moderate or weak peaks around 609, 829, and 1323 cm−1 were indicated and can be related to those observed in the SERS spectra by Cañamares and Feis [16]. The first two peaks
can be connected with the combination of different (NCN, CS, CH2, CCN, C–Cl, and ring) vibrations. But for the last one, it can be assigned to the wagging CH2 band. The existence of several other moderate Raman peaks at 995, 1138, 1244, and 1408 cm−1 in the spectra can come from the unknown inert chemicals added into insecticide Calypso 480 SC, which were not indicated by the producer.
Figure 11 depicts surface-enhance Raman spectra of imidacloprid, both studied chemicals (Nuprid 200 SP and Warrant 700 WG), deposited on alumina ceramics Ag NSs [56].
Three intensive characteristic peaks of imidacloprid for both analytes are situ-ated at 815, 1276, and 1372 cm−1. These exactly match the results of Moreira et al. [9]. Some others have very small deviation (between 2 and 4 cm−1) as those of Nuprid are always shifted to the higher wavenumbers and are situated at 632, 830, 995, 1107, and 1482 cm−1. These deviations can be caused by the influ-
ence of the inert unknown substances added and/or influence of the substrate.
The described peaks are consistent with those published by Moreira et al. [9], Zhang et al. [25], Dowgiallo et Guenther [26], and Tang et al. [28]. However, the assignments of some vibrations proposed by the authors were different.
The comparison between the SERS spectra of acetamiprid (Mospilan 20 SP) taken from different grade (1, 0.5, and 0.1 µm) polished quartz substrates Ag NSs reveals that the highest enhancement was achieved from 1 µm grade pol-ished SiO2 and lowest taken from 0.1 µm, respectively. This can be deduced
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[bookmark: _bookmark13]Figure 12. SERS spectrum of acetamiprid (Mospilan 20 SP) at concentrations of 2.25 mM (a), 0.225 mM (b), and 0.1125 mM (c) deposited on the annealed Ag covered 1 µm grade of manually polished (100) SiO2 substrate.

from Figure 12 and Figure 13, where SERS spectra taken from covered 1 µm grade quartz substrate have about 2 times higher intensity with respect to these taken from Ag NSs 0.5 µm, respectively. This tendency is valid to the spectra taken from Ag NSs 0.1 µm with respect to the former one. This tendency was confirmed by the FDTD modeling.
The SERS spectra taken from three types of manually polished (100) SiO2 sub-strates Au NP areas clearly have lower intensity compared with those taken from
[image: ]
[bookmark: _bookmark14]Figure 13. SERS spectrum of acetamiprid (Mospilan 20 SP) at concentrations of: 2.25 mM (a), 0.225 mM (b), and 0.1125 mM (c) deposited on the annealed Ag covered 0.5 µm grade of processed (100) SiO2 substrate.


the corresponding Ag NPs. This is probably because of the lower plasmon res-onance of Au NSs with respect to those of Ag NSs. It is worth noting that the bands presented by Chen [14] relayed for the pure acetamiprid powder. The
bands at 624, 781, 1099, 1494, and 1588 cm−1 (Figure 12) coincided with these, achieved by Chen [14]. The band at 624 cm−1 can be ascribed to the N–C≡N wagging vibration. This is confirmed by to Han et al. [64] based on the theoret-
ical calculations (density function theory-SERS). According to Phifer [15], the band at 1099 cm−1 was connected with CH in-plane deformation and CCC in-plane deformation vibrations (assigned by him as specific peak of acetamiprid),
ring breathing vibration mode [65] or N–C stretching mode in the ring [64]. We can ascribe this band to the vibration of the ring of the acetamiprid molecule.
Furthermore, the band at 1588 cm−1 can also be connected to the ring breathing vibration [64]. Another intensive band at 1416 cm−1 was reported by Hassan et al. [66].
The characteristic less intensive SERS peak at 364 cm−1, which is observed from Ag NSs covering all grade polished (100) SiO2 or in the Raman spectrum – 367 cm−1 can be associated with the vibration in the ring structure of the ac-etamiprid molecule [66]. Finally, two other intensive bands at 1612 and 1632 cm−1 were observed, which were not reported by other authors, which we can
ascribe them to the distortion of the benzene-type ring. In fact, Han et al. [64] presented two bands in the range of 1600–1700 cm−1 obtained by density func-tion theory – SERS calculated spectrum, unfortunately, with no discussions. The
binding mechanism of Au or Ag NSs with acetamiprid molecule is probably missing or is very low. It is worth noting that chlorine atom in the acetamiprid molecule may be bonded to the Ag surfaces and thus may affect the SERS spec-tra or shift of some peaks. Additionally, in order to improve the acetamiprid SERS signal, Han et al. [64] removed the formation of silver oxide covering Ag nanorods by chemical ways. We did not apply any chemical treatments to the Ag films or Ag NPs.
The SERS results of Mospilan 20 SP (acetamiprid) were confirmed by FDTD modeling The FDTD modeling reveals higher enhancement effectiveness of the Ag NSs and being maximum for the Ag with 1 µm grade of quartz substrate and decreasing to two to three times for the Ag with 0.1 µm grade of quartz substrate. The SERS signal taken using Ag nanostructures was higher compared with those of Au NSs.

3.5 The enhancement factor (EF) and lowest detection limit (LOD)
Following the procedure described by Atanasov et al. [52], the enhancement factor (EF ) based on the most effective and strongly expressed bands of Raman spectra of every neonic were evaluated. In brief, using well-known equation
EF = ISERSNglass/IglassNSERS ,


where ISERS and Iglass are the peak intensity of the chosen strongest peaks in SERS and µ-Raman spectra, respectively, and NSERS and Nglass are the numbers of neonic molecules in the area of the measured laser spot.
The highest value of EF about ≈ 105 was achieved in the case of thiamethoxam [51, 52] deposited on PLD Ag and laser annealed films on (001) SiO2 substrate or imidacloprid [56] deposited on Ag and Au and laser annealed films on 1-µm polished or back side Si wafer, respectively. It is worth noting that the goal of our
works was not to show “a record value” but to demonstrate efficient substrates that are able to detect traces of the studied insecticide lower than applied in the agriculture.
A very advanced results were achieved when Ag NPs arrays were produced on the printing paper [53]. To the best of our knowledge, SERS spectra were obtained in the case of Aktara 25 BG deposited on Ag NPs arrays produced on paper substrate caused by plasmon resonance, thus, the enhanced factor of 104 was estimated.
For all investigated neonics, the lowest detection limit was estimated base on the values of the strongest SERS peaks. In case of acetamiprid it is presented in
Figure 14. Here LOD was estimated to be about ∼ 40 nM.
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[bookmark: _bookmark15]Figure 14. Surface-enhanced Raman spectra calibration curves of acetamiprid (Mospilan
20 SP) deposited on: (a) annealed Ag covered 1 µm grade manually polished (100) SiO2 substrate, based on 1612 cm−1 band; (b) annealed Ag covered 0.5 µm grade manually polished (100) SiO2 substrate, based on 1632 cm−1 band; and (c) ceramic/Ag substrate, based on 1416 cm−1 band. Calibration curve errors bars represent deviation of at least
two identical measurements at maximum intensity.

In case of imidacloprid, LOD was evaluated to be about ~50 nM. Here Ag and Au NPs were deposited on Al2O3 ceramics. When pulsed-laser deposited and annealed Ag and Au films on 1-µm polished or back side Si wafer were pro-duced, LOD is below <0.5 nM (Figure 15).
In case of thiacloprid, LOD is deduced to be about ∼ 2 × 10−5 M as the EF increases up to ≈ 104, when laser annealing was applied (Figure 16).
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[bookmark: _bookmark16]Figure 15. Surface-enhanced Raman spectra calibration curves of Nuprit 200 SP (imi-dacloprid) deposited on Au (red lines) or Ag (blue lines) NPs arrays produced on 1 µm
processed Si substrate, based on the 1372 cm−1 band. The metal films were deposited by
pulsed laser deposition and then annealed by 3 laser pulses. Calibration curves errors bars
represent the deviation of the identical measurements at between three and sixes different points on the surfaces of the samples.
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[bookmark: _bookmark17]Figure 16. Surface-enhanced Raman spectra calibration curves of neonicotinoid insecti-cide Thiacloprid (Calypso 480 SC).

Finaly, the summary of the basic substrates used to create active Ag and Au nanostructures arrays for surface-enhanced Raman spectroscopy of neonicoti-noids studied as well as the results of SERS achieved are presented in Table 2.

4 Conclusions

The investigations and results presented in this article can be summarized as fol-lows: different new types advanced active Ag and Au nanostructured substrates


[bookmark: _bookmark18]Table 2. Summary of the basic substrates used to create active Ag and Au nanostruc-tures arrays for surface-enhanced Raman spectroscopy of studied neonicotinoids and the results of SERS
	Basic substrate
	Method of deposition
	Anneal-ing
	
LOD EF
	Neonics (studied)
	
Ref.

	1 µm micro-processed or
	thermal or pulsed laser deposition of
	pulsed laser
	< 0.5 nM
≈ 8.8 × 104
	imidacloprid (Nuprid 200 SP)
	
[50]

	back side Si wafer
	Ag and Au films
	
	
	
	

	Al2O3
ceramic
	thermal deposition of Ag and Au films
	
	≈ 50 nM;
7.2 × 103
	imidacloprid (Nuprid 200 SP,
	
[56]

	
	
	
	
	Warrant 700 WG)
	

	(001) SiO2
	pulsed laser deposition of Ag films
	pulsed laser
	< 0.26 mM;
≈ 105
	thiamethoxam (Aktara 25 BG)
	
[51, 52]

	Printer paper
	pulsed laser deposition of
	pulsed laser
	≈ 1.28 mM;
≈ 104
	thiamethoxam (Aktara 25 BG)
	
[53]

	
	Ag films
	
	
	
	

	Al2O3
ceramic
	thermal deposition of Ag and Au films
	pulsed laser
	380 µM;
≈ 104
	thiacloprid (Calipso 480 SC)
	[54]

	1, 0.5 & 0.1 µm
micro-processed
	thermal deposition of Ag and Au films
	pulsed laser
	≈ 40 nM;
6.6 × 103
	acetamiprid (Mospilan 20 SP)
	
[55]

	(001) SiO2
	
	
	
	
	



were produced by pulsed-laser deposition or thermal deposition on several dif-ferent basic substrates as Si wafers, quartz, paper, aluminum ceramics or dia-mond abrasive films in view of surface-enhanced Raman spectroscopy (SERS) detection of the 5 different neonicotinoids; in all cases the EF and LOD were evaluated.
Based on the results of the investigations presented several conclusions can be made:
· Si as basic substrate provides excellent opportunity with respect of surface morphology. Additionally, it is easy for making SEM analysis without
covering the structure against charging during SEM measurements. The enhancement factor was estimated to be > 5.104 as the limit of detection reached was <0.5 nM – the best values regarding basic substrates used (see Table 2);
· The cheapest basic substrate was found to be the paper. However, it cannot be processed by thermal deposition because of its low burning tempera-ture;


· Pulsed laser deposition is a better processing method compared to the ther-mal deposition for production of thin Ag or Au films since it provides excellent control of the thickness. On the contrary, thermal deposition is
much easy to make but is very difficult to control exactly the thickness of the films;
· Further investigation of the neonics is becoming difficult since it is very
complicated to find them on sale.
We hope that our study impact and contribute to the decision of EU Commission to banned the outdoor application of neonicotinoids in agriculture practice.
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