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A B S T R A C T   

Dithiocarbamates (DTCs) are a group of fungicides with various toxicities, and are widely used in agriculture. 
Currently, most of the official DTC detection methods cannot identify residues of individual DTCs, such as 
dimethyldithiocarbamates (DMDCs), ethylene-bis-dithiocarbamates (EBDCs) and propylene-bis- 
dithiocarbamates (PBDCs), on crops. Surface-enhanced Raman scattering (SERS) provides fingerprint recogni-
tion from the scattering spectra of molecular vibrations, and it has excellent potential as a primary qualitative 
screening tool. In this study, glancing angle deposition (GLAD) was used to fabricate SERS substrates with 
Ag@Au alloyed nanorods to provide cost-effective and rapid detection, and an optimal procedure for extracting 
DTC residues on the surface of crops was proposed. This study verified that under ordinary Raman spectroscopy 
conditions (excitation light, 785 nm; power, 20 mW; and integration, 3 min), extraction with tepid water and the 
addition of 0.1% sodium chloride can enable the detection of thiram (a DMDC), propineb (a PBDC) and man-
cozeb (an EBDC) on crops at trace concentrations of 0.05, 0.1 and 0.2 ppm, respectively, even on crops con-
taining high levels of endogenous sulfides, such as cauliflower and white radish. Using the developed SERS-active 
substrate, qualitative and semi-quantitative results can be obtained by employing the specific characteristic 
peaks of the Raman scattering patterns to distinguish three types of DTCs. The method proposed in this study 
offers the advantages of simple operation, few consumables, high safety, and no interference from the matrix. 
Hence, this study provides an auxiliary approach for DTC detection.   

1. Introduction 

Dithiocarbamates (DTCs) are a group of compounds containing di-
sulfide substituents and are used as pesticides. As contact broad- 
spectrum bactericides, DTCs are effective against more than 400 types 
of pathogens and have been widely applied to more than 70 types of 
crops, with an annual global consumption of more than 35,000 tons. 
Depending on the carbon chain structure of the molecule, DTCs can be 
divided into three major types: (1) dimethyldithiocarbamates (DMDCs), 
such as thiram and ferbam; (2) ethylene-bis-dithiocarbamates (EBDCs), 
such as mancozeb, maneb, and mitram; and (3) propylene-bis- 
dithiocarbamates (PBDCs), such as propineb. Generally, DTCs are not 
particularly toxic, and they are sprayed directly onto the surface of 
crops; they can be easily removed by washing with water. However, 
DMDCs are moderately toxic bactericides, and their toxicity can be 

significantly enhanced when heavy metal ions are included and cause 
poisoning through dietary exposure or skin contact. The metabolite of 
mancozeb and zineb (both EBDCs) is ethylene thiourea (ETU), which has 
been classified as a Group 3 carcinogen by the International Agency for 
Research on Cancer (IARC) [1]. Although the carcinogenicity of ETU to 
humans is still uncertain, it has been found to be carcinogenic and 
teratogenic in animal experiments, causing thyroid follicular cell car-
cinoma, anterior pituitary tumor, and liver cancer in mice and thyroid 
epithelial cancer in rats [2]. The metabolite of propineb (a PBDC) is 
propylene thiourea (PTU). An animal study revealed that long-term 
consumption of ETU or PTU leads to adverse effects on abnormal thy-
roid and embryo malformation [3]. 

Since individual DTCs vary in toxicity, the assessment of exposure to 
individual DTCs according to each of their toxicities would more accu-
rately reflect the actual risk that consumers face [4]. To precisely 
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determine the level of exposure, a method that is capable of dis-
tinguishing the content of individual DTCs is necessary. For this purpose, 
the European Union stipulated maximal residue level (MRL) standards 
for DTCs in 2007, which indicated that specific methods must be applied 
to individually determine residual propineb, thiram, and ziram on foods 
[5]. However, DTCs are insoluble in most solvents, and their stability is 
dependent on the oxygen content, humidity, temperature, and pH value 
[3]. Therefore, it is difficult to directly determine the content of unde-
graded DTCs. At present, many countries and international organiza-
tions use CS2 content to represent total DTC residue levels in agricultural 
products. The presented universal method is to determine the CS2 con-
tent by headspace gas chromatography after the reduction reaction of 
the sample crops. The first method was proposed on the basis of the 
principle that DTCs are hydrolyzed to release CS2 in an acidic SnCl2 
solution [6]. Then, the released CS2 can be determined using various 
instruments, such as spectrophotometry [7], gas chromatography-flame 
photometric detector (GC-FPD) analysis [8], gas chromatography-mass 
spectrometry (GC–MS) [9], and flow injection spectrophotometry 
[10]. Since carbamate pesticides and organophosphorus pesticides can 
compete with acetylcholine for the active site of acetylcholinesterase 
(AchE), enzyme-based electrochemical and fluorometric approaches 
have emerged as powerful pesticide screening assays [11-13] and have 
great potential for detecting pesticides with thiocarbamate, which is the 
sulfur analogue of carbamate. 

Although some of these methods are quick and easy and offer short 
analytical times, simple operation, and high detection sensitivity, they 
cannot be used to determine the individual contents of various types of 
DTCs. Moreover, certain plant matrices generate CS2 during the process 
of degradation or decomposition. Some crops also form CS2 from 
endogenous sulfides through reduction reactions. Therefore, the high 
content of sulfide in crops (e.g., cruciferous crops (cauliflower and white 
radish), mushrooms, onion, garlic, and chives) would yield false-positive 
results in the above CS2 determination methods [14]. 

Surface-enhanced Raman scattering (SERS) provides the benefits of 
quick analysis, excellent sensitivity to detect chemical molecules down 
to ultratrace levels and unique information on molecular vibrational 
fingerprints. SERS has gradually become a promising tool in applications 
in food safety, environmental monitoring, and life science [15-18]. 
Although numerous studies have investigated the application of SERS to 
detect pesticides in fruits and vegetables, thiram has almost always been 
used as the target substance for DTC detection [19]. Few studies have 
proposed the application of SERS for the detection of EBDCs and PBDCs, 
even though these DTCs present higher risks than thiram to human 
health. One credible reason for this paucity of studies is that the 
detection limits of EBDCs and PBDCs by SERS are almost above the 
current MRL requirements (~10− 7 M). A previous study using SERS to 
detect mancozeb achieved a sensitivity of only trace amounts of 10− 6 M 
[20], and in another report, in which Au and Ag nanostructures on paper 
were prepared as substrates for SERS to detect mancozeb, the method 
showed poor sensitivity (1.28 £ 10− 3 M) [21]. To our knowledge, aside 
from DMDCs and EBDCs, no studies have been conducted using SERS for 
propineb, a type of PBDC. 

With the prosperous development of SERS substrate materials, 
numerous SERS-based methods facilitate real-time on-site analysis [22]. 
SERS applications have been reported with two nanostructured systems: 
colloidal dispersions of metal particles and nanostructured metal films 
[23-25]. Compared with colloidal systems, the nanostructured film 
approach provides more advantages for SERS substrates, such as 
portability, robustness, and compatibility with a wider variety of sub-
strates. However, due to the complex preparation process and high pu-
rity requirements, the use of metal thin films as a rapid detection method 
is hindered. As part of the physical vapor deposition (PVD) process for 
creating coatings of pure metals, metallic alloys and ceramics, glancing 
angle deposition (GLAD) is an ideal method for preparing nanomaterials 
[26]. Nanostructures with specific morphologies and excellent proper-
ties can be fabricated that are suitable for preparing highly sensitive 

SERS substrates. One of the novel materials used as a SERS substrate is 
Ag/Au bimetallic nanoalloy, which combines the benefits of the surface 
stable properties of Au with the scattering enhancement properties of Ag 
[27-29]. Such nanostructures offer the advantages of easy control, broad 
applicability, low operation pollution and good stability and repeat-
ability at large scale for producing SERS-active substrates [30-32]. Using 
GLAD to fabricate Ag@Au bimetallic nanostructures can achieve SERS 
substrates with more effective hot spots at low cost. 

DTCs are not included in the routine analysis of multi-pesticide 
residues in agricultural products because they cannot be determined 
by general procedures such as quick, easy, cheap, effective, rugged, and 
safe (QuEChERS) methods. Although mass spectrometry can distinguish 
the different types of DTCs, it remains a challenge to accurately quantify 
DTCs using LC-MS/MS for routine analysis since DTC standards as 
calibration standards are unstable. In addition, the current analytical 
method to determine DTC residues, which is based mainly on CS2 level, 
has identification defects and a high false-positive rate. On the strengths 
of high sensitivity and rapid quantification, SERS has potential as a 
screening tool for detecting DTC residues. Thus, this study was aimed at 
developing a simple approach that uses an alloyed SERS substrate 
accompanied with a rapid extraction process to detect DTC residues in 
vegetables and fruits, and thereby overcome the difficulties faced by 
current DTC detection methods. 

2. Experimental 

2.1. Reference standard and chemical reagent 

Reagents included sodium chloride (special grade), deionized water 
(resistivity ≥ 18 MΩ̇cm at 25 ◦C), pesticide reference standards (stan-
dard grade: 99.8% thiram, Sigma-Aldrich., USA), 99.8% propineb 
(Sigma-Aldrich), and 89.7% maneb (Sigma-Aldrich). The formulated 
agro-pesticides used for testing were mancozeb, (80%, wettable powder 
(WP), Sinon Corp., Taiwan), propineb (70%, WP, Sinon Corp., Taiwan), 
thiram (80%, WP, Taminco Corp., USA), and metiram (80%, water- 
dispersible granules, BASF Corp., Germany). A stock solution of stan-
dard pesticide was prepared by dissolving 5 mg of the pesticide refer-
ence standard in 100 mL of deionized water with sonication for 5 min. 
Subsequently, the standard stock solution was diluted with deionized 
water to prepare each desired concentration of standard samples. The 
1000 mg/L NaCl solution was prepared by dissolving 4 mg of NaCl in 4 
mL of deionized water and storing at − 4◦C after mixing. 

2.2. Fabrication of a Ag@Au bimetallic substrate for SERS measurement 

This nanostructure required an electron gun system for electro-
plating and the self-rotating mechanism of the substrate to carve 
nanopillars. During the electroplating process, the substrate stage and 
the evaporation source were set at an angle of 89◦, and the substrate 
simultaneously rotated around the normal line to grow each metal 
nanocolumn with different diameter/pore distributions. Ag nanocolumn 
films with a mass thickness of 230 nm were prepared on a commercial 
electronic grade silicon wafer (p-type) in an electron beam evaporator 
(Temescal Model 294 E-Beam Source, Ferrotec Corp., Santa Clara, CA). 
During film deposition by Ag nanocolumns and Au nanoparticles, the 
background pressure was 10− 6 Torr. The Raman system was equipped 
with a 785-nm laser line and charge-coupled device (CCD) detector, 
which collected inelastically scattered radiation. All measurements were 
performed in an effective area greater than 2.2 mm2, the surface was 
able to withstand 20 mW laser power (4× focusing objective lens), and 
the SERS spectra were collected within an integration time of 6 s. 

2.3. Preparation and evaluation of the incurred samples 

Equal amounts of romaine lettuce and broccoli (30 g) were immersed 
in an aqueous solution containing 40 mg/L DTC pesticides in water to 
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ensure even contact of pesticide molecules with the plants. After 15 min, 
the plants were removed from the solution and placed outdoors in 
sunlight for 2 h to simulate a farm environment. Three to five samples of 
each crop were prepared; the content of CS2 in the homogenized samples 
was determined using GC-FPD, and the DTC content in the samples after 
rinsing was detected by SERS. The concentration of DTC was obtained 
by multiplying the conversion factor by the CS2 concentration deter-
mined from the homogenized samples. The recovery ratio of surface 
extraction was then calculated. For a fixed volume of solution in a flask, 
one molecule of thiram (M.W. 240) generated two molecules of CS2 (M. 
W. 76) by reaction with a reducing agent. The following formula was 
used to determine that the concentration of thiram was 1.58-fold that of 
CS2, which served as the conversion factor for the concentration of 
thiram in terms of CS2: 

[Thiram] × V
240

:
[CS2] × V

76
= 1 : 2  

[Thiram] = 1.58 × [CS2] (2) 

The same calculation method revealed that the conversion factors of 
propineb and mancozeb were 1.92 and 1.78, respectively [33]. 

2.4. Estimating the extraction efficiency 

A clean part of the sample was subjected to extraction and main-
tained in its original state (i.e., not broken or ground). Any sand or dirt 
found on the surface was brushed off. The specimen was then placed in a 
beaker (or a stainless steel plate), wetted with an amount of deionized 
water whose weight was equivalent to one-third of the specimen weight, 
and then rinsed 5–8 times; the wash fluid was collected and served as the 
extraction solution of the specimen. Next, 10 μL of the specimen solution 
was placed in a 0.2-mL centrifuge tube, evenly mixed with 10 μL of 0.1% 
NaCl solution, and allowed to settle for 5 min. 

The efficiency of extraction and recovery of DTCs in crops through a 
surface rinse method was evaluated. Samples of equal concentrations 

were prepared with two types of crops: romaine lettuce and broccoli. 
Romaine lettuce contains a low content of endogenous sulfur, enabling 
accurate quantification of CS2, for which the limit of detection (LOD) by 
GC-FPD was 0.1 ppm. In contrast, broccoli contains a higher content of 
endogenous sulfur, which interferes with the quantification of CS2 if 
traditional detection methods are used. The blank control check group 
(CK) of the broccoli samples was washed with clean running water prior 
to beginning the experiment. Five CK samples were collected to deter-
mine CS2 using GC-FPD, and the other 5 CK samples were analysed by 
SERS. The incurred samples of three types of formulated DTCs were 
prepared by dilution with water to 40 ppm and 80 ppm. Water-washed 
romaine lettuce was soaked in DTC (aq) for 10 min and then placed 
outdoors under sunlight for 2 h. A 30 g of plant sample was prepared for 
analysis. 

All of the DTC molecules were assumed to be dispersed across the 
surfaces of the vegetable samples. Therefore, if we rinse out all the DTC 
molecules with clean water whose weight was equivalent to one-third 
that of the samples, a threefold concentrated extract of the DTC solu-
tion was obtained. Therefore, the concentration of DTC was first quan-
tified according to the height of the main characteristic peak in the SERS 
spectrum. Then, the CS2 concentration of the surface extract (Cs) was 
obtained using the conversion factor and multiplying the concentration 
value by one-third. Comparing the CS2 concentration of the homoge-
nized extract (Cm) via GC-FPD, the recovery ratio R of surface extraction 
was defined as follows: 

R(%) =
CS

Cm
(3)  

3. Results and discussion 

3.1. Characteristics of the SERS substrate 

The three nano-silver columns with different film thicknesses (120, 
230, and 450 nm) were observed under SEM (Fig. 1 (a)-(c)), and top- 

Fig. 1. Microstructure of nanorods. The top view of nanorod microstructure corresponding to three different thicknesses of films, (a) 120 nm, (b) 230 nm, and (c) 
450 nm, was observed by SEM. (d)-(f) Images of nanorods dropped with the formulation thiram (1.0 mg/L). The cross-section images in (g)-(i) correspond to the films 
in (d)-(f). 
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view and cross-section images of these nanorod substrates dropped with 
formulated thiram (1.0 mg/L) were shown in Fig. 1 (d)-(i). The diameter 
of the nanometal column increased with increasing film thickness. 
Therefore, the distance between the alloyed nanorods easily approached 
each other, thereby resulting in a larger gap. Thicker films had more 
gaps and more hot spots while increasing the strength of the SERS signal. 
In this study, we prepared silver nanopillars (AgNPs) with a diameter of 
150–250 nm and a height of 230 nm on Si substrates. The chosen height 
was close to the optimal height according to the finding of a previous 
study [34]. We further used AgNPs to fabricate an optimally enhanced 
alloyed film sensor, which should be able to detect at low concentrations 
and possess a longer shelf life. Compared with the 230-nm AgNP chips 
without an Au film, the main characteristic peak (1381 cm− 1) of the chip 
with the 230-nm column stacked AgNPs plated with a 5-nm Au nano-
particle outer layer exhibited a 7 times stronger signal intensity at the 
level of 1 ppm thiram (data not shown). 

It is well known that the outer layer of metal nanomaterials controls 
the interaction with light because the electromagnetic fields greatly 
decay inside the metals. The plasmonic efficiency and electromagnetic 
enhancement effect of silver film are greater than those of Au film 
because Au exhibits less free-electron behaviour than Ag [35]. When the 
Au film is formed on the Ag surface, the strength of the local electrical 
field is significantly reduced. Hence, in theory, the enhanced ability of 
the Ag@Au bimetallic nanoalloy structures needs to be weaker than that 
of Ag slices, since the outer metal of this alloyed structure is Au. How-
ever, the enhancement phenomenon of our Ag@Au film was 

inconsistent with the above deduction. We inferred that the enhance-
ment of the Raman signal mainly originated from local field enhance-
ment, which arose due to two aspects, namely, hot spots and plasmonic 
mode coupling. Between the Ag@Au nanopillars, many hot spots were 
formed, leading to an enhanced electric field. Even though the Au ratio 
increase affects the SERS enhancement, a previous study indicated that 
the Ag-Au hetero-structure surface morphology and shape play more 
critical roles than the Au ratio in SERS [36]. 

Since AgNPs are not regular in rod arrays (Fig. S1), it is not easy to 
perform electromagnetic (EM) simulations. The number of molecules 
adsorbed between the rods is another factor that can be used to evaluate 
SERS enhancement. For AgNPs with a smaller porosity, fewer SERS 
molecules were adsorbed between the pores. However, the gap between 
the nanorods was small, and most of the EM field was located in the 
gaps. As the porosity of the NP array increased, the coupling between the 
plasmons in the gaps decreased, but the number of SERS molecules 
adsorbed in the gaps increased. When the plasmonic field reached the 
maximum for the interactions of SERS molecules adsorbed in the gaps as 
well as on the tips or edges, equilibrium existed at the optimal porosity. 

3.2. SERS spectra of DTCs 

The reference standards of DTCs were diluted to concentrations of 
0.2 or 1.0 mg/L using acetonitrile. The Raman characteristic peaks 
(functional group bonds) of DTCs were shown in Fig. 2(a)-(c). Accord-
ingly, the DTC spectra can be used to group the DTCs into three types 

Fig. 2. SERS spectra of three DTCs. The six dithiocarbamate fungicides were divided into three groups of DTCs according to their carbon–sulfur chain structure. SERS 
spectra of three DTC reference standards (blue curve) with normalization (red curve): (a) thiram (0.2 mg/L), (b) mancozeb (1 mg/L) and (c) propineb (1 mg/L). 
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based on their structural formulas, namely, EBDCs, PBDCs, and DMDCs. 
Since SERS can acquire vibrational spectra of very dilute DTC fungi-
cides, the characteristics of these substances can be studied for their 
natural chemical state by means of a vibration procedure. Based on the 
SERS spectra, the reason that these fungicides degraded upon interact-
ing with the silver surface is attributed to the high affinity of the DTC 
moiety bound to the metal surface. DMDCs (such as thiram and ferbam) 
were cleaved at the disulfide bond to generate two DTC ions and 
interacted with the metal surface of the SERS substrate through two 
types of coordination complexes with different geometries: mono-
dentate and bidentate forms. 

3.2.1. DMDC: thiram 
The SERS spectra of thiram showed a maximum intensity band at 

1386 cm− 1, which corresponded to the symmetrical bending of methyl 
vibrations: δs(CH3). Other bands attributable to the methyl group at 
1148 cm− 1 corresponded to rocking ρ(CH3) and stretching ν(N–CH3) 
motions. In the SERS spectra of EBDCs and PBDCs, due to the lack of 
symmetrically vibrating methyl groups, the intensity of the bending 
signal δs(CH3) at 1386 cm− 1 was significantly reduced, and more 
shoulders appeared. The ν(C = N) band at 1514 cm− 1 was highly 
correlated with the DTC bidentate complexes. Thus, for DTC com-
pounds, the position of the band at approximately 1500 cm− 1 can be 

used to estimate the strength of the ligand–metal interaction [29,37]. 
The thioureide tautomer must predominate over the DTC form (Fig. S2 
(a)) and form bidentate complexes (Fig. S2(b)) due to the strong elec-
tronic attraction of the nitrogen electron lone pair to the metal. The 
appearance of the 1514 cm− 1 line reflected enhancement of the ν(C–N) 
mode perpendicular to the Ag surface. Obviously, the polarizability of 
this mode is low and greatly enhanced after adsorption [38]. However, 
both EBDCs and PBDCs themselves chelated metal ions, so the polariz-
ability of the C–N bonds did not change much regardless of whether they 
contacted the metal surface of SERS. Due to the presence of ethyl groups, 
ions cannot be completely adsorbed because of stereochemical con-
straints, and EBDC or PBDC anions are more likely to adsorb on the edge 
through sulfur groups [39]. If the nitrogen atom is bound to a metal 
centre, the ethyl group will be removed, which indicates that the C = N 
stretching frequency should decrease, as observed in the SERS spectra of 
alkenes. No such evidence was found in the SERS spectrum, and contrary 
evidence was indeed found, i.e., the peak of the C–N stretching mode 
was slightly shifted to a higher wavenumber (1533 cm− 1). Not only in 
DMDCs but also in EBDCs and PBDCs, the band observed at 560 cm− 1 

was assigned to ν(CSS) [21,40] and coupled with ν(S–S), which is 
attributed to disulfide cleavage occurring on the metal surface; other 
similar disulfide-containing molecules were also observed [41]. 

Fig. 3. The characteristic peaks of the three DTC structures in the SERS spectra and their corresponding bonding vibration wavenumbers. (a) thiram (2.0 mg/L), (b) 
propineb (5.0 mg/L) and (c) mancozeb (1.0 mg/L). 
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3.2.2. EBDCs and PBDCs 
In addition, the band at 933 cm− 1 corresponding to the ν(C–S) mode 

was characteristic of bidentate chelating complexes, and the other band 
observed at 1045 cm− 1 was assigned to ν(C = S) modes. As a result, two 
ν(C = S) bands were observed at 1045 and 933 cm− 1 in the SERS spectra 
of EBDC and PBDC. We inferred that both monodentate and bidentate 
silver complexes existed on the SERS surface (Fig. S2(b)), as previously 
reported by Bonati and Ugo [42]. Even in a previous study, a band at 
1045 cm− 1 was observed in the SERS spectrum of thiram [42], but in our 
study, the decreased intensity of this band may be attributed to the 
excellent binding efficiency of thiram on the SERS surface, with almost 
no free thiram ions. In other words, almost all DMDCs formed bidentate 
complexes with the SERS surface, and no ν(C = S) mode was observed. 
However, for EBDCs or PBDCs, even if one (CSS) moiety bound to the 
metal on the surface to form bidentate complexes, the other (CSS) 
moiety remained free, exhibiting ν(C–S) and ν(C = S) signals at 933 
cm− 1 and 1045 cm− 1, respectively. 

Another band assigned to δ(CSS) appeared at 433 cm− 1 in the SERS 
spectra of thiram. At high concentrations of thiram, the intensity of this 
band was very weak, while it was relatively obvious at low concentra-
tions. This difference can be attributed to the reorientation of the 
adsorbent, which tended to interact with the metal through the biden-
tate binding mode. In the EBDC and PBDC spectra, the bending vibration 
wavenumbers of CSS shifted to 427 cm− 1 and 441 cm− 1, respectively. 
These shifts may be attributed to change in the bond strength by the 
electron cloud density of adjacent nitrogen atoms, which indeed facili-
tated the process of clearly distinguishing EBDC from PBDC. Unlike the 
nitrogen atoms connected with two methyl groups on DMDC, the ni-
trogen atom of EBDC was connected to a hydrogen atom and an ethyl-
enecarbamate group, while PBDC has two nitrogen atoms, one of which 
is bonded to a methyl group. Therefore, the (CSS) bending vibration 
frequencies between these three DTCs were different. Based on the 
electron induction effect, the methyl group on the PBDC molecule ten-
ded to donate electrons to generate a (C = S) form much more readily 
than the EBDC molecule, resulting in more intense vibration signals at 

1045 cm− 1 in the SERS spectrum of PBDC than EBDC, which is one of the 
important clues to discriminate these two types of DTCs. This qualitative 
SERS spectrum can be easily identified not only at high concentrations 
but also at low concentrations of 0.2 ppm. 

From these qualitative inferences based on the SERS spectra, this 
study established a recognition procedure that can distinguish the six 
DTCs into three categories (Fig. 3). It can be preliminarily considered 
that the spectrum of each DTC at the positions of 1142, 1386 and 1514 
cm− 1 showed intense bands along with the following: (1) the intensity of 
the characteristic peak at 1386 cm− 1 was higher than that at 1124 cm− 1 

and 1514 cm− 1 as well as obvious peaks at 560 cm− 1 and 933 cm− 1, 
which can be indicated as DMDC; (2) the peak height at 1386 cm− 1 was 
lower than that at 1124 cm− 1 and 1514 cm− 1, and accompanied by two 
less intense but clear peaks at 441 cm− 1 and 1045 cm− 1, which indicated 
the existence of PBDC, and (3) the intensity at 386 cm− 1 was lower than 
that at 1124 cm− 1 and 1514 cm− 1, there was no obvious peak splitting 
from 1008 cm− 1 at 1045 cm− 1, and some peak shifted to 422 cm− 1, 
which indicated that the compound was determined to be EBDC. To the 
best of our knowledge, this study is the first application of SERS to 
distinguish these three types of DTCs. 

3.3. Factors affecting the SERS intensity 

Previous studies have reported that some factors (e.g., NaCl con-
centration, pH value, mixing time, ethylenediaminetetraacetic acid 
(EDTA)) affect the intensity of Raman signals in the SERS spectrum [38]. 
NaCl is well known to cause plasma resonance at the SERS hot spot, 
enhancing the Raman scattering signals. Regarding the effects of various 
concentrations of NaCl solutions on the intensity of DTC signals, the 
SERS spectra of 1 ppm thiram mixed with 0.01%, 0.05%, 0.1%, 0.2%, 
and 0.5% NaCl solutions were shown in Fig. 4(a), and the intensities of 
the main characteristic peak (1381 ± 5 cm− 1) in NaCl(aq) at different 
concentrations were shown in Fig. 4(b). With no NaCl solution in the 
sample, the characteristic peak could not be detected. However, with 
increasing NaCl concentration, the signal intensity increased. When the 

(a) NaCl concentration   (c) pH (e) EDTA

(b) NaCl concentration   (d) pH (f) EDTA

Fig. 4. Factors affecting the SERS signal intensity of the DTC reference standard. The DTC reference standard was dropped on a wafer of 230-nm thickness. The 
spectra and histogram of SERS signal intensity of thiram (1 ppm) in various concentrations of NaCl(aq) at pH 7 (a, b) or in 0.1% NaCl(aq) with various pH values (c, 
d). (e) SERS spectra of mancozeb in various concentrations of EDTA. (f) The SERS spectrum of elevated EDTA levels. 
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NaCl concentration was 0.1%, the signal intensity reached its highest 
value and then gradually decreased as the NaCl concentration further 
increased. Positively charged Ag ions can be stabilized by Cl− ions or 
other co-adsorbed species [38]. This enhancement may result from the 
positive charges induced by the coadsorbed chloride, followed by the 
interaction between thiram and the Ag surface. When a complex be-
tween the active site and a probe molecule forms, the amount of Cl− ions 
adsorbed around Ag or Au stimulates the connected band. The results of 
this study suggest that two S atoms of the DTC molecule bind on the 
metal surface and that the vibration of the metal adsorbate was affected 
by the halide ions at the interface near the metal surface, forming a 
stable complex. 

Under the condition of 0.1% NaCl(aq), we further evaluated the 
optimal pH value for determining the 1 ppm thiram solutions with 1% 
formic acid (pH = 1.87), 0.01% formic acid (pH = 3.02), H2O (pH =
7.03), and 1% NaHCO3 (pH = 8.35) on the synthesized AgNP@Au base 
(Fig. 4(c), Fig. 4(d)). The results revealed that the signal intensity of the 
main characteristic peak was highest in neutral solutions (pH = 7) and 
decreased obviously in acidic or alkaline solutions. The results demon-
strated that a neutral or weakly acidic environment can enhance the 
Raman scattering signal of pesticide molecules, which is consistent with 
the finding of Kang et al. [38]. A reasonable deduction is that under 
alkaline conditions, OH– ions compete with Cl− ions to adsorb the metal 

pillars on the SERS surface and form the inactive sites, which weaken the 
DTC adsorption orientation. 

Since a monomeric free DTC such as thiram exhibits significant SERS 
intensity, we hypothesized that adding EDTA to decompose the metal- 
DTC complexes would increase the SERS spectral intensity. This 
assumption may be verified by adding different concentrations of EDTA 
(0.01, 1, and 10 mM) to 10 ppm mancozeb solutions. To verify this 
assumption, EDTA (0.01, 1, and 10 mM) was added to the 10 ppm 
mancozeb solutions (Fig. 4(e)). The intensity of the main characteristic 
peak (1142 ± 5 cm− 1) of 10 ppm mancozeb solutions (equivalent to 40 
mM) reached three thousand activity units (a.u.), which increased with 
the addition of EDTA. Fig. 4(f) showed that for 40 mM mancozeb, the 
enhancement of the main characteristic peak at 1142 cm− 1, when mixed 
with an equimolar amount of EDTA, is approximately 7-fold that in the 
absence of EDTA. However, given that 1 mM EDTA was added to 4 mM 
thiram, the SERS signal strength was not enhanced. 

When more Zn and Mn ions in the mancozeb molecules were 
chelated by EDTA, the stability of the entire molecular structure might 
decrease and cause the molecular structure to collapse and ionize into 
disulfide amino acid monomers. More monomers would then combine 
with the SERS surface to scatter more Raman signals. Such a phenom-
enon also occurred in 10 ppm propineb mixed with 1 mM EDTA. It was 
noted that once EDTA was added, the band at 1045 cm− 1 appeared in 

(a)                     (b)                    (c) 

(d)   Thiram (e)  Propineb (f) Mancozeb

Fig. 5. The standard curve of different DTCs by concentrations. (a) thiram (2 ng/mL to 0.5 mg/L), (b) propineb (0.1 mg/L to 5 mg/L), and (c) mancozeb (0.2 mg/L to 
5 mg/L). The vertical axis values for each point in the calibration curve represented the intensity of the normalized characteristic peak (orange band) of (d) thiram, 
(e) propineb, and (f) mancozeb from the raw spectrum (supplemented in Figure S3). The SERS substrate contributes the silicon line (Si/ SiO 2) at 520 cm (green 
band). ng/mL: ppb; mg/L: ppm. 
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the SERS spectra of thiram. The ethylenecarbamate [(CH3)2NHCS2] 
moiety of thiram bound to the SERS surface should be free; therefore, 
both ν(C–S) and ν(C = S) modes were observed, displaying bands at 933 
cm− 1 and 1045 cm− 1, respectively. This outcome is indeed a trouble-
some situation in which the characteristic band observed at 1045 cm− 1 

interfered with the recognition of PBDC or EBDC residues. The results 
indicated that the addition of EDTA for SERS analysis was not appro-
priate, even though adding EDTA can facilitate the dissolution of re-
sidual DTCs on the surface of fruits and vegetables. The detection limit of 
this SERS method has reached the legal limit, even far below the MRL by 
tenfold. Thus, there is no need to add EDTA as an enhancer. 

3.4. Detection limit and extraction efficiency 

The optimized conditions obtained in the foregoing tests were used 
to determine the DMDCs (thiram and ferbam), EBDCs (mancozeb, 
maneb, and mitram), and PBDCs (propineb). The linear standard curves 
of these three types of DTC standard solutions are presented in Fig. 5 and 
Table S1. The lowest points of the standard curves were as follows: 2 ppb 
(equivalent to 8 × 10− 9 M) for thiram, 0.1 ppm for propineb, and 0.2 
ppm for mancozeb. All of these values were below the residue tolerance 
level of cabbage (2.5 ppm) stipulated by the Taiwan government. (CS2 
was used to determine the LOD of thiram for the instrument employed in 
the present study.) By using conversion factors, this study revealed that 
the LODs of CS2 were as follows: thiram, 1.26 ppb; propineb, 0.05 ppm; 
and mancozeb, 0.06 ppm. These values were lower than the lowest 
residue tolerance level of DTCs (0.1 ppm) stipulated by the European 
Union for all crops. Compared with the LOD of a SERS method used for 
detecting thiram in previous studies, the LOD of 8 × 10− 9 M in this study 
was better than that attained with silver supports such as nanowires 
(10− 7 M) [43], silver nanoparticle–PDMS film (10− 8 M) [44], silver 
nanoshells (10− 8 M) [45], and nano-gold-based Au@Ag nanorods (1.5 
× 10− 7 M) [23]. Additionally, the LOD of this study was similar to that of 
materials combining nano-gold and nano-silver, such as Au@Ag nano-
particles (10− 9 M) [46], Ag nanoparticles on a Au film over a nanosphere 
substrate (10− 9 M) [30], and PNIPAM@Au nanorods (10− 9 M) [47]. 
Although higher sensitivity of some SERS substrates has been declared 
[48,49], the associated procedures of chip fabrication or detection are 
more complicated and time consuming than the method we proposed in 
this study. In addition, considering the interference matrix in real 
samples, the method detection limit (MDL) should be higher than the 
LOD. For example, using multibranched gold nanostars, Zhu et al. (2018) 
reported that the LOD for thiram on apple peel samples was 0.24 ng/ 
cm2, which indicated that at least 0.24 ng of thiram can be determined in 
the matrix [50]. In contrast, we can determine 7.5 × 10− 5 ng of thiram 
(0.05 ppm in a 1.5-μL extract) in a bok choy sample containing endog-
enous sulfur compounds. Therefore, the method proposed in this study 
had excellent performance in terms of the LOD for real samples. Liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) can 

accurately detect and quantify the amount of DTC residues in vegetables 
and fruits (the LOD is approximately 10− 10 M), but it involves a 
complicated procedure [51-54]. In contrast, the advantage of SERS is 
that the operation is simple and fast; the detection time of this method is 
less than 10 min, the LOD of SERS for thiram can reach the level of LC- 
MS/MS, and that for mancozeb was 3 × 10− 4 ng, significantly lower 
than the value of 60 ng reported in a previous study [20]. Regarding 
propineb, no study reported its LOD determined by SERS. Therefore, this 
study first proposed distinguishing three molecular structure types of 
DTCs using SERS determination with an LOD comparable to the sensi-
tivity of LC-MS/MS. As far as we know, apart from the detection method 
we proposed using SERS, there is no simple approach as an alternative or 
auxiliary method for the LC-MS/MS method to simultaneously distin-
guish DTCs such as DMDCs, EBDCs, and PBDCs on various crops. 

For detection methods, the effective extraction of targets is another 
issue worthy of attention. Because DTCs are contact pesticides rather 
than nonsystemic pesticides, they mostly disperse across the surfaces of 
crops after being sprayed. Hence, extraction can be performed using a 
surface rinse method. To avoid drastic and rapid dissolution of DTCs in 
the plant tissue and consequential quantitative reduction, homogeni-
zation of the samples is not always necessary [55]. Moreover, the ho-
mogenization of samples engenders more coextracted substances, which 
interferes with determination. According to the results shown in Table 1, 
the efficiency of extracting DTCs by rinsing the surface exceeded 65%. 
Notably, the extraction efficiency of propineb (greater than130%) was 
higher than that of the other two types of DTCs, which may be due to the 
instability of the methyl substituents in propineb; however, this result 
does not mean that propineb was easier to extract by water. The extract 
solution with a weight equal to one-third that of the samples and a re-
covery ratio of 50% were conservatively used to calculate the MDL. For 
mancozeb, with the LOD of 0.2 ppm, the MDL in romaine lettuce was 
0.13 ppm [= (0.2)*(1/3)*(1/0.5)], which was equivalent to 0.074 ppm 
CS2 and meets the requirement of an LOD of 0.1 ppm CS2 by GC-FPD 
analysis in most countries. Additionally, the MDL of thiram reached 
1.3 ppb (equivalent to 5 × 10− 9 M), which was far below the above 
mentioned requirement. Broccoli was used as a material to test for 
endogenous sulfur compounds. After washing the broccoli samples with 
water, GC-FPD analysis still detected an average CS2 level of 0.22 ppm 
for five CK samples. However, no characteristic DTC signal was observed 
in the SERS spectrum of all 5 CK broccoli samples. This result showed 
that compared with GC-FPD, SERS had no false-positive results of DTC 
residues for crops containing glucosinolates or other sulfur compounds. 
Therefore, the method proposed in this study exhibited fairly reliable 
results in terms of quantitation limits and stability, regardless of whether 
the vegetables contained a high content of endogenous sulfur 
compounds. 

Table 1 
Extraction recovery rates for the incurred samples soaked in DTCs.  

Incurred sample preparation1 GC-FPD (n = 5) SERS (n = 5) Recovery (%) 

DTC solution [CS2] (ppm) Intensity (×103 a.u.) [DTC] (ppm) [CS2]2 (ppm) 

Romaine lettuce soaked in 40 ppm DTCs Thiram 0.32 ± 0.03 312 1 0.21 65 
Propineb 0.27 ± 0.07 11.5 2 0.4 117 
Mancozeb 0.59 ± 0.06 10.6 2.5 0.15 78 

Romaine lettuce soaked in 80 ppm DTCs Propineb 0.64 ± 0.05 18.3 4.5 0.86 134 
Mancozeb 0.85 ± 0.08 19.7 5 0.28 111 

Broccoli soaked in 40 ppm DTCs Thiram 0.12 ± 0.02 305 0.5 0.11 88 
Propineb 0.93 ± 0.08 30.6 7 1.21 130 
Mancozeb 0.97 ± 0.10 50.3 5 0.93 97  

1 Incurred samples were prepared by immersion in 40 ppm or 80 ppm DTC solution for 10 min followed by placement outdoors under sunlight for 2 h. CS2 content 
was then quantified by GC-FPD. 

2 The concentration of CS2 was calculated from the residual DTC content on the sample surface determined by SERS intensity, which involved a conversion factor. 
[CS2] = [DTCs]/conversion factor. 
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3.5. Detection of formulated DTC pesticides in the matrix of real samples 

It is well known that during the formulation or spray process, some 
additives are added to pesticides as adjuvants to enhance the stability, 
safety, convenience and anti-insect power of the active ingredient, such 
as emulsifiers, defoamers, spreaders, stickers, compatibility agents, and 
attractants. For instance, the commercial DTC formulation of WPs is a 
finely ground formulation with a particle size of approximately 5 μm 
containing 50–80% technical powder, 15–45% filler, 1–10% dispersant, 
and 3–5% surfactant [56]. These ingredients are mixed with water and 
applied to foliage as a standard insecticidal spray for ultralow volume or 
hydraulic applications. Therefore, we expect that the DTC residues on 
fruits and vegetables could be easily extracted with water. Through 
0.45-mm membrane filters, DTCs dissolved in the extracts were passed, 
and other matrix particles were retained on the filter membrane. Fig. 6 
(a)-(c) showed the SERS spectra after spiking the formulated agro- 
pesticide at 0.05, 0.2, or 0.1 ppm in an extract of bok choy and 
filtering the mixture. The characteristic peaks of the DTC formulated 
agro-pesticide were at constant positions when compared with those of 
the DTC reference standard. Moreover, in the extract solution of bok 
choy, distinctive and stable signs of characteristic peaks were observed 
through seven repeated determinations of DTCs at low concentrations. 
The results of this study indicated that our proposed approach exhibited 
excellent stability (relative standard deviation (RSD) < 16%), even in a 
real sample. 

4. Conclusions 

In summary, we successfully established a simple fabrication of Ag/ 
Au alloyed nanopillars and applied the nanostructure as a SERS sub-
strate to detect DTC residues in vegetables and fruits. The detection 
method only required water to extract most of the DTC residues on the 
surface of crops, avoiding the use of derivatizing reagents or reducing 
agents. The results showed that this approach was rapid, simple, safe, 
environmentally friendly and inexpensive. Furthermore, this Ag/Au 
alloyed nanostructure substrate for the SERS spectrum can distinguish 

DTCs comprising three different molecular structures, namely, DMDCs, 
EBDCs and PBDCs, which exhibit different toxicities. The excellent 
sensitivity of this method was 0.05, 0.2 and 0.1 ppm for DMDC, EBDC 
and PBDC compounds, respectively, and all met the requirements of the 
detection limit for DTCs in most countries. This study proposed a 
method that can provide a new auxiliary approach for existing DTC 
analysis methods to confirm excessive CS2 in GC-FPD analysis and avoid 
false positive detection of endogenous sulfur-containing compounds 
(such as cruciferous leafy vegetables, mushrooms, and radishes). 
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