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A rapid and straightforward method has been employed to simultaneously detect two pesticides (thiram
and methamidophos (MTD)) on apple surfaces using surface enhanced Raman scattering (SERS)
technique. In the experiment, ethanol was dropped onto the contaminated apple surfaces for the pesticide
extraction and then gold@silver core/shell nanorods (Au@Ag NRs) was added to generate the SERS
signals of the pesticides. Under a laser excitation at 632.8 nm, prominent SERS peaks of blended
contaminants were observed, which were chosen to characterize and quantify their concentration. It was
found that SERS intensity of these two peaks changed as a function of the concentration ratio of thiram to
MTD. In addition, a better SERS enhancement performance of Au@Ag NRs was demonstrated compared
with that of gold nanorods. Our experimental results show that the lowest detectable concentration on
apple surfaces is ~4.6 X 107 M for thiram and ~4.4 X 10* M for MTD, respectively. This study provides a
straightforward method for simultaneous detection of multiple pesticides on fruit surfaces, which is

important for food safety and human health.

Introduction

Pesticide, which is pervasive in protecting crops and fruits from
insects and diseases, plays a crucial role in agricultural
production®-3. However, with the increasing variety and amount of
pesticides employed in agriculture, the threat of pesticide residue
to human health is on the rise. Especially some no-standard usage
of pesticide, such as overusing, misusing or mixing multiple
pesticides, adds the latent hazard to not only human health but also
environment and ecology?*. Consequently, the problems of
pesticide residues are drawing extensive public attention and worth
further investigation.

Up to now, a variety of laboratorial analytical methods have
been successfully employed to pesticide detection, including gas
chromatography ~ mass  spectroscopy  (GC-MS), liquid
chromatography mass spectroscopy (LC-MS) and high
performance liquid chromatography (HPLC) etc..>" In spite of
their salient advantages on the quantitative detection, these
methods still have limitations such as several-hours-consuming
procedure, complicated sample pretreatment or requirement of
well-trained laboratory personnel 810 Thus, it is still a challenge to
develop a much simpler, faster and more effective method to
quantify multiple pesticides simultaneously.

Among the reported detection methods, surface enhance Raman
scattering (SERS) is a simple, rapid, nondestructive and accurate
technique combining nanotechnology and Raman spectroscopy.*t
13 1t can partly remedy the disadvantages mentioned above and has
good application prospects in the field of pesticide residue
detection.*16 Due to the high sensitivity and the ‘fingerprint like’
signal information provided by SERS 7, much interest has been

given to utilize this technique to detect trace amounts of pesticide
(e.g. organophosphate pesticide, dithiocarbamate fungicide, etc.)
and the detection sensitivity is continuously improving through
so ameliorating substrates and optimizing methods.'8-2* Moreover, as
the acquisition of SERS spectrum is a rapid and nondestructive
procedure, the SERS technique has been expected as one of the
best candidates for on-site pesticide detection in real scenario
application (e.g. fruits, vegetables, meats etc.).>?>?" However,
ss detecting only one pesticide in food matrices at a time could not
meet the real demand in industry due to the combined use of
multiple pesticides. Hence, there is an urgent need for on-site
multi-pesticide detection techniques. The SERS technique is well-
suited for the simultaneous multiplex detection due to the narrow
so Raman bands with minimal overlapping?®. The characteristic peaks
of various pesticides can be used to easily distinguish each analyte
in the mixture, making it possible to detect multi-pesticides
through one SERS measurement?. This advantage of SERS
technique can greatly shorten the detection time and improve the
es efficiency.

In this study, we aim at exploring the feasibility to
simultaneously detect multiple pesticides on apple surfaces using
SERS technique. Two pesticides, thiram and methamidophos
(MTD), were artificially added onto the apple surfaces and

70 detected simultaneously, as illustrated in Scheme 1. Gold@silver
core/shell nanorods (Au@Ag NRs) were used as the SERS
substrate due to its good SERS performance. Moreover, to
demonstrate the high sensitivity of Au@Ag NRs as SERS
substrates, the detection using gold nanorods (GNRs) were also

7 performed for a compared study. To the best of our knowledge,
this is the first time that thiram and MTD were quantified
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simultaneously on apple surfaces.
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632.8 nm
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Scheme 1. A schematic illustration of the simultaneous detection of
thiram and methamidophos (MTD) on apple surface based on SERS
5 technique.

Experimental Section
Materials

Pesticides thiram powder was purchased from Aladdin Reagent
Co., Ltd. (Shanghai, China). Methamidophos (MTD), Hydrogen
10 tetrachloroaurate(lll)  trihydrate  (HAuCls H20) and  4-
Mercaptobenzoic acid (4MBA) were purchased from Sigma
Aldrich. Hexadecyltrimethylammonium bromide (CTAB), sodium
borohydride (NaBHa4), L-Ascorbic acid (AA) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Silver nitrate (AgNOs3)
15 was purchased from Shanghai Shenbo Chemical Co., Ltd. Sodium
hydroxide (NaOH) was purchased from Guangdong Xilong
Chemical Co., Ltd. All reagents are of analytical purity grade.
Apples were purchased from a local fruit market. All the reagents
were used as received. Deionized water (Millipore Milli-Q grade)
20 with a resistivity of 18.2 MQ/cm was used in all the experiments.

Preparation of GNRs and Au@Ag NRs

Gold nanorods (GNRs) was synthesized according to the seed-
mediated growth method3°. The obtained GNRs were centrifuged
twice at 10000 rpm for 30 min. The synthesis of Au@Ag NRs

25 consulted a method published previously.3! In a typical experiment,
72.8 mg of CTAB, 4 mL of deionized water, 130 pL of 0.1 M AA,
700 uL of 3 mM AgNOs and 240 uL of 0.1 M NaOH solution were
successively added into 2 mL of the as-prepared GNRs solution
under a vigorous stirring to synthesize Au@Ag NRs. The color of

% the solution changed in two minutes from purple to red, which
manifested the constant silver coating.

Preparation of Pesticide Sample

In order to obtain a calibration curve and investigate the limit of
detection (LOD), pesticide solutions with sequent concentrations
35 were prepared. Thiram powder was dissolved in ethanol to form a
standard stock solution with a concentration of 1 mM. Then the
stock solution was diluted with deionized water to prepare
pesticides with different concentrations of 0.33, 0.11, 3.7 X 10%,
1.2 X102, 4.0X 1073, 1.3X 10, 4.6 X10* and 1.5X10* mM,

40 respectively, in which the latter concentration is one third of the
former. 1 mg/mL (~7 mM) MTD water solution was prepared and
stocked at low temperature. It was diluted with deionized water
into a sequent concentration of 3.5, 1.8, 0.88, 0.44, 0.22, 0.11,5.5
X102, 2.7X 102, 1.4X 102 and 6.8X10° mM, respectively, in

ss which the latter concentration is one second of the former.

The mixtures of pesticides with various concentration ratios
were prepared by mixing 10 pL of MTD and 10 uL of as-prepared
thiram with different concentrations together, which formed
blended pesticide solutions with a concentration ratio of thiram to

s0 MTD being 6.5X104:7,2.0X10%:3.5,6.0X10%: 1.8, 1.8 X10
2:0.88.

Preparation of Apple Sample

Carefully cleaned apples were peeled by a fruit knife and the
apple peels were cut into nearly uniform squares of ~1 cm?. These
s5 squares were flushed by deionized water, blown dry and placed in
a glass dish. Then, 5 uL of the as-prepared pesticide solution with
various concentrations was dropped with micropipettes separately
onto each apple peel sample and evaporated at room temperature.
Referring to the method by Bianhua Liu et al.?6, 5 uL of ethanol
60 Was dropped onto the sample surface in order to simply extract the
pesticide molecules from peels and increase the analyte
concentration at the outer surface of peels. After the ethanol
completely evaporated at room temperature, 5 puL of concentrated
Au@Ag NRs solution was added onto these contaminated peels
and remained until totally dry. The blank data on apple surface was
obtained from uncontaminated apple samples added with the same
amount of ethanol and SERS substrate. The blank data on slide was
just signal of the SERS substrate itself, which, in this study, is
GNRs and Au@Ag NRs.

70 Instruments

6!

a

The formation of GNRs and Au@Ag NRs was monitored by
UV-vis  spectrophotometer (UV-3600, Shimazu, Japan).
Transmission electron microscope (TEM) images were acquired
with an FEI Tecnai G2T20 electron microscope operating at

75 200kV. Centrifugal sample purification was conducted by a high
speed centrifuge (2-16PK, Sigma, Germany). SERS measurements
were performed with a Raman spectroscopy (T64000, HORIBA
JobinYvon, France), using a 632.8 nm laser as an excitation source.
Laser power at the sample position was 5 mW. All measures on

g0 Slides were conducted with a 100 X objectives len, 15-s integration
time with 2 rounds of accumulation and area scan of 10 X10 um,

while the measurements on apple peels were performed with a 50

X objectives len, 15-s integration time and 2 accumulations at a

single sample position. All SERS spectra in this study were the
average result of three measurement results presented with
smoothing and baseline adjustment.

8

a

Methods of SERS spectra analysis and pretreatment

During the apple skin detection process, it was found that the
pristine SERS spectra of pesticide show a strong and wide
fluorescence background noise. One of the SERS measurements of
0.3 mM thiram on apple surface is shown in Fig. S1 (red curve). In
order to obtain valid characteristic peaks for further analysis, Fast
Fourier Transform (FFT) was employed to smooth the spectral
curve and remove the background noise by combining with Band-
pass Filter. The wide fluorescence noise could be considered as
low-frequency signal while the glitch noise on spectral curve could
be treated as high-frequency signal. Pristine SERS spectrum was
shifted into ‘frequency domain’ through Fast Fourier Transform
and then low and high frequency spectrum was filtered by
w00 adjusting the bandwidth of Band-pass Filter. Inversion Fast Fourier

9

o

9
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Transform (iFFT) was introduced to reconstruct the filtered
spectrum. The built-in function fft(x) and ifft(y) in Matlab was
called directly for pretreatment. The treatment result was shown in
Fig.S1 (blue curve). Using this method, a smoothing, high signal-
noise-ratio SERS spectrum was obtained and the information of
characteristic peaks could be easily extracted. In this study, all
SERS spectra on apple surface were pretreated through Fast
Fourier Transform and Band-pass Filter before analysis.

3}

Results and Discussion
Characterization of GNRs and Au@Ag NRs

1

15

It has been reported that silver-coated gold nanoparticles can

exhibit a better SERS enhancement factor and particle stability 323,

The well performance under the excitation of a 632.8 nm laser has
be demonstrated as well.3*35 Here, we proved the better SERS
performance of AU@Ag NRs compared with GNRs in aspect of
pesticide detection. As mentioned above, the synthesized GNRs
were obtained through the seed-mediated growth method®. The
TEM image of GNRs is shown in Fig. 1a. The homogeneous and
regular core—shell structure of Au@Ag NRs is clearly revealed by
20 the TEM image shown in Fig. 1b.

1

@

)

C .oJ[—FGNRs
" || —Au@Ag NRs

0.8
0.6

0.4

Extinction(a.u.)

0.2 4

0.0 T T T T T
300 400 500 600 700 800 200

Wavelength(nm)

Fig.1. Characterization of GNRs and Au@Ag NRs. TEM images of (a) GNRs
and (b) Au@Ag NRs. (c) UV-Vis absorbance spectra of GNRs (blue line)
and Au@Ag NRs (red line).

2 Fig. 1c shows the extinction spectra of Au@Ag NRs (red curve)
and GNRs (blue curve). In the case of GNRs, the transverse surface
plasmon resonance (SPR) and the longitudinal SPR were observed
at 517.5 and 745 nm respectively, indicating the successfully-
synthesized rod structure of GNRs®, With increasing the thickness

a0 Of silver shell, average aspect ratio of the core-shell structures has
been lowered comparing with the bare gold nanorods, making the
longitude SPR at 754 blue-shifts to 563 nm. Meanwhile, a new
peak arising from silver appears at 394.5 nm, and a slight bend of

the curve at 346.5 nm results from the unsymmetrical structure of

35 the silver shell, which is in agreement with the results by Xiang et
a|“31,37

SERS measurement of single pesticide

To evaluate the enhancement difference of silver coated and
uncoated gold nanorods, 20 puL of 0.33 mM thiram solution were
20 exposed to 20 puL of Au@Ag NRs solution and 20 pL of GNRs
solution, respectively. The similar experiment was conducted
using 20 pL of Img/mL (equal to ~7 mM) MTD solution. As
shown in Fig. 2, a better enhancement behaviour of AU@Ag NRs
is obtained for the detection of both thiram (Fig. 2a) and MTD (Fig.
45 2b). SERS intensity ratio between Au@Ag NRs and GNRs is ~4-
fold for thiram and ~16-fold for MTD. As shown in Fig. 2, main
characteristic peaks of thiram are located at 554, 1143, 1375 and
1501cm?, respectively, which are attributed to v(S—S), p(CH3) or
v(C—N), p(CH3) and v(C—N) 182 in consistent with the results in
so other literatures??. Moreover, the enhanced peaks of MTD are at
675, 938, 1296, 1428 cm, respectively caused by the C-S
vibration symmetry, P-N stretching, N-H bending and —OCH3
bending deformation38.

1375 RS

——MTD+GNRs
—— MTD+Au@Ag NRs|

a —— Thiram+GNRs
—— Thiram+Au@Ag NRs|

T s

SERS Intensity(a.u.)
SERS Intensity(a.u.)

1296 1428

W R B0 1000 120 e 1800 4900 &0 8P 1000 1200 1400 1608
. g g 4
Raman Shift{cm™) Raman Shift(cm™}

55 Fig.2. SERS spectra of (a) 0.3 mM thiram solution and (b) 7 mM
methamidophos (MTD) in GNRs (red line) and Au@Ag NRs (black line), in
which characteristic peaks have been labeled.

Further, solutions of thiram with various concentrations ranging
from 0.33 to 1.5X10* mM were exposed to AU@Ag NRs. As
e shown in Fig. S2a, a group of SERS spectra exhibit a declining
trend as a function of thiram concentration. The strongest peak at
1375 cm* was chosen as the ‘fingerprint’ for the quantitative
analysis. The dose-response curve is shown in Fig. S2b. The lowest
detectable concentration of thiram in Au@Ag NRs is ~1.5 X 10"M.
es  Moreover, the similar experiment and comparison was
conducted for MTD. As for MTD, Au@Ag NRs also show an
increased enhancement compared with GNRs. Fig. S3a shows the
decline trend of SERS spectra as the concentrations of MTD
decreased from 0.11 to 6.8 X 10 mM. The calibration curve
70 according to the intensity of 675 cm™ peak within the whole
concentration range was displayed in Fig. S3b. The detection limit
of MTD in Au@Ag NRs is ~6.8 X 10 M. As a control, GNRs were
employed as the SERS substrate to detect thiram and MTD. The
results are shown in Fig. S4 and Fig. S5. It can be found that both
75 SERS intensity and the detection limit of GNRs are less than that
of Au@Ag NRs. Specifically, the detection limit of thiram is 4.6
X107 while that for MTD is 8.8 X10*M, which is much higher
than those by using Au@Ag NRs. Thus, it is clearly demonstrated
that silver coated gold nanorods have advantages over the uncoated

g0 One in quantifying these two analytes.

Single pesticide residue detection on apple peels

Further, efforts have been made to realize the pesticide detection

This journal is © The Royal Society of Chemistry [year]
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on apple surface. We respectively casted the same amount (5 pL)
of Au@Ag NRs and GNRs solution on the apple surface to probe
the pesticide molecules. Au@Ag NRs-based SERS spectra of
thiram with various concentrations are shown in Fig.3a. GNRs-

s based results are shown in Fig. S6 in supporting information. All
these spectra were the average results of three measurements after
removing the background using Fast Fourier Transform as
mentioned in Experimental Section. Fast Fourier Transform is a
better tool to remove the low-frequency fluorescence noise.

a
AU@Ag NRs as Substrate |59 cnes
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Fig.3. (a) Concentration-dependent SERS spectra and (b) dose-response
curve (at 1375cm’?) of thiram on apple peels enhanced by Au@Ag NRs.
Inset is the partial enlargement of data points from 4 X 10°M to blank on
horizontal axis. (The LOD of thiram on apple using Au@Ag NRs is ~4.6 X
15 107M)

Owing to the ethanol-extraction method?® mentioned in
experiment section, pesticide molecules were well detached from
the apple surface, and the spectrum noise of apple peels was
lowered. Nanorods solution was dropped on the pesticide

20 molecules and evaporated. These nanorods remained on the outer
surface and were close to or adsorbed the pesticide micro-
molecules. Under the excitation of incident laser, localized
electromagnetic fields or chemical interaction might be formed
between closely adjacent or attached target molecules and metallic

25 nanorods’®243 and then SERS signals were obtained. Spectra
shown in Fig. 3 clearly reveal that the spectra declined with the
decrease of thiram concentration.

In the experiment, it is found that the fluorescent background on
apple surface is a high and wide band in the range from

a0 approximately 800 to 1400 cm (one spectral example shown in

Fig. S1). Because of high enhancement quality of Au@Ag NRs
and high SERS signal intensity of thiram, the pristine SERS spectra
before FFT pretreatment are barely interfered by the noise on apple.
While GNRs-amplified signals were not the same (shown in Fig.
35 S6). The weaker peaks were drowned out under the wide noise of
apple peels and only strong characteristic peaks of high
concentrated pesticide (at 554cm* and 1375cm!) can be observed.
Interestingly, some aberrant strong peaks at 1265 and 1495¢m?
in low concentration appeared (Fig. 3a), which did not show a sign
40 of concentration-dependence. It is presumed that they might be
attributed to some substance on the apple surface or the interaction
between apple surface and nanoparticles. Because these peaks
could be observed sometimes when no pesticides were added on
apple peels (highlighted by red circles shown in Fig. 3a). And due
s to the uneven surface of apple, the distribution of pesticide
molecules and nanorods are inhomogeneous and extremely
complicated. Chosen the peak at 1375 cm™ as the fingerprint
assessment standard, the calibration curve is displayed in Fig. 3b,
revealing that the detection limit of thiram on apple using Au@Ag
so NRs is ~4.6 X 107 M while that using GNRs is ~1.2 X 10° M
(Fig.S6). That is to say, the consequence on apple also proves the
better SERS sensitivity of Au@Ag NRs.

a Au@Ag NRs as substrate
| 1000 cnts
_ \ 0 m
3 I
& \ 35x10°M
2 ‘
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2 |
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Fig.4. (a) Concentration-dependent SERS spectra and (b) dose-response
55 curve (at 675 cm?) of methamidophos (MTD) on apple peels using
Au@Ag NRs as substrate. (The LOD of MTD on apple using Au@Ag NRs is
~4.4X10*M.)

In terms of MTD detection, we used Au@Ag NRs as the SERS
substrate to detect MTD with various concentrations on apple
e surface by characterizing SERS peaks intensity at 675 cm™.

4 | Journal Name, [year], [vol], 00—00
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Similarly,  concentration-dependent SERS  spectra  and
corresponding dose-dependent curve using Au@Ag NRs are
revealed in Fig. 4. The lowest detectable concentration on apple
surface could reach ~4.4 X 104 M. While an attempt has been made
s to detect concentrated MTD using GNRs, but no signal was
observed. The reason might be the weak connection between MTD

and GNRs and the relatively weak enhancement performance of
GNRs comparing with silver-coated GNRs. Therefore, Au@Ag
NRs, due to the better SERS activity for both thiram and MTD

10 detection on real sample, were selected as the substrate for
simultaneous multi-pesticide detection.
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Fig.5. Table: Concentrations of thiram and methamidophos (MTD) in the four groups of mixtures. (a) and (c) are the SERS spectra for the simultaneous
detection of thiram and MTD on slide(a) and on apple peels(c) with different concentration ratios. (b) and (d) are the characteristic peak intensity
15 variation curves (1375cm for thiram and 675cm for MTD) as a function of the mixture concentration ratios on slide(b) and on apple peels(d). The exact
concentrations of each group in the mixture were presented in the table.

Simultaneous detection of multi-pesticide on apple peels

In practical applications, for the sake of protection from diseases

and insects, multi-pesticides are always blended to spray on crops
20 and fruits, and cause the multi-pesticide residues at the same time.

In order to provide an example for the quantitative detection on

apple, we mixed these two pesticides with varied ratios and

quantify the SERS signal of mixture by using Au@Ag NRs. By

comparing the corresponding ‘fingerprint’ peak intensity, the
25 information of mixture could be obtained.

As shown in Fig. 5(Table), pesticide thiram and MTD were
mixed in the concentration ratios of 6.5X10%: 7, 2.0 X103: 3.5,
6.0X10%: 1.8, 1.8X102: 0.88. From Fig.5a, it can be distinctly
observed that peaks intensity at 1375 and 675 cm™ varied as a

a0 function of the mixture proportion (thiram to MTD). As mentioned
in experiment section, these blended pesticide solutions were
prepared by adding the same volume of thiram and MTD with
various concentrations. The volumes of the mixtures are consistent
but the amount of pesticides varied. The peaks intensity at 1375
s and 675 cm™ were enhanced enormously and did not overlap,
which could provide the identification and quantification basis for
each pesticide in the mixture. Taking these two peaks as the
assessment standard, SERS intensity variation of thiram and MTD
with different mixing proportion is manifested in Fig.5b. From the
w result, we found that peak intensity at 1375 cm™ (lis7sem™)
gradually became stronger with the increase of thiram

concentration while that at 675 cm™ (le7sem®) became weaker with
the decrease of MTD concentration.
Afterwards, the mixture of thiram and MTD with different
45 proportion was pipetted onto apple peels and SERS spectra using
Au@Ag NRs as the substrate were shown in Fig. 5c. The
corresponding peak intensity variation was shown in Fig. 5d. The
consequence on apple is highly consistent with the previous
detection result in analytical circumstance, which indicates that
so quantitative simultaneous detection of thiram and MTD on apple
surface has been achieved using Au@Ag NRs as SERS substrate.
Through one SERS measurement, the information of thiram and
MTD could be simultaneously distinguished using this
demonstrated method.

ss conclusions

In summary, the SERS-based method to simultaneously
quantify thiram and methamidophos (MTD) on apple surface was
achieved based on their distinct SERS signals with few sample
pretreatment. The total analytical time from pesticide extraction to

s SERS measurement only cost 30 min. In addition, Au@Ag NRs
were demonstrated to show a better SERS activity and higher
sensitivity compared with GNRs in this application. This research
provides a quantitative analytical reference for the simultaneous
detection of thiram and MTD. This straightforward method

es probably can be used for other pesticides to ensure food safety.

This journal is © The Royal Society of Chemistry [year]
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