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In this study, a versatile dual-functional polydimethylsiloxane (PDMS) sponge Surface Enhanced Raman
Scattering (SERS) substrate has been fabricated for the on-site detection of pesticide residues both on the
surface and in solution with minimum or no sample pretreatment. The PDMS sponge was fabricated using

white granulated sugar and soft white sugar as pore-forming reagents. Later, multiple rounds of Ag NP

deposition were performed by incubating the PDMS sponge in the Ag NP solution with the help of
3-mercaptopropyltrimethoxysilane (APTMS). The highest SERS enhancement was achieved through 2
rounds of Ag NP deposition. Under optimum conditions, with Rhodamine 6G (R6G) as the probe mole-
cule, the limit of detection (LOD) reached 2 femtomoles (20 plL at a concentration of 100 pM). The analyti-
cal performance for potential on-site applications of the substrate has been demonstrated with pesticide-

spiked agricultural products taken as examples. Without sample pretreatment, the pesticide triazophos
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1. Introduction

Pesticide residues in agricultural products have caught world-
wide attention.™ It is said that approximately 4% of the veg-
etables and fruit imported exceeded the permitted values for
pesticide residues in the United States every year.” The key to
shortening the time for assessment of potential damage is to
provide real-time safety information on food from production
to consumption,* which in turn probably could save millions
of dollars in the food industry (and even people’s lives).
Therefore, there has been an increasing demand for methods
that are capable of performing fast, on-site detection and
identification of various unwanted chemicals in foods.>®

At present, various techniques for the rapid analysis of pes-
ticides on site have been reported, such as enzyme-linked
immunosorbent assay (ELISA),” enzyme inhibition® and
SERS.'° For SERS, the advantages are that the targets (such as
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and methyl parathion were successfully detected by swabbing on the fruit surface with LODs of 0.79 ng
and 1.58 ng, respectively. In addition, the lowest detected concentrations of triazophos and methyl para-
thion in fruit juice were found to be 100 ppb and 1 ppm. More importantly, the PDMS sponge SERS sub-
strate can be safely stored for 36 days without affecting its SERS activity.

pesticide residues) can be rapidly analyzed (a few seconds to a
few minutes), and the sensitivity can be as low as the level of
single molecules."™"* In addition, the full width at half
maximum of the SERS bands is approximately 1 nm, which
makes it possible for different kinds of pollutants to be ana-
lyzed simultaneously and without interfering with each
other.”® Thanks to these merits, SERS is in fact now being
widely used in biomedical research,"* environmental monitor-
ing," food safety,"® national security'” and other fields.

With the fast-growing interest in the use of SERS as a
sensing technique, countless SERS substrates have been
reported in the literature. The SERS substrates developed can
probably be divided into the following two material develop-
ment categories. The first category focuses on the enhance-
ment and reproducibility of Raman signals by manipulating
the properties of the substrate,'®' such as the materials and
combinations, sizes, shapes, and even assembled structures.
On the other hand, the second category pays more attention to
its adaptability for practical applications (such as on-site ana-
lysis). In other words, not only the SERS performance but also
the sampling capability is becoming the substrate develop-
ment goal. For example, various flexible SERS substrates have
been reported. These include the flexible SERS substrates that
can perform direct swab sampling from a surface, such as
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Scheme 1 Schematic synthesis and applications of PDMS sponge-SERS
substrate.

metallic NP modified filter paper,** sandpaper,>® swabs'” and
PDMS,**® and substrates that perform sampling through
dabbing or simple coating, such as PVA,>*?” Ag-agar gel,*® and
Ag-NC/PE.” It is believed that the latter polymer-gel-based flex-
ible SERS substrates have better sampling efficiencies due to
their better capability of adapting to surfaces of different
shapes and roughness.*®

However, it is clear that the above application-oriented
SERS substrate mainly focuses on surface analysis. In other
words, the applicability of this type of substrate is limited.
Using food-safety screening as an example, the reported flex-
ible SERS substrates are probably good for screening illegal
chemicals on the surfaces of raw agricultural products, such as
fruits and vegetables, but not suitable for processed food pro-
ducts, such as juices. On the other hand, although there are
SERS substrates that can perform onsite detection of diluted
solution samples,*"** they are not flexible so that they cannot
be used for surface analysis. To the best of our knowledge, we
are not aware of a report that shows SERS substrates that can
perform both surface and dilute solution analysis, which
would be otherwise preferred to fulfill the food-safety screen-
ing task of from field to kitchen.

In the present work, we report the fabrication of a universal
SERS substrate for on-site food-safety screening applications
based on PDMS sponge modified with Ag NPs (Scheme 1). On
one hand, the flexible porous PDMS sponge can be easily pre-
pared by simple template method.**** In addition, the porous
PDMS sponge can be used not only for surface sampling but also
for absorption of analytes from liquid based on its flexibility and
porous structures. On the other hand, the three dimensional
structure of PDMS sponge has plenty of pores, resulting in large
amount of absorbed Ag NPs, and hence more SERS hot spots.
The pesticide residues on the surface of fruits and in the vegetable
juice were detected almost with no or minimum pretreatment.

2. Experimental
2.1 Materials

Sylgard 184 Polydimethylsiloxane elastomer base and Sylgard
184 Polydimethylsiloxane elastomer curing agent were bought
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from Dow Corning Corporation (Michigan, USA). Silver nitrate
(99%), sodium citrate (99%), 3-mercaptopropyl-
trimethoxysilane (APTMS), R6G, triazophos, methyl parathion,
and methanol were purchased from Sigma-Aldrich (Shanghai,
China). Paraxylene and ethanol were bought from Kelong
Chemicals Co., Ltd (Chengdu, China). White granulated sugar
and soft sugar were purchased from a local store (Chengdu,
China). Ultrapure water (18.24 MQ c¢m) was used through the
experiment.

2.2 Apparatus

All SERS measurements were implemented on a customized
Raman microscope equipped with a Pixis-100BR CCD
(Princeton Instruments, USA), Acton SP-2500i spectrograph
and He-Ne laser (14 mW). An excitation wavelength of
632.8 nm and a 20x objective (N.A. = 0.45) were also used. The
PDMS was activated in a Plasma oven (PDC-M, Chemical
Instrument Co., Ltd, Suzhou, China). The Ag NPs and the
PDMS sponge-SERS substrates were characterized by a
UV-2600 (UV-2600, Japan) and a scanning electron microscope
(SEM; Inspect F, FEI, USA). The sampling recovery efficiency
was determined by high-performance liquid chromatography
(HPLC, Waters 2695, USA), equipped with a LiChrospher®100
RP 18 column (4.6 mm x 250 mm, 5 um, Merck), and UV-
detector.

2.3 Preparation of PDMS sponge

The PDMS sponge was prepared according to the literature.*?
Specifically, 1 g PDMS elastomer base and 0.1 g curing agent
were weighed and mixed in a beaker (25 mL). A total of
2.55 mL xylene was added followed by vigorous stirring. Later,
a total weight of 1.8-9.8 g sugar granules (white granulated
sugar/soft white sugar, 1:1) was added to the solution and
mixed thoroughly. Then, the beaker was allowed to stand in a
70 °C water bath for 12 h. Finally, the product was removed
from the bath and rinsed with water (80 °C) to dissolve the
sugar. Then, the PDMS sponge was heated in the vacuum oven
at 70 °C for 2 h.

2.4 Preparation of Ag NPs

Briefly, 0.017 g AgNO; in 100 mL water was added to a conical
flask (250 mL), and then brought to vigorous boiling with mag-
netic stirring (400 rpm (revolutions per min)). A total of 4 mL
1% (w/w) sodium citrate was quickly added to the flask. The
heating was maintained for 1 h and the stirring continued till
the solution cooled to room temperature. The UV-Vis spectrum
of the Ag NPs later was recorded by a UV-Vis
spectrophotometer.

2.5 Preparation of APTMS solution and APTMS sol-gel**

Two types of APTMS solution were used. The 5% APTMS solu-
tion was prepared by using anhydrous ethanol as the solvent.
For the APTMS sol-gel, briefly, 400 pL APTMS and 332 pL
0.1 mM HCI were added to 33 mL water. This solution should
be intensely stirred for 1 h. The as-prepared APTMS solution
and APTMS sol-gel all should be used in the same day.

This journal is © The Royal Society of Chemistry 2018
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2.6 Preparation of PDMS sponge SERS substrate

The PDMS sponge was activated in a Plasma oven for 15 min
before immersing into the APTMS solution. The as-prepared
PDMS sponge was then soaked in 5% APTMS solution. It was
sonicated for 10 s every 20 min in the first 2 h. After 10 h, the
PDMS sponge was removed from the solution and successively
washed with copious amounts of ethanol and water. Then, the
PDMS sponge was immersed in the Ag NPs solution for 4 h for
the first round of Ag NPs loading. Note that sonication was
applied for 10 s every 30 min. Later, the sponge was removed
from the solution, rinsed with water, and left in the APTMS
sol-gel solution for another 30 min. Similarly, sonication was
applied for 10 s every 10 min. Then, the next round of Ag NPs
deposition was carried out till optimum SERS activity was
achieved. The PDMS sponge-SERS substrates were character-
ized using a scanning electron microscope.

2.7 SERS measurement

For the SERS experiment, the as-prepared PDMS sponges were
cut into 0.5 x 0.5 x 0.5 cm® cubes. Then, 20 uL of different con-
centrations (10 nM-100 pM) of ethanolic solutions of R6G
were dropped onto the PDMS sponge cubes. The SERS
measurements were then performed on a customized Raman
microscope. Each spectrum presented in this work was the
average of 10 spectra obtained at random positions on the
same sample.

For the detection of pesticides on glass, the glass was
washed twice with anhydrous ethanol and water and then
dried in air. In all, 10 pL of different concentrations of triazo-
phos and 20 pL of methyl parathion in methanol were
dropped on the clean glass slide, respectively. Once dry, 5 pL
methanol was dropped on the same spot. The PDMS sponge
was applied immediately to the surface to recover the pesti-
cides. For the spiked fruit samples, 10 pL of different concen-
trations of triazophos or 20 pL methyl parathion in methanol
were dropped on the clean surfaces of cherry tomatoes or
plums, respectively. Once dry, 5 pL. methanol was dropped on
the same spot before applying the PDMS sponge to recover the
pesticides. For spiked samples in juice, different concen-
trations of triazophos and methyl parathion dispersed in
methanol were spiked into the carrot juice. The spiked sample
then was filtered through filter paper. The PDMS sponge then
was cut into the same small pieces and soaked in the juice for
30 min with occasional manual shaking. Then, the PDMS
sponge-SERS substrate was removed from the juice and used
for Raman detection.

2.8 HPLC analysis

Inspired by the ref. 36, 20 pL of 20 ppm triazophos in metha-
nol was dropped on the surface of cherry tomatoes. Once dry,
5 pL methanol was dropped on the same spot. The PDMS
sponge SERS substrate then was immediately applied to the
surface to recover the pesticides. Finally, the sponge was
placed in a small beaker filled with 1 mL of methanol and
sonicated for 20 min to extract the pesticide. Then, the

This journal is © The Royal Society of Chemistry 2018
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mixture was filtered through a 0.45 pm microporous mem-
brane before HPLC analysis. Three parallel detections were
performed. A similar procedure was followed for the analysis
of pesticides on the plum. The experimental conditions for the
HPLC analysis can be found in the ESL.}

2.9 Data analysis
The LOD of R6G was calculated using the following formula
(eqn (1):

LOD =V x C (mole). (1)

The volume of R6G was recorded as V. The molar concen-
tration of R6G was recorded as C.

The LOD of pesticides were calculated using the following
formula (eqn (2)):

LOD =V x C x p (g). (2)

The volume of pesticides was recorded as V. The mass con-
centration of pesticides was recorded as C. The density of the
solvent used to dilute the pesticide was recorded as p.

The sampling efficiency (SE) of triazophos on the surfaces
of cherry tomatoes and plum were calculated using the follow-
ing formula (eqn (3)):

M1

SE = — x 100%. (3)
M2

The amounts of triazophos detected on the surface of the

fruit (cherry tomatoes and plums) were recorded as M1, and

the absolute amount (spiked amount) of triazophos on the

surface of the fruit were recorded as M2.

3. Results and discussion
3.1 Optimization of SERS performance

3.1.1 Optimization of pore forming reagent. Sugar was
used as the pore-forming reagent during the fabrication of the
PDMS sponge.’” It was known that the amount of pore-
forming reagent had a great impact on the total surface area of
the sponge. This, in turn, could affect the SERS performance
of the substrate, since the porosity of the sponge would have
an effect on the amount of anchored Ag NPs. Different mass
ratios of sugar to PDMS were used in the sponge fabrication.
The SEM images of the prepared materials are shown in Fig. 1.
It was shown (Fig. 1a) that when the amount of sugar was
insufficient, the pores were small and scattered around the
PDMS sponge. With the increased amount of sugar, both the
pore size and the number of pores increased significantly
(Fig. 1). In addition, the pores were deeper (represented by the
shadowed pores), similar to those described in the literature.*
The SERS signal of R6G at 1500 cm™' plotted against the
amount of sugar is shown in Fig. 2. It was clear that when the
amount of sugar was 5.8 g, corresponding to the SEM image of
Fig. 1c, the SERS signal reached its maximum. It could be
inferred that the size, number and depth of the pores
increased with an increase in the initial amount of sugar. This

Analyst, 2018, 143, 2689-2695 | 2691
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Fig. 1 a-d SEM images of the structure of PDMS-SERS substrate pre-
pared with different amounts of sugar (1.8 g, 3.8 g, 5.8 g, 7.8 qg),
respectively.
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Fig. 2 SERS performance of Ag NPs-modified PDMS sponge prepared
with varying amounts of sugar. A total of 10 pL of R6G (1 pM) was used
as the Raman probe. Laser power: 14 mW. Integration time: 2
s. Objective: 20x.

resulted in a larger amount of absorbed Ag NPs. However,
further increments of sugar led to not only larger but also
deeper pores. Since it is well known that SERS is a “surface”
technology, if the analytes were deep inside the deeper pores
of the sponge, then it would probably be very difficult to probe
with the laser (an out-of-focus plane), which eventually caused
the SERS signal to drop. Thus, we chose 5.8 g of sugar in this
work.

3.1.2 Optimization of Ag NPs loading rounds. The number
of rounds of Ag NPs loaded may influence the amount of Ag
NPs immobilized on the PDMS substrate, which could affect
the SERS sensitivity.>> Fig. 3 clearly showed that when the
number of rounds of Ag NPs loaded on the PDMS substrate
was different, the SERS signal of R6G at 1500 cm™" changed.
When two rounds of Ag NPs were loaded on the PDMS sub-
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Fig. 3 SERS performance of different Ag NPs rounds-modified PDMS
sponge. 10 pL R6G (1 M) was used as the Raman probe. Laser power:
14 mW. Integration time: 2 s. Objective: 20x.

strate, the SERS intensity at 1500 cm~ " was highest. With

further deposition of Ag NPs, the SERS signal actually
decreased. We believe this is caused by over-aggregated NPs.
As shown in Fig. S1 (ESIY), after the first round of deposition
of Ag NPs, there were Ag NPs aggregates scattered around the
PDMS surface. After the second loading, Ag NPs aggregates
covered almost all the surface. In contrast, after the third
round of loading, a dense layer of Ag NPs aggregates was
found. It was known that too much aggregation, as seen in
Fig. Sic (ESIt), would actually decrease the SERS efficiency the
SERS signal.*®*° In addition, the optimization of the number
of rounds of deposition of Ag NPs was also detected with pesti-
cides as probes. It can be seen from Fig. S2 (ESI}) the results
obtained are the same as when using R6G as a probe. Thus,
we chose two rounds of deposition of Ag NPs in this work.

3.2 SERS Performance of the substrate

3.2.1 The sensitivity of the PDMS sponge-SERS substrate.
To evaluate the sensitivity of the substrates, the optimized
sponge-SERS substrates were cut into 0.5 x 0.5 x 0.5 c¢cm’
cubes. Then, 20 pL of different concentrations (10 nM-100
pM) of ethanolic solutions of R6G were dropped onto the
PDMS sponge-SERS substrates. Fig. S3 (ESIT) showed the SERS
spectra of these samples. Each spectrum was the average of 10
SERS spectra recorded from different regions on the same
cube. The LOD of the R6G clearly was 2 femtomoles, similar to
what has been reported in the literature.’®*" In summary,
these results indicated that the prepared PDMS sponge-SERS
substrate was sensitive.

3.2.2 The reproducibility and shelf life of the PDMS
sponge-SERS substrate. The reproducibility of the PDMS
sponge-SERS substrate was examined. SERS data were collected
on the same day. R6G solution was added to the same sample,
and 102 spots were recorded at different positions. As shown
in Fig. 4A, the SERS signal falls into a Gaussian distribution
with an RSD of ~10%. This shows that the substrate has a
good reproducibility.

The shelf life of the PDMS sponge-SERS substrate was also
examined. The SERS data was collected every three days, and

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Statistics of a SERS mapping of a single PDMS sponge-SERS
substrate. (B) SERS performance of 20 pL 100 nM R6G on the PDMS
sponge-SERS substrate corresponding to different storage periods. The
error bar shows the signal variation on a single substrate. Laser power:
10 mW. Integration time: 20 s. Objective: 20x.

the results were listed in Fig. 4B. It can be seen from Fig. 4B
that although there are variations in the day-to-day measure-
ment, the data does not deviate far from average (RSD of
~10.4%). In other words, the 36 days of storage does not affect
the repeatability of the substrate.

3.3 SERS spectra of triazophos

To verify the sensitivity of the PDMS sponge-SERS substrate for
the pesticide, triazophos on the glass surface was analyzed.
Fig. 5 represented the SERS spectra of different concentrations
of triazophos on the surface of the glass. Fig. S4 (ESIt) showed
the SERS spectra of different concentrations of methyl para-
thion on the surface of the glass. The results showed the LOD
of triazophos and methyl parathion on the surface of glass
were 0.79 ng and 1.58 ng, respectively.

To verify the performance of a practical application of the
PDMS sponge SERS substrate, triazophos on different fruit sur-
faces and in carrot juice were analyzed. Fig. 6A and B represent
the SERS spectra of different concentrations of triazophos on
the surfaces of cherry tomatoes and plum, respectively.
Fig. S5A and B (ESIt) showed the SERS spectra of different con-
centrations of methyl parathion on the surface of Cherry
Tomatoes and Plum, respectively. Obviously, the LOD of triazo-
phos on the surface of Cherry Tomatoes and Plum were 0.79

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 SERS spectra of triazophos from the surface of the glass. The
concentrations of triazophos were: (a—f) 50 ppm, 10 ppm, 5 ppm,
1 ppm, 0.1 ppm, and O ppm, respectively. Laser power: 10 mW.
Integration time: 50 s. Objective: 20x.
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Fig. 6 SERS spectra of triazophos from the surface of cherry tomatoes
(A) and plum (B). The concentrations of triazophos were: (a—f) 10 pL
50 ppm, 10 ppm, 5 ppm, 1 ppm 0.1 ppm, 0 ppm, respectively. Laser
power: 10 mW. Integration time: 50 s. Objective: 20x.

ng, and the LOD of and methyl parathion on the surface of
Cherry Tomatoes and Plum were 1.58 ng. The sampling
efficiency of triazophos on the surfaces of cherry tomatoes and
plum was 50.1% and 43.7%, respectively (ESIT).
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Fig. 7 SERS spectra of triazophos in carrot juice. The concentrations of
triazophos were: (a—e) 50 ppm, 10 ppm, 1 ppm, 0.1 ppm, 0O ppm,
respectively. Laser power: 10 mW. Integration time: 50 s. Objective: 20x.

Fig. 7 demonstrated the SERS spectra of different concen-
trations of triazophos in the carrot juice. Also note that the
lowest detection concentration of triazophos in the carrot juice
was 100 ppb. Fig. S7 (ESIf) showed SERS spectra of different
concentrations of methyl parathion in the carrot juice.
Obviously, the lowest detection concentration of methyl para-
thion in the carrot juice was 1 ppm.

4. Conclusions

In this report, a dual-functional SERS substrate with a three-
dimensional porous structure was fabricated for the detection
of pesticides on fruit surfaces and in juice. Under optimum
conditions, with R6G as the probe, the LOD reached 2 femto-
moles. The spatial variation of the substrate was found to be
~10% (RSD), and it could be safely stored for at least 36 days.
In addition, carrot juice and two kinds of fruits which had all
been spiked with triazophos were analyzed. The results
showed that the LOD of the triazophos on the surface of fruits
was 0.79 ng. The lowest concentration of the triazophos
detected in the carrot juice was 100 ppb. For the surface detec-
tion, no pretreatment of the samples is needed. For the juice,
only simple filtration was performed before SERS analysis. We
believe this substrate may find great potential in the future for
on-site food-safety screening.
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