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The disordered silver nanowires membrane combining the solid-phase extraction (SPE) with surface-
enhanced Raman spectroscopy (SERS) was used for rapid collection and detection of food contaminants.
The membrane was fabricated via filtering the silver nanowires colloid solution, which was prepared by
solve-thermal polyol process. Analytes in 5 mL liquid phase were concentrated in less than 10 s by the
affinity of silver nanowires on filter membrane. The membrane could combine the advantages of SPE and
SERS technology for analysis of the food safety contaminants. The employment of the SERS-active
extraction membrane eliminated the procedure of elution, which shortened the time of the analysis. It has
been shown that the as-prepared membrane had good uniformity and high temporal stability under
continuous laser radiation. Qualitative and quantitative detection of phorate and melamine was further
performed based on flow-through method. The characteristic SERS intensity against phorate and
melamine concentrations exhibited a good linear relationship in the concentration range of 2.5 to 10

emL"! (phorate) and 2.5 to 100 pgemL™"' (melamine).
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Introduction

As the global food industry continues to expand, food safety
analysis has attracted worldwide attention. It is important to
develop sensitive, rapid and efficient methods for detecting the
concentration of food contaminants.' At the laboratory level, food
safety, which implies biological, detrimental, and chemical
factors, can be quantitatively assessed by many methods,
including cell culture and instrumental analysis.> These methods
require several hours or days to analysis. What is more, some
contaminants are in ultralow level, in order to improve the
sensitivity of contaminants assays, a sample pre-concentration
step is usually employed. Among these methods, solid-phase
extraction (SPE) is commonly used to pre-concentrate organic
chemicals extremely.” Coupled with high performance liquid
chromatography (HPLC) or mass spectrometry (MS), SPE has
been used for enriching some contaminants.*’ The most
commonly used sorbents are porous silica media modified with
organic group such as alkyl groups which could be used to extract
the target compounds with nonpolar or weakly polar from the
polarity matrix. Carbon nanotubes, as a typical one dimensional
nanomaterial, had also been used as adsorbents for trapping or
separation of highly polar compounds in the last few years.®’
Surface enhanced Raman spectroscopy (SERS) had emerged as
an alternative sensing technique for its unique features, such as
high sensitivity, unique spectroscopic fingerprint.'®'" It had
attracted much attention and found its application in various fiel-
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ds, such as environmental analyses, biomedical applications and
cultural heritage studies.'*"® Moreover, SERS could also be used
an on-site and nondestructive data acquisition technique.'? The
highly effective SERS-active system is attributed to the surface
plasmon resonance (SPR) of the closely connected nanostructures
with the field enhancement within them.” ** It is considered that
the SPRs are tunable from the visible to near-IR regions of the
spectrum by controlling the shape or size of the metallic
nanoparticles,” and selecting the shape-controllable metallic
nanoparticles as the SERS substrates can contribute to
maximizing the Raman signal of the analytes. The most widely
used SERS substrates are metallic nanoparticles with a large size
distribution and various shapes prepared by wet chemical
methods. Silver nanostructures embedded filter paper as SERS
substrate through adsorption or filtration of performed silver
colloid has been reported.*?

Silver nanowires have the certain aspect ratio, which are easily
loaded on the membrane substrate.>’ Herein, we reported the
facile fabrication of the disordered silver nanowires extraction
membrane, which could combine the advantages of SPE and
SERS technology for analysis of contaminants. The employment
of the disordered extraction membrane
eliminated the procedure of elution, which shortened the analysis
time. The temporal stability under continuous laser radiation,
uniformity and reproducibility of the SERS-active extraction
membrane were demonstrated. This membrane provides a rapid
and sensitive platform for the SERS detection of the
contaminants in the water sample.

silver nanowires
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Experimental
Chemicals

Silver nitrate (AgNO;, 99.8%), ethylene glycol (EG, 99.0%),
potassium chloride (KCI) polyvinylpyrrolidone K-30 (PVP,
Mw=55000) and ethanol were all purchased from Sinopharm
Chemical Reagent CO. Ltd. (Shanghai, China). P-
Aminothiophenol (PATP, 97%) and phorate were purchased from
Sigma-aldrich. Organic membranes (Nylon, 25 mm diameter,
0.22 pm pore size) were purchased from New Asia purification
device factory (Shanghai, China). Ultra-pure water (18.25
MQecm) was used throughout the experiment.

Preparation of silver nanowires

Silver nanowires were prepared by a solve-thermal polyol process
according to the reported method.®™ In a typical synthesis, a
transparent solution of PVP (0.4 M, 80 mL) and KCI (0.002 M,
80 mL) was prepared using ethylene glycol as the solvent at 80
. A solution of silver nitrate (0.067 M, 120 mL) was prepared at
room temperature. The former solution was added drop-wise into
AgNO; solution under vigorous stirring. The mixed solution was
placed overnight and transferred into a 250 mL autoclave. The
autoclave was placed into the oven and kept at 160 [ for 7 h. The
solution was then cooled to room temperature. The nanowires
were centrifuged (2000 rpm, 30 min) and washed three times
with ethanol. The centrifuged silver nanowires were dispersed
into 50 mL ethanol.

Fabrication of the silver nanowires membrane and detection
of sample

The silver nanowires membrane was used as the SERS-active
substrate in this work, which had high SERS activity. The
preparation of the substrate was based on the flow through
method. In brief, the organic filter membrane was put into a
suitable filter paper holder. 1.5 mL silver nanowires colloid was
inhaled to injector, and then the filter paper holder was attached
to the injector. After that, silver nanowires colloid was passed
through the filter membrane. The silver nanowires were trapped
on the filter membrane, which could be used as an SERS-active
extraction membrane.

The SERS performance of the silver nanowires membrane was
evaluated using PATP as the probe. The extraction effect of the
membrane by filtering or immersing the sample solution was also
compared. As for the filtering method, after the analytes in
aqueous solution have passed through the membrane, the filter
paper holder was removed. The membrane was dried in air and
analyzed using the SERS detection equipment. Qualitative and
quantitative detection of phorate and melamine in aqueous
solution using this membrane were also performed using the filter
method.

Substrate characterization and SERS detection

The prepared silver nanowires were characterized by X-ray
diffraction (XRD) using a Bruker D8 advanced X-ray
diffractometer equipped with graphite monochromatized Cu Ka
radiation (A=1.5418 A). The morphology of the silver nanowires
membrane was characterized using a Scanning electron
microscope (JSM-6700F). All SERS measurements were attached
to an Ocean Optics QE65000 spectrometer with the excitation
wavelength of 785 nm. The excitation power was 180 mW and
the integration time was 1 s.
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used as flow-through SERS.

Results and discussion

Fabrication and characterizations of the SERS-active
extraction membrane

Fig. 1 gave a schematic of the preparation of the silver nanowires
membrane and detection of samples. The silver nanowires
membrane was prepared by filtering the silver nanowires colloid.
Fig.S1 shows the intensity of the 1076 cm™ PATP Raman peak
after first loading increasing volumes of silver nanowires colloid
through the filter membrane. The Raman signal intensity
increased significantly less than 1.5 mL of silver nanowires
colloid, the Raman signal intensity is unchanged when more than
2.0 mL. Therefore, for all subsequent experiments, 1.5 mL of
silver nanowires colloid was selected through the filter
membrane. Silver nanowires loaded on organic filter membrane
with inherent porosity were used as the SERS-active substrate,
thus combining rapid collection of the analytes with in situ
detection. The membrane could combine the advantages of SPE
and SERS technology for analysis of food contaminants. The
employment of the silver nanowires extract membrane eliminated
the procedure of elution, which shortened the analysis time.

The structure of the silver nanowires was characterized by XRD
as shown in Fig. 2A. All peaks could be readily indexed to cubic-
phase Ag, according to standard JCPDS card no. 04-0783,
indicating that the silver nanowires were finely crystallized and
successfully synthesized by the solve-thermal method. UV-vis
absorption spectrum of the silver nanowires aqueous solution had
the two characteristic peaks at 378 nm and 351 nm in Fig.S2.%
The morphology of the silver nanowires membrane was
characterized by SEM. Fig. 2B showed that this membrane was
consist of the interwoven uniform silver nanowires with ~50 nm
in diameter and ~5 pm in length. Inset showed the photo of the
silver nanowires membrane. The thickness of the silver
nanowires membrane was about 10 um in Fig.S4.

Uniformity and stability of the SERS-active membrane

SERS is an important analytical method that can be used to
obtain fingerprint information by studying vibrational and
rotational modes of a system. The uniformity, stability and
reproducibility of the active substrate are crucial for SERS
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Fig.2 (A) XRD pattern of silver nanowires compared to a standard JCPDS
card no. 04-0783 for Ag. (B) SEM image of silver nanowires loaded on
the filter membrane. Inset shows the photo of the extraction membrane.

detection.*** To illustrate the uniformity of the active substrate,
the SERS intensity of PATP with the concentration of 10 pgemL"'
were recorded under laser radiation with laser powers at 180 mw,
as shown in Fig.3A. The uniformity of this membrane for SERS
detection was evaluated by randomly selecting twenty-four points
on a single substrate and recording their corresponding SERS
spectra. The inset image of Fig.3A shows the intensity change of
the Raman bands at 1076 cm™, and the relative standard deviation
of the intensity is 4.1% from twenty-four different points, which
indicated the uniformity of the substrate was fairly good.

The temporal stability of the substrate under continuous laser
radiation is also essential parameter for SERS detection. To
illustrate the temporal stability of the active substrate, the SERS
spectra of PATP with the concentration of 10 pgemL’' were
recorded under continuous laser radiation for 130 seconds, as
shown in Fig.3B. The spectra were recorded every 5 s and the
integration time was 1 s. It was shown that the overall shape had
no obvious change, and the bands intensity of the SERS had
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Fig.3 (A) The uniformity and (B) laser irradiation stability of the substrate
probed with 10 pgemL"' PATP. Inset shows the intensity change of the
Raman band centered at 1076 cm™.

small change during the laser irradiation. The inset image of
Fig.3B shows the intensity change of the Raman bands at 1076
cm’!, the relative standard deviation of 6.2%. These results
indicated that the substrate had a good temporal stability under
continuous laser radiation, which could meet the requirements of
routine SERS detection.

SPE-SERS detection

Solid-phase extraction (SPE), which is a simple and rapid pre-
concentrate process, is commonly used to pre-concentrate organic
chemicals and heavy metal ions in water or in food analysis.’
Here, silver nanowires membrane had good Raman performance
due to present of Raman “hot spot”, so it could combine the
advantages of SPE and SERS technology.

In Fig.4, the SERS detection performance of the membrane by
filtering is compared with that by the immersion method. The
measured Raman signals in Fig.4 show that the signal intensity
by filtering 5 mL PATP (10 pgemL™") is better than that by
immersing the same sample. Thus, for the case of PATP, the
SERS-active extraction membrane enables a good improvement
in detection performance compared to immersing SERS
measurements.

Fig.5 presents the detection performance of the silver nanowires
membrane for PATP. To obtain the lowest detection
concentration for PATP using the SPE-SERS technique, we
prepared different concentration dilutions of PATP in water.
Fig.5A shows that the lowest detected concentrations of PATP is
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Fig.4 Comparison of measured SERS spectra for PATP by (a) filtering
and (b) immersing PATP in aqueous solution.

0.001 pgemL™, which should be owing to the fact that the PATP
s molecules were adsorbed on the substrate. The quantitative SERS
analysis was showed in Fig.5B and S8. Data points representing
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Fig.5 (A) SERS spectra of the different concentrations PATP in aqueous
solution absorbed on the membrane by flow-through method. (B) The
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the peak height of the 1076 cm™ PATP Raman peak increased
consistently with the increasing of aqueous PATP concentrations
in Fig.S9. In the plot, the data points represent the mean value for
two separate membranes for obtaining relative accurate results. It
could be seen that the plot of the intensity of the 1076 cm™ band
versus the concentration of PATP shows a monotonic increase of
the intensity at the lower concentration, the peak intensity
remained unchanged at the higher concentration, which arose
from the saturation of the active sites of the enhancing substrate.
It is noted that the Raman peak intensity at 1076 cm™ versus a
series of PATP concentrations yielded a good linear relationship
in the concentration range of 0.1 to 0.001 pgemL™, as shown in
Fig.5B.

Phorate is an organophosphate pesticide effectively against a
wide array of insects, mites, and some nematodes. It has been
also classified by the U.S. Environmental Protection Agency as a
restricted use pesticide because of its high toxicity to reptiles,
birds, and fish.** Thus, it is critical to monitor the concentration
of phroate to ensure the best treatment. The spectrum of phroate
shows feature Raman bands at 527, 635, 761, 1097, 1284 and
1392cm™ in Fig. STA. The bands of intensity appearing at 635
and 1284 cm™ may be assigned to v(C-S). The peaks at 761, 1097
and 1392 cm! are assigned as v(P-0), v(C-C) and v(P-0-C).**
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Fig.6 (A) SERS spectra of the different concentrations phorate in aqueous
solution with obtained by filtered method. (B) The intensity of the 1097
cm-1 SERS peak for different phorate concentrations.
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SERS spectra of phorate molecules at different concentrations are
shown in Fig.6A. It is revealed that phorate can be detected even
at 2.5 pgemL™', which should be owing to the fact that phorate
molecules were adsorbed onto the substrate. Fig.S9 showed the
calibration curve and simulation curve for phorate of the SERS
intensity at 1097 cm’™'. The results reveal that the intensity of the
band decreased with diluted samples, which indicates that the
enrichment capacity of the extraction membrane was unsaturated
at lower concentrations. The Raman intensity reached a platform
when the concentration of phorate is more than 1.0 X 10 gemL"
in Fig. S9B, which results from the saturation of the enrichment
capacity of the substrate. Fig.6B shows the Raman intensity of
phorate at 1097 cm™ versus its concentration in the range from 10
to 2.5 ugemL"', which reveals a good linear correlation.

Melamine is a nitrogen-rich compound mainly used to produce
kitchenware, commercial filters, flame retardants, and other
products. Its wide use may result in the presence of trace amounts
of melamine in the food supply.*> *® Melamine was detected to
further demonstrate that the flow-through method on extraction
membrane is quantitative. Compared to the background Raman
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Fig.7 (A) SERS spectra of the different concentrations melamine in
aqueous solution absorbed on the membrane by flow-through method.
(B) The intensity of the 682 cm™ SERS peak for different melamine

concentrations.
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band, the Raman peak of melamine at 682 cm™ is assigned to the
ring breathing mode in the Fig.S7B.** Fig.7A showed the Raman
spectra of melamine, the lowest measured concentration was
IpgemL"' for the extraction membrane. Fig.S10 showed the
calibration curve and simulation curve for melamine of the SERS
intensity at 682 cm™'. The Raman intensity reached a platform
when the concentration of melamine is more than 1.0 X 107
g'mL™" in Fig. S10B, which results from the saturation of the
enrichment capacity of the substrate. Fig.7B showed the Raman
intensity of melamine at 1097 cm™ versus its concentration in the
range from 1 to 100 pgemL™, which reveals a good linear
correlation.

The experimental results were theoretically analysed. The optical
extinction cross section of the two silver nanowires was
simulated by finite-different time-domain (FDTD) as shown in
Fig.S11. For the FDTD calculation, the diameter of the model of
silver nanowires is set to the average experimental results of 50
nm. The electromagnetic radiation used was a total field scattered
field source, provided by the software, which is useful for solving
scattering problems. The source separates the simulation area into
two parts: (1) the y-z mode; (2) the x-y mode. It can be seen from
the Fig.S11 that the intersection of the silver nanowires has more
highly electric-field intensity enhancement. This simple model
has practical advantages for locating and visualizing electric-field
“hot spots” for SERS applications.

Conclusions

We have fabricated a highly sensitive SERS-active silver
nanowires membrane via filtering silver nanowires colloid, which
was used for SERS detection of contaminants. This membrane
had good Raman performance due to present of Raman “hot spot™.
The membrane also showed rapid extraction speed for the
contaminants. In addition, quantitative analysis of the samples in
aqueous solution was performed using this membrane. The
Raman intensity versus the samples concentration yielded a good
linear relationship. The linear relationship of PATP, phorate and
melamine existed in the concentration range of 0.001 to 0.1
pgemL™, 2.5 to 10 pgemL™" and 1 to 100 pgemL™ respectively.
These above results indicated that the SERS-active extraction
membrane had good stability, uniformity and high SERS activity,
suggesting that the extraction membrane was a promising
candidate for rapid detection of food organic contaminants.
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