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A dual-function (extraction and detection) porous silver fiber with high enhancement effect was
constructed based on a convenient electrochemical etching method. The prepared silver fiber not only
had high enrichment capacity and good Surface Enhanced Raman Spectroscopy (SERS) performance but
also had good laser stability and uniformity. A strategy combining mechanical power and integration of
solid phase extraction (SPME) and SERS detection was used. Driven by mechanical power, the analyte
malachite green (MG) was enriched on the prepared silver fiber after 40 seconds, which can realize an
ultra-fast and sensitive detection with a detection limit of 8.48 x 107> M. At the same time, this fiber can
be regenerated after being treated with NaBH,. The silver fiber can be used for the detection of MG and
CV after being immersed in NaBH, solution for a few minutes. After 5 cycles of processing, the
measurement signals of the silver fiber can reach 70% of the initial signals. The mechanical power driven
SPME-SERS (MPD-SPME-SERS) integrated detection method can be used to analyse aquaculture water
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Introduction

SPME is a new type of sample preparation technology and has
attracted wide attention since it was first proposed by Canadian
professor Pawliszyn." SPME does not require organic solvents,
which reduces environmental pollution. The solid phase
microextraction device is simple, rapid and efficient.>*
Sampling and enrichment are performed simultaneously by
this method. The extraction volume of this method is small, and
the loss of matrix can be ignored, which is suitable for on-site
sampling and analysis.>® Based on the portability and the
high efficiency of solvent-free extraction, SPME can be
combined with a variety of detection methods to achieve effi-
cient enrichment and detection. SPME has been widely used
and combined with many technologies, such as liquid chro-
matography (LC),”™ gas chromatography (GC),"*** mass spec-
trometry (MS)*'® and surface enhanced Raman spectroscopy
(SERS)."** Among them, SERS has the advantages of high
sensitivity and fingerprint characteristics. Based on the advan-
tages of SERS and SPME, the two can be combined to realize the
integration of sample pretreatment and detection. The SERS
substrate provides hot spots and enhances Raman signals. It is
also a SPME coating to achieve sampling and enrichment of the
analyte. SPME-SERS is an effective in situ detection method for
complex systems. Qiu, Lu prepared single-layer graphene-

School of Chemistry and Chemical Engineering, Shandong University, China. E-mail:
zhangxI@sdu.edu.cn
available. See DOIL

T Electronic  supplementary  information

10.1039/d0ra10227j

(ES)

© 2021 The Author(s). Published by the Royal Society of Chemistry

within 1 minute with a good linear relationship.

coated Ag nanoparticles on Si fibers and combined SPME and
SERS to achieve in situ sensitive determination of BPA in bottled
water with a detection limit of 1 pg L™'.** Chen, Haoxin
combined headspace SPME with SERS to achieve sensitive
detection of volatile pesticides in apple juice with a detection
limit of 5 ppb.”> However, how to enrich the analyte to the
extraction fiber faster to shorten the detection time is a key
issue that needs to be solved in rapid detection. Hassan Sereshti
used a potentiostat to apply a fixed potential to accelerate the
enrichment process. The tetracycline in milk can be extracted in
20 minutes.”® Yuan-Ting Li used electrophoresis pre-
concentration strategy to complete antibiotic detection within
10 minutes.* Fast enrichment and detection can be achieved by
applying electric driving force.

The factors that affect the extraction effect and time include
the thickness of the boundary layer, the thickness of the coating
and the distribution constant of the analyte in the coating/
solution.”® Similar to electrochemical driving, mechanical
driving can also reduce the thickness of the boundary layer. In
this study, a mechanical power driven SPME was used in order
to solve the problem of excessively large boundary layer thick-
ness in direct diffusion extraction. We realized dynamic and
rapid stirring and extraction, and combined with SERS to
realize efficient and rapid analysis and determination.

In our work, based on the electrochemical etching method,
a three-dimensional silver nanofiber with uniform pores was
prepared. And the fiber was used as a dual-function substrate
for the integration of extraction and detection. The application
of mechanical drive can reduce the thickness of the diffusion
layer. We chose the method of stirring with a stir bar to provide
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mechanical driving force, and SERS signals can be obtained
after 40 seconds. Due to the high detection efficiency, this
method is expected to play an important role in food safety and
environmental monitoring (Fig. 1).

Experimental reagent

Malachite green (MG), crystal violet (CV), ethanol, hydrochloric
acid, and sodium borohydride (NaBH,, >98%) were purchased
from Sinopharm Group, Co., Ltd. Othter reagents used in our
experiment were analytical pure. The water used in the experi-
ment was ultrapure water (18.25 MQ cm). Aquaculture water
was taken at a local supermarket.

Preparation of three-dimensional porous silver fiber

Silver wires (diameter 0.4 mm, purity 99.9%, length 2.0 cm)
were cleaned with ethanol and ultrapure water for 5 minutes
each time by an ultrasonic cleaning machine. The silver fiber
was prepared by electrochemical etching. In the electro-
chemical process, a three-electrode system was used, in which
the silver wire was used as the working electrode, Ag/AgCl
electrode was used as reference electrode, and Pt electrode
was used as counter electrode. 0.1 M hydrochloric acid solution
was used as the electrolyte solution, and the silver wire was
corroded by electrochemical cyclic voltammetry. The voltage
range was from —0.2 V to 0.2 V and the number of cycles was 15.
The potential scan rate was 10 mV s '. The signals of MG
collected by porous silver fiber prepared with different potential
scan rates were compared in order to select the optimal prep-
aration condition.

Preparation of sample

10> M malachite green (MG) and crystal violet (CV) solutions
were prepared. The 107> to 10~® M MG and CV solutions were
respectively diluted with 107> M MG and CV solutions. Actual
samples of different concentrations were obtained by adding
MG and CV to the aquaculture water.

MPD-SPME-SERS detection

40 mL solution for detection was placed in a 100 mL beaker with
a stir bar. We changed the position of the substrate in order to
find the best position for sampling. We kept the silver fiber still,
and driving force was provided by the stir bar for the solution to
improve the extraction efficiency. For a certain substrate at
a certain stirring speed, the substrate was taken out for a period
of time, and the SERS signals were collected. After finding

electrochemical
etching

>

silver fiber porous silver fiber

Fig.1 Schematic diagram of MPD-SPME-SERS.
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optimal conditions, the actual sample was added to the beaker
and detected under optimal conditions.

Related experimental instruments

Field emission scanning electron microscope (FESEM, JSM-
6700F, acceleration voltage 3 kV) was used to characterize the
substrate morphology. X-ray energy spectrometer (EDS) was
used to characterize the types of elements contained in the
substrate. Princeton ParStat 4000 electrochemical workstation
was used to prepare porous silver fiber. X-ray Photoelectron
Spectroscopy (XPS, ESCALAB 250Xi, ThermoFisher Scientific)
was used to judge the valence of Ag. Ocean Optics QE65000
spectrometer was used to collect Raman signals, excitation
wavelength: 785 nm, laser power: 150 W, integration time: 1 s.

Results and discussion
Optimization and morphology characterization of silver fiber

Electrochemical etching conditions are very important to obtain
a good dual-functional substrate. We explored the conditions of
substrates obtained by corrosion in the range of —0.2 Vto 0.2 V
at different scanning speeds using MG as a probe. The
morphology of the obtained silver fiber was characterized. Fig. 2
shows the morphology of the silver fiber obtained at different
potential scanning rates. The potential scanning rates of the
silver fibers obtained in Fig. 2A-D are 5, 10, 15 and 25 mV s *,
respectively. When the silver fiber prepared under the condi-
tions that the voltage range was from —0.2 V to 0.2 V, the
potential scanning rate was 10 mV s~ ', and the number of cycles
was 15, the highest SERS signals were obtained. When the
potential scan rate is slow (for example, Fig. 2A), the electron
transmission speed is slow, and the resulting nanoparticle size
is large. When the potential scan rate is fast (for example,
Fig. 2C and D), the electron transmission speed may exceed the
diffusion speed. The oxidation rate of silver exceeds the reduc-
tion rate of silver ions, and the reduction is insufficient. Ulti-
mately, the uniformity of the substrate is affected. From the
morphology of the prepared sample, when the potential scan
rate is 10 mV s, the porous silver fiber obtained is the most
uniform, and the density of silver nanoparticles on the surface
of the silver fiber is the largest, which is important for providing
more hot spots and better SERS signals. The SERS enhancement
capability is the premise and guarantee for the three-
dimensional porous silver to obtain good SERS signals and to
be used for the detection of trace samples. In addition, the large
surface area of the three-dimensional porous structure is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of porous silver fibers prepared by using different potential scan rates (A) 5, (B) 10, (C) 15 and (D) 25 mV s~ %, respectively.

beneficial to increase the enrichment efficiency. The structure
of silver fiber determines that it is a good dual-function
substrate integrating extraction and detection.

As Fig. 3, we can know that most of the silver element on the
surface of the substrate is Ag(0). The peaks observed at binding
energy values 367.90 and 373.87 were ascribed to the Ag 3ds,,
and Ag 3d;/, of Ag(0) state respectively,***” with a separation of
5.97 eV.*® The peaks observed at binding energy values 367.25
and 373.03 eV were ascribed to the Ag 3ds/, and Ag 3d;/, of Ag(1)
state respectively. According to the peak area, the content of
Ag(0) is 92.34%.

The sensitivity of the substrate is an important factor for
qualitative and quantitative detection. The properties of SERS
substrates, such as enhancement factors, uniformity and
stability, have important impacts on the application of the
substrate. The performance of the prepared porous silver fiber
was tested with 10~> MG as a probe. The characteristic peaks of
MG are at 439, 800, 1174, 1398 and 1592 cm ', respectively.
Among them, the peaks at 800 and 1174 cm™" are attributed to
the bending vibration of CH in the radial plane aromatic ring.

200k Ag 3d,,

100k

Intensity / (a.u.)

376 374 372 370 368 366 364
Binding Energy(eV)

Fig. 3 XPS result of silver fiber.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The peaks at 1398 and 1592 cm ™" are attributed to the in-plane
C-C stretching vibration, and the peak at 439 cm ™" is attributed
to benzene-C-benzene deforms and vibrates out of the plane.”**°
The peak position is basically the same as the peak position in
references, which proves that we have successfully collected the
MG signals. SERS signals of MG were collected with silver wires
prepared at different potential scan rates. As shown in Fig. 4, as
the potential scan rate increased, the SERS signal intensity first
increased and then decreased. When the potential scan rate was
10 mV s, the signals obtained were the strongest. Therefore,
we used a 10 mV s~ potential scan rate to prepare porous silver
fiber in subsequent experiments. We selected the characteristic
peakat 1174 cm ™" and calculated the enhancement factor of the
substrate according to the formula AEF = (Isgrs/Csers)/(Iraman/
Craman)-> Among them, Isggs: the SERS signal intensity of MG at
1174 ecm™?, Csprs: the concentration of MG on the substrate,
Iraman: the Raman signal intensity of MG powder at 1174 cm ™,
Craman: the concentration of MG powder. Through calculation,
we obtained that the enhancement factor of the prepared

I 2000

25 mVis
M

15 mVis

10 mVis

Intensity / a.u.

5 mV/s

400 600 800 10001200 14001600 1800
Raman Shift / cm™

Fig.4 SERS signals of MG collected by porous silver fibers prepared by
using different potential scan rates.
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Fig. 5 (A) Uniformity and (B) laser irradiation stability of the silver fiber.

porous silver wire to MG can reach 2.68 x 10°%, and the substrate
has a good SERS enhancement effect.

Uniformity and stability

The uniformity and stability of the SERS substrate are also the
main parameters we are concerned about. We used MG as
a probe molecule, soaked the prepared silver fiber in 107> MG
solution for 3 hours, and collected the SERS signals of 20 points
randomly selected from the substrate. As shown in Fig. 5A, the
characteristic peak position and peak intensity are hardly
changed. We calculated that the relative standard deviation
(RSD) of the peak intensity at 1174 cm™ " is 9.82%, which shows
that the prepared SERS substrate has good uniformity. We
irradiated the prepared SERS substrate continuously for about 2
minutes under the laser, and collected the signals every 5 s. As
shown in Fig. 5B, the characteristic peak position and peak
intensity are basically unchanged. We calculated that the rela-
tive standard deviation (RSD) of the peak intensity at 1174 cm ™"
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is 8.55%, which shows that the prepared SERS substrate has
good stability. The long-term stability of the substrate is also
important. Compared with the signal intensity of MG on the
newly prepared substrate, there is almost no change in the
signal intensity after 5 days. Therefore, the substrate has long-
term stability.

Use of mechanical power

We chose MG and CV as the analytes. We applied different
stirring speeds to MG and CV, and took out the substrate at
regular intervals to collect SERS signals. We first investigated
the position of the characteristic peaks. The characteristic
peaks of CV are at 422, 528, 760, 803, 916, 1177, 1394, 1443,
1536, 1590 and 1621 cm ™ ' respectively. The characteristic peaks
at 1443, 1536 and 1621 cm™ ' are attributable to the C-C in-
plane stretching vibration, the broad peak at 1394 cm ' is
attributable to the in-plane C'-C stretching vibration and the
N-benzene ring stretching vibration, the peak at 528 and

w
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Fig. 6 SERS signals collected at different stirring speeds. (A), (C) are the changes of the SERS signal intensity of MG at 1174 cm~! and CV at
1177 cm™* collected at different stirring speeds over time, (B), (D) are SERS signals collected at different stirring speeds at 40 s of MG and CV

respectively.
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Fig.7 The kinetic curve of mechanical power driven SPME of different
concentrations (107> M, 107 M, and 10~7 M MG solution) of MG at
1000 r stirring speed.

916 cm ' is attributable to the aromatic ring skeleton vibration,
the peak at 422 cm ™' is attributable to the out-of-plane defor-
mation vibration of benzene-C-benzene, and the peak at 760,
803, and 1177 em ™" is attributable to the bending vibration of
CH in the aromatic ring hydrocarbon in the radial plane.**?*
The characteristic peaks of signals we collected are basically
consistent with the peak positions in the references, which
proves that the substrate we prepared can successfully enrich
the analytes and achieve qualitative detection. For different
analytes, the optimal stirring extraction conditions may be
different. We tried different speeds of stirring to MG solution
and CV solution. We took out the substrate at 10 second
intervals to collect SERS signals on the substrate. The power of
the laser was 150 W, and the integration time was 1 s. As shown
in Fig. 6, before the extraction equilibrium was reached, the
SERS signals increased with stirring time increasing, and after
the extraction equilibrium was reached, the SERS signals no
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longer changed. For MG, when the stirring speed was 500 rpm,
the molecular diffusion rate of the analyte was small, so the
SERS signal intensity increased slowly with time. When the
stirring speed was 1000 rpm and 1500 rpm, the growth rate of
SERS signal intensity was greater than 500 rpm, but there was
little difference of the kinetic curve between 1000 rpm and
1500 rpm. This shows that as the stirring speed increases, the
molecular diffusion rate of the analyte increases. However,
because the number of hot spots on the substrate is constant,
after the stirring speed increases to the optimal stirring speed,
the equilibrium time cannot be shorten by increasing the stir-
ring speed. Therefore, we finally choose the stirring speed of
1000 rpm and the stirring time of 40 s as the optimal stirring
conditions for MG. For CV, the experimental result is similar to
the result of MG. For CV, we finally choose the stirring speed of
1000 rpm and the stirring time of 40 s as the optimal stirring
conditions for CV. In our work, for the analytes, the stirring
extraction equilibrium time is less than 1 min.

In Fig. 7, we compared the time for different concentrations
of MG to reach the equilibrium of extraction by stirring. Under
the same stirring conditions, the lower the concentration was,
the longer time it took to reach equilibrium. At 1000 r stirring
speed, for 10> M MG solution, the equilibrium can be reached
by stirring for 40 s. When the concentration decreased to
107° M, it took 50 s to reach equilibrium. When the concen-
tration decreased to 10~ M, it took 60 s to reach equilibrium.

Principle of MPD-SPME

In SERS detection, if the substrate is immersed in the solution
directly, due to the presence of the boundary layer, the analyte
diffuses slowly, which is not conducive to rapid detection. It
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Fig. 8 Comparison of different extraction methods. (A), (C) are the kinetic curves of MG and CV through MPD-SPME, respectively, (B), (D) are
comparison of kinetic curves of MPD-SPME and direct SPME for MG and CV, respectively.
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Fig. 9 Relationship between peak intensity and concentration. (A), (B) MG as the analyte, (C), (D) CV as the analyte, respectively.

takes a long time for static extraction to reach the equilibrium.
We can accelerate this process through stirring. When the
liquid sample is ideally stirred, the migration of components in
the sample is greatly accelerated, allowing it to enter the
substrate quickly. The thickness of the boundary layer can be
obtained by the following formula:*

0 = 2.64(b/Re">0Sc04%) (1)

b: extraction wire radius; Re: Reynolds number, = 2ub/v; Sc:
Schmidt number, Sc = v/D;; v kinematic viscosity of the
medium; D;: molecular diffusion coefficient. Under the stirring
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condition of 1000 r and 40 s, we estimated the boundary layer
thickness of MG solution. The diffusion coefficient D, is set to
0.011361 cm® s~ ' and the kinematic viscosity is set to 0.0101
em” s7', and the resulting boundary layer thickness is 2.2 x
10~* cm. The extraction amount can be obtained by the
following formula:**

n= Kfs VfCO Vs/(Kfs Vf + Vs) (2)

K;s: partition coefficient, Vi coating volume, Cy: initial concen-
tration of the component in the water sample, V,: water sample
volume. From this formula, we know that the extraction volume

—
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Fig. 10 The recyclability of the substrate with (A), (B) MG as the analyte and (C), (D) CV as the analyte, respectively.
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is related to the partition coefficient, coating volume, concen-
tration, and water sample volume. When the extraction filament
and the analyte are determined, the greater the concentration of
the analyte, the larger the water sample volume and the greater
the extraction volume.

The extraction equilibrium time in this case (defined as the
time required for 95% of the components to be extracted from
the sample) depends mainly on the diffusion of the analyte on
the substrate. The extraction equilibrium time can be obtained
by the following formula:**

te = tosy, = di’/2Dy (3)

dy is the thickness of the coating and Dy is the diffusion coeffi-
cient of the components. However, in reality, there is always
a layer of unstirred water fluid around the substrate. Usually we
call it the boundary layer. Besides, the fluid on the substrate
surface is always stationary under any stirring conditions. As the
distance from the coating surface increases, the fluid motion
will gradually increase until it is equal to the flow rate of the
sample body. If no convection occurs in the boundary layer, the
thickness of the boundary layer is determined by the stirring
conditions and the viscosity of the fluid. The better we stir, the
lower the fluid viscosity and the smaller the boundary layer
thickness is. The actual equilibrium time can be obtained by the
following formula:*

te = tosy, = 30Kpd 2Dy (4)

0 is the thickness of the boundary layer, and Kg is the
distribution constant of the component in the substrate/water
sample. Combining formula (1), we can know:

te = tosy, = 1.920V" Ky d 212D 2ub)’>°Sc"* 5)

Comparison of MPD-SPME and direct SPME

We use 10~° M MG and CV solutions for direct SPME tests. We
immersed the substrate in the above three solutions, and
collected SERS signals at intervals. We compared the kinetic
curves of MPD-SPME and direct SPME. The two extraction
kinetic curves of MG and CV are shown in Fig. 8. Under the
conditions of direct SPME, it took 155 min to reach the
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extraction equilibrium of MG. For CV, it took 150 min to reach
the extraction equilibrium. In our work, MPD-SERS can help to
reach the extraction equilibrium within 1 min. By comparing
MPD-SPME with direct SPME, MPD-SPME can greatly shorten
the time required to reach the extraction equilibrium, which is
conducive to rapid detection.

Analysis MG and CV by MPD-SPME-SERS

Under optimal stirring conditions, we conducted quantitative
tests on MG and CV. As shown in Fig. 9, MG at 1174 cm ' (linear
range: 5 x 10 ¥to 5 x 107°M), CVat 1177 cm™ " (linear range: 1
x 1078 to 1 x 10® M), have a good linear relationship. The
limits of detection (LOD) of MG and CV are 8.48 x 10~ ° M, 1.38
x 107° M (S/N = 3), respectively. The results show that the
porous silver wire prepared by us is expected to achieve rapid
qualitative and quantitative detection in the combination of
MPD-SPME and SERS.

Recyclability

We verified the recyclability of the substrate. NaBH, was dis-
solved in a mixed solution of water and ethanol (water : ethanol
=1: 1, volume ratio) as a removal solution. As shown in Fig. 10,
the SERS signals collected before and after the NaBH, solution
treatment were recorded separately. When the substrate was
immersed in NaBH, solution for 5 minutes, the characteristic
peaks of MG disappeared; when the substrate was immersed for
15 minutes, the characteristic peaks of CV disappeared. The
disappearance of the characteristic peaks indicates that the
analyte molecule has been removed. After 5 cycles, the position
and intensity of the main characteristic peaks did not change
significantly. For MG and CV, after 5 cycles, the peak intensity
became 70% and 85% of the initial peak intensity, respectively.
According to the references, we guess that the mechanism may
be that the interaction between Ag fiber and BH, is strong.
This effect is attributed to a decrease in electric potential of the
Ag fiber surface on adding BH, and this could induce
desorption of MG and CV from the surface.>*3¢

Selectivity

We used nitrofurazone, thiram and atrazine as possible inter-
fering substances in the experiment. In this experiment, we
configured 5 x 10~® M MG, CV, nitrofural, thiram and atrazine
solutions, as well as MG and nitrofurazone, MG and thiram, MG

. 1000
cv+atrazine \
cv+nitrofurazone

thiram A

atrazine |

Intensity / a.u. w

nitrofurazone '

vV
L}

400 600 800 10001200 14001600 1800
Raman Shift / cm™

Fig. 11 The selectivity of the silver fiber. (A) MG as the target analyte (B) CV as the target analyte, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 SERS spectra of actual samples. (A), (B) SERS spectra of MG in
respectively.

Table 1 Quantitative analysis results obtained by SERS detection with
MPD-SPME

Malachite green (MG) Crystal violet (CV)

Linear equation
Linear range/M
LOD/M

¥y = 0.3157x + 4.762
5x 10 %to5 x 10°°
1.27 x 1078

y = 0.3571x + 5.358
1x10°%to1 x 107°
2.24 x 107°

and atrazine, CV and nitrofurazone, CV and thiram, CV and
atrazine mixed solutions, the concentration of each solute in
the mixed solutions was 5 x 10~ ® M. When there was only one
solute in the solution, as shown in Fig. 11, the characteristic
peaks of thiram were observed, but the characteristic peaks of
nitrofurazone and atrazine were not observed. In the mixed
solutions, the presence of nitrofurazone, thiram and atrazine
had little effect on the signals of MG at 1174 cm™ ‘'and CV at
1177 em™ ', The position and intensity of characteristic peaks in
other positions of MG(439, 800, 1174, 1398 and 1592 cm ™ ') and
CV (422, 528, 760, 803, 916, 1394, 1443, 1536, 1590 and
1621 cm™ ‘)were almost unaffected. This shows that our
substrate has good selectivity.

Analysis actual samples by MPD-SPME-SERS

We selected aquaculture water on the market to prepare actual
water samples with different concentrations of MG and CV. In
actual sample detection, we added malachite green and crystal
violet to the aquaculture water to prepare different concentra-
tions of malachite green solutions and different concentrations
of crystal violet solutions. Then we took 40 mL of aquaculture
water solution in a 100 mL beaker, placed Ag fiber 1.5 cm from
the center of the beaker, and placed a stir bar at the bottom of
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aquaculture water, (C), (D) SERS spectra of CV in aquaculture water,

the beaker. We chose the stirring speed of 1000 rpm and the
stirring time of 40 s. Finally, we took out the Ag fiber and
collected SERS signals. In the actual sample detection, as shown
in Fig. 12, there are also good linear relationships. The linear
ranges of MG and CV are: 5 x 10 *t05 x 10 °*M, 1 x 10 ®to 1
x 10~°% M. The limits of detection are: 1.29 x 10~ % M, 2.11 x
10~° M. The results show that we can quickly and qualitatively
detect the analyte in the actual sample by stirring (Table 1).

Conclusions

We prepared porous silver fiber by electrochemical etching. The
obtained porous silver wire has good enhancement effect,
uniformity, stability and recyclability. We accelerated the
extraction process by MPD-SPME, and combined with SERS to
detect MG and CV. By this method, it is expected to complete
the entire analysis and detection process within 1 minute. In
summary, the method in this work is expected to play an
important role in the fields of rapid food safety detection and
environmental monitoring in the future.
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