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Surface-enhanced Raman spectroscopy (SERS) is a powerful tool to acquire the fingerprint information of
molecules rapidly, sensitively, and noninvasively. Its application in sample analysis, however, suffers from
low repeatability due to the interference of the sample matrix. To address this issue, a microfluidic device
was developed to realize all-in-one sample preparation and SERS detection for the online analysis of del-
tamethrin in meat products. This device was constructed using a microfluidic sample preparation unit and
a droplet SERS detection unit. Through flow rate control, analytes at appropriate concentrations can be
continuously encapsulated into online-generated microdroplets with SERS substrate Ag nanoparticle-
coated Au nanoparticles. Stronger intensities with smaller relative standard deviations were observed by
accumulating the Raman signals of microdroplets. Using the microfluidic SERS device, the enhancement
factors of rhodamine 6G and deltamethrin were 2.7 x 107 and 3.8 x 10°, respectively, with RSDs less than
4.0% (n = 19). Moreover, this device can be reused more than 7 times through simple cleaning pro-
cedures. The established microfluidic SERS analytical method has a linear range of 30.0-500 pg L™ with
a correlation coefficient of 0.9953, and the limit of detection was 11.6 pg L™ (S/N = 3). The established
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32.8 ug kg™ of deltamethrin was found in the chicken skin sample. The accuracy and precision of the
method were confirmed by high-performance liquid chromatography and recovery test results, indicating

Published on 30 2568. Downloaded on 2/2/2569 22:19:56.

rsc.li/analyst

Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful
tool for acquiring the fingerprint information of molecules
rapidly and noninvasively." Moreover, the localized surface
plasmon resonance of metallic nanoparticles in SERS detec-
tion enhances sensitivity significantly.>™* However, the quali-
tative and quantitative analysis of analytes in complex
samples, such as foods, suffers from low repeatability due
to the interference of the sample matrix.”> This unwanted
interference from the sample matrix in SERS detection can
be eliminated by sample preparation, which separates and
concentrates the analytes from the original matrix, thereby
making them applicable to be detected.® However, the time-
consuming and labor-intensive conventional sample prepa-
ration methods extend the analysis duration dramatically
and introduce additional systematic errors, which definitely
offset the advantages of SERS.” To accelerate sample analysis
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its potential for application in food safety.

and reduce sample transfer operation, a sample preparation
and SERS detection all-in-one strategy has been proposed by
our group.® For example, a CoFe,0,@HNTs/AuNPs substrate
was developed to perform all-in-one magnetic solid-phase
extraction and SERS detection for aromatic amines and nitro-
furan analysis in fish feed and aquatic samples. In another
work, a cell capture, Raman-silent probe labeling, and digital
mapping all-in-one method was developed for E. coli analysis
in beverages.’ A porous 4-mercaptophenylboric acid@Ag foam
chip and functionalized Raman-silent polymer were fabricated
to realize in situ cell capture and Raman-silent signal gene-
ration. Beyond reducing analysis time, this sample preparation
and SERS detection all-in-one strategy provides a selective, sen-
sitive, stable, and practical SERS method for complex sample
analysis.

The lab-on-a-chip system is another option to implement
the all-in-one strategy of sample preparation and SERS
detection."™"" Through customized microchip design and
microfluidic control, sample preparation and SERS detection
can be accomplished in sequence."®™® Ko et al.’ fabricated a
microfluidic  dielectrophoresis-SERS microchip device to
realize particle analyte enrichment and in situ SERS detection.
Das et al.'® integrated digital microfluidics with SERS detec-
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tion. By applying programming electrostatic potential control,
their microchip can perform extraction, incubation, and SERS
detection by droplet manipulation. Although rapid and sensi-
tive, the operation of the microchip device is complicated, and
the analysis throughput is limited for complex samples. A
high-throughput droplet microfluidic platform was reported by
Ho et al.*® for cancer exosomes SERS detection, but the analyte
and SERS-substrate have to be premixed before being injected
into the microfluidic platform.

Deltamethrin is a widely used pesticide for sterilization in
agricultural, livestock, and aquatic products.”® Excessive resi-
dues of deltamethrin in food may induce cancer, blood dis-
eases, and immune system disorders. Conventional methods
for deltamethrin analysis are high-performance liquid chrom-
atography,”’ mass spectrometry,”® and fluorescence spec-
troscopy.”® Although they offer accuracy and sensitive quantifi-
cation of deltamethrin, these methods are time-consuming,
expensive, and require specialized instrumentation. In con-
trast, SERS offers the advantage of rapid response, which is
suitable for on-site food safety analysis.>**> To construct an
accurate, sensitive, rapid, and practical deltamethrin analysis
method, a microfluidic device was fabricated to realize sample
preparation and SERS detection all-in-one, capable of online
analysis of deltamethrin in meat products. Through flow rate
control, analytes in appropriate concentrations after sample
preparation can be continuously encapsulated into online-gen-
erated microdroplets with SERS substrate Ag nanoparticles-
coated Au nanoparticle (Au@AgNPs). A microfluidic SERS
method was then established using the device for deltame-
thrin analysis. The practicality of the method was verified by
detecting deltamethrin in meat products.

Experimental
Materials and reagents

Polydimethylsiloxane (PDMS) prepolymer was purchased from
CChip Scientific Instrument Co., Ltd (Suzhou, China). Silver
nitrate, sodium citrate, ferric chloride hexahydrate
(FeCl3-6H,0), rhodamine 6G (Rh6G), rhodamine B (RhB),
ascorbic acid, and ethylene glycol were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Chloroauric acid (HAuCl,-4H,0) was purchased from
Shanghai Macklin Biochemical Co., Ltd. Deltamethrin was
purchased from J&K Scientific Ltd (Beijing, China). N-Hexane,
ethanol, methanol, and acetonitrile were all purchased from
Guangzhou Chemical Reagent Factory (Guangzhou, China).
Deionized water with a resistivity of 18.25 MQ (Millipore, USA)
was used for all experiments.

Instruments

Scanning electron microscope (SEM) images were captured
using a Gemini 500 (Zeiss, Germany). The images of the micro-
channel were obtained using an epifluorescence microscope
(Axio Observer Z1, Carl Zeiss AG, Germany). X-ray diffraction
spectra (XRD) for various samples were obtained using a D8
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X-ray spectrometer (Bruker, Germany). Raman signals were
acquired using a portable Raman spectrometer (Model
Inspector Raman, USA). The comparative analysis was con-
ducted wusing high-performance liquid chromatography
(Shimadzu 2010C, Japan). Simulations of the chip mixing
capability and the electric field distribution were calculated by
COMSOL Multiphysics 6.0 (COMSOL, Sweden). The fluo-
rescence images were analysed using Image] software.

Microchip fabrication

PDMS was selected for the fabrication of the microchip, and
the channel network was transferred by soft lithography.
Briefly, a mixture containing curing agent and PDMS prepoly-
mer in the ratio of 1:10 (w/w) was prepared, degassed, poured
onto an SU-8 mold, and then cured at 90°C for 30 min.?® Six
connection holes were punched at the channel terminals.
Next, microchannels were created by binding the PDMS
channel layer with a glass slide after being treated with a
plasma cleaner at 29.6 W for 1.5 min.

Au@AgNPs synthesis

To prepare the SERS substrate, 950 pL of HAuCl;-4H,0O in 5 g
L' was added to 60 mL of deionized water and boiled at
120°C for 1 min. Subsequently, 600 pL of sodium citrate solu-
tion (1%, w/v) was added rapidly, then stirred for 20 min until
the solution turned purple-red. After cooling to room tempera-
ture, the solution containing the generated AuNPs was stored
at 4°C for later use. To synthesize Au@AgNPs, 3 mL of the pre-
pared AuNPs solution was measured and sonicated for
10 minutes. Next, 270 uL of ascorbic acid in 10 mmol L™" was
rapidly added to the AuNPs solution, followed by vortex stir-
ring for 1.5 min. Afterward, 150 pL of AgNO; in 10 mmol L™
was added dropwise with stirring at a controlled speed of 700
rpm for 20 min. Once the solution changed to orange-yellow
from purple-red, the Au@AgNPs were formed by coating
AgNPs onto AuNPs, according to a literature report.””

Microfluidic SERS operation

The sample or deltamethrin standard solution, and methanol
were injected into the microchip device from inlets a and b,
controlled by two syringe pumps, respectively, and the total
flow rate at inlets a and b was fixed at 3.8 pL. min~". An appro-
priate concentration gradient was generated by adjusting the
flow rate percentage of the deltamethrin solution at inlet a.
The coagulant NaNO; and Au@AgNPs solution were intro-
duced from inlets d and e, respectively, at the flow rate of
3.8 uL min~". The total flow rate of the water phase at the
droplet generation cross was 11.4 pL. min~". Silicone oil con-
taining 1% span 80 was selected as the oil phase and intro-
duced into the microchip from inlet c, at a flow rate of 10.0 pL
min~". A portable Raman spectrometer was used for microflui-
dic SERS analysis. During detection, a 785 nm laser source was
focused on the detection unit of the microchip device for 10 s,
and each trial was repeated three times. To recycle the device,
the used microchip was washed three times with ethanol and
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once with deionized water. After draining the liquid inside, the
microchip can be sealed and stored for subsequent use.

The enhancement factor (EF) was calculated by using the
following equation:*®

I x G
EF — SERS Raman (1)

IRaman X Csgrs

where Iggrs and Igaman refer to the Raman intensities of the
characteristic peaks of the analyte measured on the microchip
and silicon wafer, respectively. Csgrs and Craman refer to the
concentrations of analyte injected into the microchip and onto
the silicon wafer, respectively.

Results and discussion
Microchip device construction

To realize online sample preparation and deltamethrin SERS
detection, a 50 mm long and 20 mm wide microchip device
was designed and fabricated as shown in Fig. 1A. This device
contains a microfluidic sample preparation unit and a droplet
SERS detection unit. Fig. 1B shows that the microfluidic
sample preparation unit contains three parts to execute
sample concentration regulation (SP-I), SERS-active droplet
generation (SP-II), and in-droplet sample incubation (SP-III).
More detailed size information for each unit can be found in
Fig. S1 in the SI. There are five inlets, a, b, c, d, and e, for
sample solution, diluent, coagulant, and SERS substrate intro-
duction, as well as an outlet, f, for waste discharge.

To perform microfluidic sample preparation, the sample
solution and diluent were pumped into the microchip via
inlets a and b, respectively. A sample in an appropriate concen-
tration for SERS detection can be prepared online by adjusting
the flow rate ratio of the sample solution and diluent. Once

A 50 mm
| |
Coagulant
Sample -
) SERS substrate =
Diluent ]
, Q
Oil —=*
Wmﬂm\rmvvxlo/vga“e
PDMS Thickness: 5.0 mm
Sample Preparation (SP) Unit
B SP-I concentration regulation SP-II SERS-active droplet generation Chanael Deph: 30
‘ Channel Width: 200 um
W— SP-III in-droplet sample incubation o

Droplet SERS Detection Unit

525 pm
=

43 droplets within 10s

Fig.1 A. Image of the microchip device for deltamethrin
analysis. B. Schematic of microchip device construction for all-in-one
microfluidic sample preparation and SERS detection.
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passed through the curved channel in SP-I, the well-mixed
sample solution was driven into SP-II for SERS-active droplet
generation. The coagulant NaNO; and Au@AgNPs solutions
were introduced from inlets d and e, respectively, and con-
verged with the sample solution at the droplet generation
cross at a flow rate of 3.8 pL min™" each and at 11.4 pL min™*
for the total water phase. The concentration of the coagulant
NaNO; was optimized in a preliminary experiment to achieve
the maximum SERS signal (as shown in Fig. S2 in the SI).
Silicone oil containing 1% span 80 was introduced from inlet ¢
at a flow rate of 10.0 pL. min~". The flow rates for adjusting the
sample concentration and droplet generation were confirmed
by COMSOL (as shown in Fig. S3 in the SI). The sample solu-
tion, coagulant, and Au@AgNPs were encapsulated in a
droplet and driven into the SP-III for in-droplet sample incu-
bation. On passing through another curved channel in SP-III,
the well-mixed sample-sensor all-in-one microdroplets were
ready for Raman detection.

In the SERS detection unit, a 785 nm laser source was
focused on the detection unit of the microchip device for 10 s.
Meanwhile, in the microchannel, multiple microdroplets were
passing through the SERS detection point, accumulating the
Raman intensity. Resembling conventional multiple parallel
experiments, the integration of multiple microdroplets will
provide more stable and repeatable SERS results.

As an important component, the SERS-active substrate
Au@AgNPs were synthesized by the layer-by-layer growth
method. The Au@AgNPs were characterized by TEM-EDS, UV,
and XRD. The TEM diagrams (Fig. S4A in the SI) represent the
uniform spherical appearance of Au@AgNPs. The EDS results
(Fig. S3B in the SI) proved that there are Au, Ag, and other
elements in the nanoparticles, which come from AuNPs,
AgNPs, and silicon wafers. The particle size was 10-50 nm,
and the average particle size was 27.1 nm (Fig. S3C in the SI).
In the UV spectrogram (shown in Fig. S4A in the SI), there are
two different surface plasmon resonance absorption peaks,
which are mainly attributed to the surface plasmon resonance
of the silver shell and gold core.>® The electromagnetic field
distribution of AuNPs and Au@AgNPs was simulated using
COMSOL, as presented in Fig. S4D. The simulation result indi-
cates that the electromagnetic field intensity around
Au@AgNPs is significantly stronger than that around AuNPs.
The core-shell structure of Au@AgNPs enables multiple
surface plasmon resonance modes. Under laser excitation,
these modes couple strongly with the incident light, leading to
a pronounced localized surface plasmon resonance (LSPR)
effect;*® consequently, the SERS signal intensity is improved.
The plasmon resonance effect exhibits its maximum intensity
when the metal shell thickness is between 5 and 10 nm.>” The
crystal structures of AuNPs and Au@AgNPs were characterized
by XRD. Au and Ag have very similar lattice constants, so their
20 values are very close (as the results show in Fig. S5B in the
SI). XRD patterns of Au@AgNPs showed sharper characteristic
peaks than AuNPs, indicating that Ag nanostructures formed
on the surface of Au seeds have higher crystallinity, and silver
nanocrystals mainly grow along the (111) direction.**
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Microfluidic sample preparation performance

To evaluate the sample preparation performance of the micro-
chip device, the effectiveness of sample concentration regu-
lation at SP-I, SERS-active droplet generation at SP-II, and in-
droplet sample incubation at SP-III were investigated. To this
end, 50 pg L' RhB solution and water were introduced into
SP-1 of the microchip from inlets a and b, respectively, with
the total flow rate fixed at 3.8 uL. min~". By adjusting the flow
rate percentage of the RhB solution from 9.1%, 20%, 35%,
50%, 75% to 91%, the dynamic concentration gradient can be
formed. An epifluorescence microscope was used to obtain the
fluorescence images, and the COMSOL software was applied to
simulate and reconstruct this dynamic nonlinear adjustment
of sample concentration. According to the results of laboratory
and simulation experiments shown in Fig. 2A and B, the pre-
cisely controllable sample solution can be achieved at the end
of the SP-I of the microchip.

The droplet generation performance at SP-II was evaluated
by introducing water from inlets a, b, d, e, and silicone oil
from inlet c. A microscope having a high-speed camera was
used to record the image of droplet generation. Both the
channel width and the flow rate ratio affect the droplet
generation.

By comparing the droplets generated in the microchip
having various channel widths for water-phase flow (as shown
in Fig. 2C and D, where W,, and W, represent the water phase
and the oil phase channel widths, respectively), the channel
width ratio (water phase:oil phase) at 1 turned out to be
optimal without droplet coalescence. This result was con-
firmed by the COMSOL simulation shown in Fig. S3A.
Moreover, the flow rate of the water phase was adjusted from
1.4 to 20.0 pL min~" to study the generation of droplets in the
developed microchip. Both the microchip and simulation
experiments provided an ideal water phase flow rate range of
10.0-12.5 pL min~" for appropriately sized droplet generation
with minimized oil phase (as shown in Fig. 2D and S3B, where
Qw and Q, represent the flow rates at the water phase and oil
phase channels, respectively). After setting the flow rates of the
water phase and oil phase at 11.8 and 10.0 uL min™", respect-
ively, the average number of droplets generated in 10 s for 10
batches was counted to be 43 with the relative standard devi-
ation (RSD) of 2.5%, as shown in Fig. 2E. Moreover, by measur-
ing the size of 33 generated droplets, an average length of
525 pm was obtained with RSD of 0.9%, presented in Fig. 2F.
The uniformly sized droplets with precise controlled numbers
generated by the SP-II of the microchip are the guarantee of
the final SERS detection. Through precise control of the
sample solution in SP-I and the controlled generation of dro-
plets in SP-II, the analytes can be enriched within individual
droplets. This enables stable and consistent droplet detection.
Furthermore, sequentially generated droplets can be continu-
ously and rapidly analysed, thereby enhancing detection
stability.?*?

To obtain the maximum Raman intensity, the complete
mixing of the analyte and the SERS substrate is required,*
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Fig. 2 Microfluidic sample preparation performance: A. fluorescence
images of the entrance and the exit of SP-I in the sample preparation
unit under different flow ratios of two phases. B. COMSOL-simulated
concentration field in the concentration gradient generation zone under
different flow rate ratios. C. Images of droplets generated in the device
having a different width of the water-phase channel at SP-Il of the
sample preparation unit. D. Images of droplets generated under
different flow rates at the water-phase channel at SP-Il of the sample
preparation unit. E. Statistics of droplet number generated within 10
s. F. Statistics of droplet length generated in the water-phase channel
width of 0.2 mm at a flow rate of 11.8 pL min~2.

especially when using Au@AgNPs. Therefore, the in-droplet
sample incubation at SP-III was evaluated by introducing 50 pg

L' of Rh6G at inlet a, and taking Raman detection at six
locations, including four in the SP-III and the remaining two
in the detection unit. On extending the mixing time in the

This journal is © The Royal Society of Chemistry 2025
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SP-III, the Raman intensity at 1512 cm™" increased, which is
the characteristic peak of Rh6G (shown in Fig. S6 in the SI).
The similar high intensity recorded at the two locations in the
Raman detection unit demonstrates the excellent mixing per-
formance of the upstream process in SP-III of the microchip.

Microdroplet SERS detection performance

To confirm the presumptive gradient Raman signals by adjust-
ing the sample concentration at SP-I of the sample preparation
unit of the microchip, 100 pg L™" Rh6G and water were con-
tinuously injected at inlets a and b, respectively. On setting the
total flow rate at 3.8 pL min™", by adjusting the flow rate per-
centage of Rh6G from 10.0%, 16.5%, 25.0%, 50.0%, 75.0% to
100%, the concentration of Rh6G at the end of SP-I of the
sample preparation unit should be 10, 16, 25, 50, 75 to 100 pg
L™, respectively. The resulting Raman spectra are shown in
Fig. 3A, and the intensities at the characteristic peak of Rh6G
at 1512 cm™ " were increasing linearly (I;51, = 3965.2 10g Crhec
+ 447.5, r = 0.9985) with the gradient concentration of the
sample generated by flow rate control.

The SERS activity of the microchip device was investigated
by introducing the probe molecule Rh6G and the target
analyte deltamethrin from the inlet individually, performing
the detection at the SERS detection unit of the microchip.
Fig. 3B shows the acquired Raman spectrum of Rh6G with a
concentration of 10 g L™" and 1.0 pg L™" detection on a silicon
wafer, using the microchip device with SERS substrate
Au@AgNPs in the droplet. The Raman signal intensities at the
characteristic peak of Rh6G at 1512 cm™' were used for the
enhancement factor (EF) calculation. An EF of 2.7 x 10’ was
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achieved for Rh6G SERS detection using the microchip.
Moreover, 1.0 pg L' deltamethrin was introduced into the
microchip for online SERS detection. The obtained Raman
spectrum is presented in Fig. 3C. The peaks at 855, 1001,
1040, 1129 and 1604 cm ™" correspond to the §(C-H)oop, vring
+ 8(C-C)ip, 8(C-H)ip, vring, v(C=C)ip, respectively, according
to literature report.”> The Raman detection of 10 g L™" delta-
methrin on silicon wafer was also performed and shown in
Fig. 3C. An EF of 3.8 x 10° was calculated based on the intensi-
ties of the characteristic peak at 1040 cm™'. The large EF
values obtained in both Rh6G and deltamethrin SERS detec-
tion via the microchip proved its excellent SERS activity.

The stability of the microchip device was investigated by
introducing 250 pg L™ deltamethrin at inlet a, and acquiring
Raman spectra at the droplet SERS detection unit at 19 detec-
tion points selected randomly. The recorded results were com-
pared to the conventional method, which relies on manually
mixing deltamethrin and Au@AgNPs solution before dropping
them onto the silicon wafer for Raman detection. As shown in
Fig. 3D, the average Raman intensity of 1.7 x 10® a.u. at
1040 cm ™" with RSD of 3.3% was observed using the microchip
device, while an intensity of 1.3 x 10 a.u. with RSD of 6.6%
was observed using a standard silicon wafer. This means that
by replacing the silicon wafer with the developed microchip, a
30% Raman intensity enhancement with a half lower RSD can
be achieved. After a simple cleaning operation, as stated in the
Experimental section, the microchip can be reused for delta-
methrin detection up to 7 times. Fig. 3E represents the average
Raman intensity at 1040 cm™", and the RSD of 6.4% was calcu-
lated according to the 7-times usage on a single microchip,
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Fig. 3 Microdroplet SERS detection performance: A. SERS spectra of Rh6G in different concentrations and the linear fitting curve of SERS signals
and concentration at 1512 cm™: Iy515 = 3965.2 log Crnec + 447.5, r = 0.9985. B. Calculations of EF values for Rh6G. C. Calculations of EF values for
deltamethrin. D. Stability comparison of droplet SERS detection and off-chip conventional SERS detection of deltamethrin. E. Recyclability. F. Inter-

microchip stability.
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indicating good stability during reuse. Moreover, the inter-
microchip stability was evaluated, and the results are exhibited
in Fig. 3F. An RSD of 5.8% with an average Raman intensity at
1040 cm™" detected using 5 different microchips was obtained,
confirming the good inter-microchip stability.

Microfluidic SERS method for deltamethrin analysis

Before application in sample analysis, the selectivity and anti-
interference performance of the microfluidic SERS method
towards deltamethrin detection were investigated. To evaluate
the selectivity, 500 pg L™ of deltamethrin and the analogues
of deltamethrin, including bifenthrin, cyhalothrin, perme-
thrin, and carbendazim, were introduced into the microchip
device, and online sample preparation and SERS detection
were performed individually. The stronger Raman intensity,
especially at the characteristic peak of deltamethrin at
1040 cm ™", shown in Fig. 4A, demonstrates the good selectivity
of the proposed deltamethrin detection method. The anti-
interference performance was evaluated by mixing 300 pg L™"
of deltamethrin with possible interferents in meat samples,
including glucose at 60 mg L™, sucrose at 60 mg L™, phenyl-
alanine at 15 mg L', arginine at 15 mg L7, lysine at 15 mg
L™, vitamin B1 at 6.0 mg L™", valine at 6.0 mg L™", histidine at
6.0 mg L', and a mixture of these. The Raman intensity at
1040 cm™' exhibited no significant variation, as plotted in
Fig. 4B, confirming the satisfactory anti-interference perform-
ance of the deltamethrin analysis method. The selectivity of
Raman (SERS) detection was determined from both the dis-

>
@
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tinct Raman fingerprints of different substances and the
varying SERS responses on Au@AgNPs substrates.>®°

At optimized experimental conditions, the calibration curve
of deltamethrin using the microfluidic SERS method was
obtained. The total flow rate at inlets a and b was fixed to
3.8 pL min~", by adjusting the flow rate percentage of 500 ug
L' deltamethrin from 6%, 8%, 10%, 20%, and 50% to 100%,
the concentration of deltamethrin at the end of SP-I of the
sample preparation unit should be 30, 40, 50, 100, and 200 to
500 pg L7', respectively. The Raman detection results in
Fig. 4C provide a linear equation for deltamethrin, I 040 =
1332.4 log Cpym — 1390, in which 1440 is the signal intensity at
1040 cm™*, and Cpy is the concentration of deltamethrin. The
linear range of deltamethrin was 30.0-500 pg L™" with a corre-
lation coefficient r of 0.9953, and the LOD was 11.6 pg L™" (S/N
= 3). Moreover, the flow rate-adjustable continuous injection of
the developed microfluidic device enables rapid concentration
changes, accelerating the calibration curve acquisition.

This microfluidic SERS method was then applied in delta-
methrin analysis in meat products, including chicken skin,
chicken, and grass carp. After simple preprocessing, sample
solutions were injected into the microchip device. The spiked
recovery experiments were also performed. According to the
results listed in Table 1, the recoveries of deltamethrin in meat
samples are in the range of 80.2%-108% with RSDs less than
4.5% (n = 3), indicating the precision of the developed micro-
fluidic SERS method. Moreover, 32.8 pg kg™ " of deltamethrin
was detected in the chicken skin sample, as shown in Fig. 4D.
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Fig. 4 Analytical performance of the microfluidic SERS method: A. selectivity; B. anti-interference; C. SERS response spectra of deltamethrin with
different concentrations, and linear fitting curve of deltamethrin characteristic peak signal intensity and concentration logarithm: /040 =
1332.4log Cpm — 1390, r = 0.9953; D. SERS response spectra of deltamethrin in a deltamethrin standard sample, chicken skin sample, and chicken
skin sample with deltamethrin standard sample.

Table 1 Detection and recovery of deltamethrin in samples

The proposed method

Samples Find (ug kg™) Spiked (ug kg™ Recovery (ug kg™) RSD (%, n =3) HPLC method (ug kg™) Relative error (%)
Chicken skin 32.8(x1.9) 35.0 96.7 5.2 29.4 10.2
70.0 108.0 3.6
Chicken n.d. 30.0 87.3 4.5 — —
60.0 102.1 3.9
Grass carp n.d. 30.0 80.2 3.8 — —
60.0 90.3 2.2

n.d. = not detected.
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Table 2 Method comparison for deltamethrin analysis

View Article Online

Paper

Linear LOD

Samples Sample preparation method Detection methods range (mgL™") (mgmL™") Ref.

Fish, chicken Centrifugation SERS 0.03-0.5 0.012 This work
— — SERS 0.03-5 0.011 35
Corydalis yanhusuo  Centrifugation and refrigeration SERS 0.1-5 0.04 40

Water, serum Centrifugation and filtration Fluorescence 0.5-35 0.16 41

Apple juices Filtration, evaporation, and redissolution Luminescence 0.3-10 0.15 42

— — Colorimetric 6-35 0.58 43
Tomato Filtration, rotary evaporation, and liquid-liquid extraction =~ GC 1-20 0.28 44

This result was confirmed by HPLC, with a relative error of
10.2%, which verified the accuracy of the developed microflui-
dic SERS method. The HPLC conditions are presented in
Fig. S7 in the SI. Furthermore, by comparing with other delta-
methrin analysis methods,*>*°™** shown in Table 2, the micro-
fluidic SERS method turns out to be a sensitive and practical
method.

Conclusion

A microfluidic device enabling all-in-one sample preparation
and SERS detection was fabricated to accomplish rapid, accu-
rate, and sensitive deltamethrin analysis in meat products. By
adjusting the flow rate, both the concentration of the analyte
and the microdroplet generation can be controlled. When
introducing Rh6G and deltamethrin into the microfluidic
SERS device individually, the EF values were calculated to be
2.7 x 10”7 and 3.8 x 10°, respectively, with RSDs less than 4.0%
(n =19). This device can be reused more than 7 times. A micro-
fluidic SERS method was then established using the device for
deltamethrin analysis, having a linear range of 30.0-500 pg L™"
(r = 0.9953) and the LOD of 11.6 pg L™" (S/N = 3). On applying
this method in meat product analysis, such as chicken skin,
chicken, and grass carp, 32.8 pg kg~ of deltamethrin was
found in the chicken skin sample. Satisfactory recovery results
were obtained in the range of 80.2%-108%, with the RSDs less
than 5.2% (n = 3). These results were confirmed by the HPLC
method, indicating the accuracy and precision of the proposed
microfluidic SERS method. With the advantages in speed,
accuracy, and sensitivity, this SERS method, along with the
microfluidic device, has significant potential in food safety.
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