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A SERS sensor based on 3D nanocone forests
capable of intelligent classification of aquatic
product dyest
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In this work, a novel surface-enhanced Raman scattering (SERS) sensor with high performance and
capable of intelligent classification is developed for detection of prohibited dyes in aquatic products. The
sensor is composed of nanocone forests (NCFs) grafted with gold (Au) nanoparticles (AuNPs), which are
further attached with silver (Ag) NPs. The prepared 3D Ag-AuNPs@NCFs exhibit plasmonic hybridization
modes, and thus are able to form enhanced electromagnetic fields, endowing the sensor with high
sensitivity. The detection limit of this sensor for R6G is as low as 107° M, and the relative standard
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deviation is smaller than 6.84%. Based on this sensor, aquatic product dyes with concentrations lower
than the limits of visual recognition are conveniently detected. Besides, with the assistance of a
convolutional neural network model, the different dyes with coincident Raman peaks and similar colors
arel00% classified. These results indicate that such a 3D Ag-AuNPs@NCF-based SERS sensor has great
potential in practical applications.
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1. Introduction

In the aquaculture environment, bacteria and parasites are
commonly found; however, their presence in excess may easily
infect the aquaculture products and reduce production.'™ To
address such an issue, it is necessary to use antibacterial drugs
or pesticides. Nevertheless, in recent years, some aquaculture
practitioners chose to use dyes such as crystalline violet (CV)
and malachite green (MG), for they have stronger efficacy and
can quickly kill bacteria and parasites.>””” On the other hand,
the quality of aquatic products available to buy determines
sales, and some vendors choose to add dye molecules such as
methyl orange (MO), sunset yellow (SY) or tartrazine (TZ) in
order to attract more customers.®™'® However, all these dyes
have adverse effects on human health, and thus are prohibited
under normal circumstances. Traditionally, there are various
methods that can detect dye residues in aquatic products,
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including the high-performance liquid chromatography
(HPLC), thin-layer chromatography (TLC) and enzyme-linked
immunosorbent assay (ELISA); however, these methods not
only require complex pre-processing procedures but are also
time-consuming and costly."*™® In this sense, it is urgent to
develop a convenient, efficient, and low-cost technique for
detecting aquatic dye residues.

Surface enhanced Raman spectroscopy (SERS) is a simple,
low-cost, fast, ultra-sensitive and fingerprint analysis technology,
which can provide identifiable vibration information for mole-
cular recognition.’* ' According to the working principle of the
SERS technology, noble metal nanostructures are the prerequi-
sites for all SERS devices, and between the adjacent nanostruc-
tures, the intensity of the local electromagnetic field can be
strongly increased, forming “hot spots”.'” ' To simplify the
preparation process and further improve the performance,
nanostructures with different materials or morphologies can
be prepared first. Afterwards, noble metal NPs are introduced
on the nanostructures so that they are uniformly distributed on
the surface of the structures.*>>* Usually, noble metal NPs can
be introduced on the nanostructures by magnetron sputtering
and electron beam evaporation; however, these processing meth-
ods with high precision often require expensive and cutting-edge
equipment.>*” On the other hand, nanoparticle assembly is a
low-cost and simple way, which also provides new preparation
ideas for SERS sensors.”*>° So far, various assembly methods
have been developed to immobilize AuNPs on different
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substrates. For instance, the negatively charged NPs could be
assembled on silicon wafers using positively charged aminopro-
pyl triethoxysilane (APTMS) as an electrostatic linker.** However,
this method usually suffers from the low coverage of the metal
NPs. Assembling NPs using polyelectrolytes improves coverage,
but produces more NP aggregation. Either the low coverage or
the aggregation of NPs would reduce the performance of SERS
sensors.”®> Therefore, it is necessary to develop an assembly
method that can make the NPs disperse tightly while avoiding
aggregation.

On the other hand, in practical applications involving aqua-
tic product samples, SERS signals of certain dye molecules are
usually characterized with a large number of other species; the
spectra of these species may have high similarity, and their
Raman peaks may overlap.**® The manual classification of
these Raman spectra is not only difficult, with low accuracy, but
also greatly reduces the efficiency.*® To overcome the specificity
issues brought up by the similarity, some advanced algorithms,
such as K-nearest neighbor, maximum likelihood method and
support vector machine, have been established to classify the
spectra. However, the traditional classification methods are
usually accompanied by the curse of dimensionality, which
often requires some dimensionality reduction methods for data
processing in advance. Moreover, the data with reduced dimen-
sion are more likely to cause the problem of feature loss.*”*®
Therefore, an efficient and accurate model is urgently needed
to automatically extract the characteristics of Raman data,
and to achieve rapid and intelligent classification with
high accuracy.

In this work, a 3D Ag-AuNPs@NCF-based SERS sensor is
prepared using only a simple etching step and a block copoly-
mer (BCP) brush template method. The performance of the
device was verified by testing R6G, which shows a limit of
detection (LOD) down to 10~° M with a relative standard
deviation (RSD) of less than 6.84% and enables qualitative
detection of different dye molecules. In addition, with the help
of a convolutional neural network (CNN) model, the device can
quickly classify five different types of dye spectra with 100%
accuracy. It is expected that this SERS sensor has promising
applications in the field of food safety detection.

2. Experimental section
2.1. Materials

Silicon (Si) wafers were purchased from Research Materials
Microtech Co., Ltd (Suzhou, China). Polyimide (PI) photoresist
(zKPI 5510L) was purchased from POME Technology Co., Ltd
(Beijing, China). AuNPs (50 nm) were purchased from Longfei
Biotechnology Co., Ltd (Shijiazhuang, China). PS-b-PAVP [M,,(PS) =
41 kg mol ", M,(P4VP) = 20 kg mol !, M,,/M,, (total) = 1.18] was
obtained from Polymer Source (Dorval, Canada). Tetrahydrofuran
(THF), buffered hydrofluoric (BHF) acid were purchased from
Sigma-Aldrich (Shanghai, China). R6G, CV, MG, MO, SY and TZ
were purchased from J&K Scientific Ltd (Beijing, China). Deio-
nized (DI) water (18.2 MQ cm ') was used throughout the
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experiments. All chemicals were of reagent grade and were used
without further purification. Organic filter membranes (1 pm)
were purchased from Tianjin Jinteng Laboratory Equipment Co,
Ltd (Tianjin, China). Samples of fishpond water were collected
from local fish pond (Beijing, China) and a large yellow croaker
was purchased from the local market (Beijing, China).

Two actual dye analytes were prepared with the sample of
fishpond water. The aquaculture water samples were filtered
three times with a membrane of 1 pm pore size to prepare MG
solutions of different concentrations (10 °-10~7 M). A squared
sample with an area of 1 cm” was taken from the surface of the
large yellow croaker, and the sample was immersed in a TZ
solution with a concentration of 1 x 10~* M (the EU standard is
1.9 x 10~* M) for 15 min. Then, the TZ residues on the fish
sample were collected by a cotton swab that was subsequently
immersed and sonicated in an ethanol solution (2 mL) to
dissolve the TZ molecules.

2.2. Fabrication of the SERS sensor

The preparation process (Fig. S1, ESIt) for the Si NCFs has been
presented in detail in our previous article.*® Briefly, the PI
photoresist film spin-coated on the surface of silicon substrate
is treated with oxygen and argon plasma to form nanowire
forests (NWFs). In a subsequent anisotropic Si etching process,
the NWFs act as masks to obtain Si NCFs. Later on, the residual
NWEFs are removed using BHF acid by wet etching.

With the Si NCFs, the 3D Ag-AuNPs@NCF-based SERS
sensor is prepared according to the method shown in Fig. 1.
Firstly, the prepared Si NCFs were immersed in a THF solution
containing PS-b-P4VP for ten minutes to form a brush-like
layer. After that, the Si NCFs rinsed with DI water were
incubated in AuNPs solution for 12 h. The substrates with
AuNPs@NCFs were then cleaned by DI water. Finally, Ag NPs
(5 nm, deposition rate = 0.3 A s™) were deposited on the
substrate using an electron beam evaporation system (10 kv,
7 x 107° Pa) to form the SERS sensor with Ag-AuNPs@NCFs.

2.3. Characterization of the sensor and SERS measurements

The structure of the prepared Ag-AuNPs@NCF structure was
investigated by scanning electron microscopy (SEM) (S-5500,
Hitachi, Japan). Raman spectra were collected by a confocal
Raman microscope equipped (inVia Reflex, Gloucestershire,
UK) with a 632.8 nm laser source. During the measurements
we used a 50x objective, with an effective laser intensity of
1.7 mW and an integration time of 10 s. During the test, 4 pL of
the analyte solution was added dropwise to the fabricated SERS
sensor (0.5 cm x 0.5 cm) and dried naturally at room tempera-
ture. All Raman spectra were acquired by the same method for
subsequent analysis of the results. After the measurement, a
baseline correction operation was performed on the unpro-
cessed spectra using specialized analysis software (Wire 5.1).

2.4. Construction of a CNN classifier

Spectral preprocessing consisted of two primary steps. Firstly,
asymmetric least squares smoothing (ALSS) was used for
removing the background of the spectra, where the smoothing

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic diagram of the experiment to prepare Ag-AuNPs@NCF structure.

penalty coefficient and the asymmetry parameter were set at
105 and 0.001, respectively. Subsequently, the spectra after
removing the background were smoothened (by Savitzky-Golay
filtering algorithm) and normalized.

The Python programming language was used in all data
processing. CNN was implemented using the PyTorch backend.

We collected 1000 spectra using the prepared SERS sensors,
and 200 for each dye. During the collection process, we chan-
ged the laser wavelength and solution concentrations, making
the dataset more generalized. These were divided according to
the proportion of training set (70%), validation set (20%), and
independent test data set (10%). Among them, the independent

Fig. 2 SEM images of (a) Si NCFs, (b) AuNPs@NCFs, and (c) 3D Ag-AuNPs@NCFs. Simulation results of EM fields distributed on different structures: (d)
the Au—Au NPs, (e) two adjacent AuNPs covered with AgNPs, and (f) The 3D Ag-AuNPs@NCFs.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. C, 2023, 11,14237-14247 | 14239


https://doi.org/10.1039/d3tc02271d

Published on 18 September 2023. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 5/9/2024 7:19:29 AM.

Paper

test sets were used to verify the generalization ability of the
model. Accuracy is considered as a measure for such a model
performance and is calculated by dividing the number of
correctly classified samples by the total number of samples.

3. Results and discussion

3.1. Characterization of SERS sensors

Fig. S2 (ESIY) illustrates SEM images of the NWFs; as is shown,
the NWFs are composed of nanowires (NWs) with an average
diameter of ~220 nm, an average spacing of ~600 nm, and an
average height of ~5.7 um. Composite nanostructures after Si
etching are demonstrated in Fig. S3 (ESIf). The prepared
composite nanostructures are composed of two layers, with
NWFs as nanomasks on the top and with the NCFs directly
under the NWFs. The structures after BHF wet etching are
displayed in Fig. 2(a), where the NCs are with a height of
~1.2 pm, a bottom diameter around 200 nm, and a tilting angle
around 80°. With such structural characteristics, the NCFs are
able to provide a large specific surface area for capturing the
assembled AuNPs.

A simple self-assembly method adopting a PS-b-P4VP BCP
brush template was used to immobilize AuNPs on Si NCFs.
Numerous hydrogen bonding points between the PS-b-P4AVP
and the Si NCFs allow for a stable and uniform BCP template.
Since citrate capped AuNPs are negatively charged and P4VP is
positively charged, AuNPs can electrostatically interact with
P4VP to deposit on the BCP template. In fact, the density of
AuNPs adsorbed on Si can be adjusted by changing the pH of
the AuNP colloids. In the experiment, when the pH was around
4.5 (near the pK,), the AuNPs immobilized on Si were uniformly
and tightly distributed, while when the pH was decreased, the
AuNPs piled up, aggregation of the nanoparticles became
inevitable. As shown in Fig. S4(a) (ESIt), the distribution of
AuNPs is quite uniform with a density of 140 NPs per um” when
the pH is 4.5, when the pH is 3.5, the density of AuNPs
increases to 282 NPs per um?, but significant aggregation of
the AuNPs takes place (Fig. S4(b), ESIT). Therefore, to achieve a
better distribution, we immobilized the AuNPs on the Si
NCFs at a pH value of 4.5. As shown in Fig. 2(b), the AuNPs
are well distributed on the surface of the NCFs, forming the
AuNPs@NCFs. Finally, with a sputtering step to attach Ag NPs
to the surface of the AuNPs@NCFs, a 3D Ag-AuNPs@NCF-based
SERS sensor was successfully prepared, as is demonstrated in
Fig. 2(c). Meanwhile, Fig. S5 (ESIt) shows a SEM image of the
3D Ag-AuNPs@NCF-based SERS sensor. These images show Ag
particles attached to the surface of the SERS sensor. That is to
say, the sensor has a large number of strong “hot spots”, and
the plasma hybridization*® effect between Ag and AuNPs results
in extremely high SERS activity.

3.2. Electromagnetic (EM) enhancement mechanism

As is known, the “hot spots” originate from the sharpness of
noble metal nanoparticles and the gaps between them. In the
as-prepared 3D Ag-AuNPs@NCF-based SERS sensor, the gaps
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between the AuNPs as well as those between the AgNPs and
AuNPs are in the nanometer scale, and therefore, a distribution
of intense “hot spots” can be generated. As a proof of concept,
the EM field distributions on different nanostructures were
obtained through COMSOL Multiphysics simulations to evalu-
ate the enhancement mechanism of the 3D Ag-AuNPs@NCF-
based SERS sensor. A geometric model of Ag-AuNPs@NCF was
established according to the actual morphology of the nano-
structures shown in Fig. 2(c). In the simulation, the nanostruc-
ture was irradiated with a plane wave with a wavelength of
633 nm; here, the incident light propagated in the Z direction,
and the electric field was along the X direction. The power
density was 1 mW um ™2, and the incident port properties of the
light source were periodic. Since Fig. 2(d-e) only calculate
the electromagnetic enhancement between two particles, the
boundary condition was set to scattering boundary conditions.
For Fig. 2(f), there is a NC structure in space at this point, so the
boundary conditions were set to periodic boundary conditions
with a Floquet period type and k-vector conditions from peri-
odic light source ports. In the model shown in Fig. 2(d), the
diameter of the AuNPs is 50 nm and the gap between them is
20 nm, respectively. The simulation results show the near-field
coupling between the adjacent NPs enhances EM in a small
range. This result indicates that the closely spaced AuNPs can
provide EM enhancement to a certain extent. Then, after
evaporation of AgNPs, the surface sharpness of the AuNPs is
further increased by the bulges. As shown in Fig. 2(e), AgNPs
with a diameter of 5 nm are distributed around the AuNPs, and
the gaps between the AuNPs and AgNPs as well as the gaps
inside the nanostructure contribute to a larger number of “hot
spots”. Moreover, the introduced Ag is able to generate a
plasma hybridization effect with AuNPs, which produces a
stronger electromagnetic enhancement effect.** Furthermore,
for the practical structures shown in Fig. 2(c), a large EM
enhancement is generated at the slits where the nanoparticles
are distributed closely to each other; in addition, a large
enhancement also emerges at the edge of the nanoparticles,
as is demonstrated in Fig. 2(f). The simulation results verify
that the 3D Ag-AuNPs@NCF-based SERS sensor has strong EM
enhancement on the surface of the NCFs, which can greatly
improve capability of SERS detection.

3.3. Performance of the 3D Ag-AuNPs@NCF-based SERS
sensor

The performance of the SERS sensor was measured by using
R6G molecules. As expected, such a sensor possesses high SERS
activity, which can be attributed to the large number of
“hot spots” with strong EM fields generated between the metal
NPs, and to the plasmon hybridization effect of the bimetallic
system. To further evaluate the SERS performance of the
nanostructured, the 3D Ag-AuNPs@NCF sensor is compared
with sensors based on AuNPs@Si and AuNPs@NCFs.

We dripped R6G solutions on different substrates and
conducted SERS measurement after the solvent evaporation.
Fig. 3(a) shows the SERS spectra of R6G obtained on different
substrates. There are obvious characteristic peaks of R6G in the

This journal is © The Royal Society of Chemistry 2023
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1077 M R6G obtained at 20 randomly positions on the 3D Ag-AuNPs@NCF-based sensor. (f) The peak intensity at 612 cm ™t of the SERS spectra collected in (e).

three spectra, and the corresponding vibration attributions are
listed in Table S1 (ESIY). Fig. 3(b) shows the peak intensities of
the three Raman spectra at 1361 cm ™', as can be observed,
among the three substrates, the one based on the 3D Ag-
AuNPs@NCFs shows the highest Raman signal intensity, which
is because when compared with the other two competitors,
such a structure has the largest surface area and can induce

This journal is © The Royal Society of Chemistry 2023

plasmon hybridization in two different noble metals, leading
to the largest number of “hot spots” and the highest EM
enhancement.

Then, the SERS spectra of R6G solutions with different
concentrations (107°-10"° M) were measured using different
3D Ag-AuNPs@NCF-based sensors, as shown in Fig. 3(c). The
results demonstrate that the Raman intensity decreases with
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the decreasing concentration, and the detectable limit concen-
tration is 10~ M. Fig. 3(d) shows the fitting results between the
intensity of the Raman peak at 1361 cm™ ' and the concentration
of R6G; the calculated correlation coefficient is 0.955, which
indicates that the 3D Ag-AuNPs@NCF-based sensor can perform
a preliminary quantitative analysis of the detected analytes.

To investigate the sensitivity of the 3D Ag-AuNPs@NCF-
based SERS device, the enhancement factor (EF) is calculated
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using the specific formula:*"

I X N,
EF — !SERS REF

~ Irer X Nsers

Nsgrs and Nggr represent the molecular number of the detected
substances on the two substrates, Isgrs and Ixgr represent the
intensities of the corresponding Raman spectral characteristic
peaks. Fig. S6 (ESIT) shows a spectrum of 10~ M R6G obtained
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Fig. 4 (a)—(e) The SERS test results of five dye samples (CV, MG, SY, TZ and MO) with different molecular concentrations. (f) Raman spectra of CV (107> M),
MG (107> M), SY (107> M), TZ (107> M) and MO (107> M).
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from the 3D Ag-AuNPs@NCF-based sensor (red curve Fig. S6(a),
ESIt) and reference spectrum of 10> M R6G obtained on the
flat Si substrate (Fig. S6(b), ESIT). Table S2 (ESIt) shows the
ratios of Isgrs/Irer at 612, 1184, 1361 and 1649 cm™*. Accord-
ingly, a maximum EF of 1.89 x 10° is obtained (1649 cm™%).
To evaluate repeatability of the 3D Ag-AuNPs@NCF-based
sensor, 20 SERS spectra of 1077 M R6G were obtained at
different positions of the same sensor, as shown in Fig. 3(e).
The intensities at characteristic peaks of 612, 1184, 1361 and
1649 cm ™' in the 20 spectra are illustrated in Fig. 3(f) and Fig.
S7 (ESIt). The corresponding relative standard deviations
(RSDs) at 612, 1184, 1361 and 1649 cm™ " are calculated to be
6.84%, 5.80%, 5.93% and 6.46%, respectively. Meanwhile, we
tested three SERS spectra using five different sensors, and the
signal intensity at the characteristic peak of 612 cm ™" in each
spectrum was selected for calculation and analysis. As shown in

©) -
Input SERS data

706, 1 . .
( D ~ convolution + pooling layers
(b) 18
1.6 -
1.4
1.2
1.0
« Train Set
208 i
S Validation Set
0.6 |
0.4 -
0.2
0.0
0.2 : T T T
0 20 40 60 80 100
Epoch
(d) 20.0
20 0 0 0 0
v (100%) (0%) (0%) (0%) (0%) 175
MG 0 20 0 0 0 15.0
(0%) (100%) (0%) (0%)
125
20
0 0
MO 4] 0 (100%) =
©%) ©0%) (0%) 10.0
7.5
sy 0 0 20 0
(0%) (0%) (0%) (100%) (0%)
5.0
1z 0 0 0 0 20 25
(0%) (0%) (0%) (0%) (100%)
L — - — Lloo
cv MG Y [e] sy TZ

View Article Online

Paper

Fig. S8 (ESIt), the signal intensities of the spectra obtained
from different SERS sensors ranged from 8500 to 10 000 with
RSDs of 6.71%, 6.42%, 7.15%, 5.9% and 7.31%, respectively.
These results indicate that the 3D Ag-AuNPs@NCF-based
sensor is highly reproducible, which makes it attractive for
practical applications.

3.4. Applications of the 3D Ag-AuNPs@NCF-based SERS
sensor

3.4.1. Detection of dye solutions. Five dyes (including CV,
MG, SY, TZ and MO) commonly used in aquatic products were
detected using the 3D Ag-AuNPs@NCF-based sensor. Fig. 4(a)-(e)
show the SERS spectra and corresponding molecular structures of
the five dyes. Each dye molecule has corresponding multiple
characteristic peaks, and the vibration properties corresponding
to different characteristic peaks are listed in Table S3 (ESIt), the
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Fig. 5 Classification of dye SERS spectra using the CNN model. (a) CNN model architecture is trained using the spectra of the five dyes. (b) Loss and (c)
accuracy evolution during the CNN training and validation. (d) Confusion matrix of the constructed CNN classifier tested with the independent test
dataset. (e) The output probability vector is projected into 2D space, and the feature differentiation is colored according to the real labels of the spectrum.
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detection limits are recorded in Table S4 (ESIf). When the
solution concentration is as low as 10~’ M, at which the dye
solution is below the visual recognition limit, the 3D Ag-
AuNPs@NCF-based sensor can still detect the Raman signals of
these dyes. The Raman spectra of CV, MG, SY, TZ and MO shown
in Fig. 4(f) directly illustrate the differences between the charac-
teristic peaks of the different dye molecules, and the difference in
the number and position of these characteristic peaks can be used
as a criterion for qualitative detection of the dyes. However,
different dye molecules have structural similarities, some char-
acteristic peaks in the spectra are very close or even overlapped,
such as 1591 and 1619 cm ™ * of MG, 1585 and 1621 cm™* of CV,
1597 cm™ " of TZ and 1596 cm ™" of SY. To efficiently classify and
distinguish these five types of dye, a CNN model was used to
establish a classifier.

3.4.2. Intelligent classification of dye spectra. CNN has
achieved significant success in recognizing similar data.
Thereby, in this work, we choose CNN to process the data of
SERS spectra from single dyes and to classify them. The
training of the CNN model is an iterative process in which
the network parameters are updated based on the training data
to achieve the minimization of the loss associated with the
prediction class labels and the true class labels. The structure
of the CNN used to implement spectral classification is shown
in Fig. 5(a). The SERS spectra with a length of 706 are used to
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serve as the input layer of the CNN, and also includes three
convolutional layers, two maximum pooling layers and three
fully connected layers. The specific parameters of the designed
CNN model are shown in Table S5 (ESIt). The outputs of the
CNN model are concatenated in a 1D feature vector, which is
passed to the fully connected classifier with the SoftMax
activation function, giving the probability that the input
belongs to a particular class (dye) of samples. When training
is completed, information about the parameters related to this
model can be stored for subsequent use. The stored network
contains multiple hidden layers for automatic extraction of
SERS spectral data, avoiding manual extraction of spectral
features.

The training progress of the constructed CNN model is
shown in Fig. 5(b). The CNN model converges rapidly in a very
short training cycle and the prediction loss decreases dramati-
cally, indicating that the CNN model achieves the desired
classification performance. Similarly, as shown in Fig. 5(c),
the trend of the model prediction accuracy is consistent
with the trend of the loss function, achieving a convergence
around the tenth epoch. In order to transmit the complete data
set in the same neural network for many times, the whole
training process was continued to reach 100 epochs to prove
the convergence of the model. Overall, at the end of the training
process, the average validation loss and validation accuracy
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prepared sensor. (b) Five groups of TZ Raman spectra obtained from the real
results of actual samples.
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between the last 10 epochs are 1.59 x 10> and 1.0, respectively,
which can be considered as fully converged. As shown in the
confusion plot in Fig. 5(d), to validate the performance of the
constructed CNN classifier in real applications, an independent
test set was used for evaluation, and the final test accuracy
was 100%.

For better visualization, the output of the CNN is downscaled,
and the results are projected into a 2D space. As shown in
Fig. 5(e), each color in 2D space represents a different spectral
class, and the different points show the characteristic differences
of the dye spectra after CNN processing. These feature regions
are completely separated, suggesting that the CNN has success-
fully distinguished the dye spectra with similarity.

3.4.3. Detection of aquaculture water samples. To test
the practicability of the developed 3D Ag-AuNPs@NCF-based
sensor in a realistic application, we detected the existence of the
dyes in actual samples. As proof of concept, we prepared two
actual samples in advance, namely the MG solution using fish-
pond water as the solvent, and the TZ solution obtained from the
surface of large yellow croaker. The measurement results of the
actual samples are shown in Fig. 6(a) and (b). The spectra of MG
molecules in the aquaculture water samples have characteristic
peaks consistent with those of MG. Meanwhile, the overall signals
from the real fish sample are weak, but the distinctive spectral
profile and peak intensities of the TZ molecules can be discerned.

From these preliminary testing results, the 3D Ag-AuNPs@
NCF-based sensor can effectively identify the presence of dye
molecules despite complex components in the samples as they
are very similar with the actual environment. In order to verify
the accuracy of the CNN model for the classification of the
actual spectra, we followed the steps shown in Fig. 6(c) for
further testing and analyzing the TZ spectra obtained in
Fig. 6(b). The results show that the measured spectra of the
two actual samples can be correctly classified.

4. Conclusions

In this work, a 3D Ag-AuNPs@NCF-based SERS sensor with high
sensitivity was prepared based on a facile preparation process for
nanoforests and metal NPs. The surface plasmonic hybridization
in the nanostructures allowed the sensor to achieve a detection
limit of 10™° M and an enhancement factor of 1.89 x 105
besides, the uniformly distributed AuNPs helped the sensor to
have good reproducibility (RSD < 6.84%). In addition, with the
3D Ag-AuNPs@NCF-based SERS sensor, five different dyes with
trace concentrations were detected, and assisted using a CNN
model, and automatic classification of these dyes was realized
with a 100% accuracy. Furthermore, offending dyes in aquacul-
ture samples as well as in real fish samples were also detected.
These results indicate that the prepared 3D SERS sensor has
promising applications in aquatic product safety detection.
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