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ABSTRACT This paper investigated on 478 duck
meat samples for the identification of 2 kinds of antibi-
otics, that is, doxycycline hydrochloride and tylosin,
that were classified based on surface-enhanced Raman
spectroscopy (SERS) combined with multivariate
techniques. The optimal detection parameters, includ-
ing the effects of the adsorption time, and 2 enhance-
ment substrates (i.e., gold nanoparticles as well as gold
nanoparticles and NaCl) on Raman intensities, were
analyzed using single factor analysis method. The
results showed that the optimal adsorption time
between gold nanoparticles and analytes was 2 min,
and the colloidal gold nanoparticles without NaCl as

the active substrate were more conducive to enhance
the Raman spectra signal. The SERS data were pre-
treated by using the method of adaptive iterative pen-
alty least square method (air-PLS) and second
derivative, and from which the feature vectors were
extracted with the help of principal component analy-
sis. The first four principal components scores were
selected as the input values of support vector machines
model. The overall classification accuracy of the test
set was 100%. The experimental results showed that
the combination of SERS and multivariate analysis
could identify the residues of doxycycline hydrochloride
and tylosin in duck meat quickly and sensitively.
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INTRODUCTION

With the development of social industrialization, the
food safety has been paid close attention increasingly
around the world. In recent years, antibiotics were
widely used to prevent and treat diseases in animal hus-
bandry. Using antibiotics as inhibitors of bacterial over-
growth and growth promoters is a common phenomenon
in order to increase  economic  efficiency
(Karacaglar et al., 2020). Macrolides antibiotics are pro-
duced by streptomyces and micromonospora, which
have antibacterial and mycoplasma infection effects for
their similar molecular structure, physical, chemical
properties, and biological effects (Jansen et al., 2017).
Macrolides are medium spectrum antibiotics, mainly
including erythromycin, roxithromycin, kanamycin,
tyrosine, etc. (Tenson et al., 2003; Yonath and
Ada, 2005; Novak et al., 2009; Arsic et al., 2014). Tylo-
sine (TYL), a first-generation macrolides of 16
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membered rings, is commonly used as special veterinary
antibiotics to promote animal growth and treat myco-
plasmas in farm animals (Devreese et al., 2012;
Pinckney et al., 2016). Nevertheless, the presence of
antibiotic residues may increase drug resistance of
microbial strains in body, and produce allergic or toxic
reactions for hypersensitive individuals, which pose a
potential risk to human health (Wu et al., 2019). In
addition, Doxycycline hyalite (DCH), which also is
called doxycycline hydrochloride, is a long-acting and
broad-spectrum semi synthetic tetracycline antibiotic,
and its molecular formula is Cy3HosNoQOg. Due to its
inexpensive cost, tetracycline antibiotics are usually
used to prevent many diseases, promote the growth of
animals and improve the effective production of poultry
(Wang et al., 2018a). The use of DCH has greatly pro-
moted the rapid development of breeding industry. At
the same time, tetracycline antibiotics have relatively
stable and a certain persistence. It leads to the residues
of a part tetracycline antibiotic in the environment,
which can indirectly or directly enter the body to pose a
threat to public health (Samanidou et al., 2005;
Lian et al., 2013). Therefore, the National Food Safety
Standard on Maximum Residue Limits for Veterinary
Drugs in Foods (GB31650-2019) in China has been
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issued to avoid excessive antibiotic residues in poultry,
in which the permitted maximum residue limit of DCH
and TYL in poultry was 100 ug /kg.

Many analytical technologies are used as detection
methods in antibiotics. Among them, the most fre-
quently used methods are liquid chromatography-
tandem mass spectrometry, immunoassay and microbio-
logical method etc. (Chafer-Pericas et al., 2011;
Jank et al., 2017; Wu et al., 2020). Actually, although
the above methods are mature and accurate, the pre-
treatment of samples is very demanding, and the detec-
tion process is time-consuming. Generally, they can only
be used for sampling inspection, and are difficult to meet
the requirements of rapid detection of antibiotic residues
in meat specially in poultry. Consequently, it is great of
research signification for a rapid, nondestructive, sensi-
tive detection method of tetracycline and macrolide
antibiotics.

Surface-enhanced Raman spectroscopy (SERS) is a
sensitive analytical technique, of which the detection
ability depends on the performance of SERS enhance-
ment substrate due to the electromagnetic field near the
rough precious metal surface, and its characteristics are
simple preparation for samples, nondestructive and
rapid data acquisition (Li et al., 2017; Wang et al.,
2018b). Furthermore, silver and gold nanoparticles are
the commonly used SERS enhancement substrates on
account of having good performance and exciting local
surface plasmons (Hassan, 2018). According to the sta-
tus at domestic and international in recent years, Guo
et al. used SERS technology to quickly detect the resi-
dues of oxytocin in duck meat by using gold nanopar-
ticles and established a good linear relationship between
the intensities of SERS signal at 1,271 cm ™" and the con-
centrations of duck meat extract containing oxytetracy-
cline with coefficient of determination of 0.9891
(Guo et al., 2017). Janéi et al. developed a fast and sensi-
tive method for detecting histamine in fish based on
SERS, and the results indicated that the Partial least
square (PLS) regression model based on spectral range
1139.9 to 1,644.7 cm ™' showed a linear trend with corre-
lation coefficient predicted of 0.962 and ratio of perfor-
mance to deviation of 7.250 (Janci et al., 2017). Cao
et al. explored the characterization of the interactions
between food-grade TiO, nanoparticles and polyme-
thoxyflavones using SERS (Cao et al., 2016). Zhou et al.
carried out characterization analysis for food-grade
TiO, nanoparticles under the condition of simulated
oral behavior, and SERS technology combined with
PLS models was used to determine the blinding effi-
ciency of mucin and TiO, (Zhou et al., 2019). Gukowsky
et al. established a rapid detection method of food colo-
rants based on SERS, and the technology has been
shown to be able to identify artificial and natural food
colorants in the United States (Gukowsky et al., 2018).
These studies showed that it would have a good ability
to identify and classify antibiotic residues in duck meat
if SERS was combined with multivariate analysis
method. So far, there are few reports about the discrimi-
nant analysis of DCH and TYL by Raman spectroscopy

coupled with support vector machines (SVM) model-
ing. Therefore, it is of great significance to investigate
the screening methods of DCH and TYL in duck meat.

Herein, the aim of this paper was attempted to use
SERS with the help of multivariate analysis to rapidly
classify TYL and DCH residues in duck meat. To
achieve this goal, the three pretreatments (i.e., adaptive
iterative penalty least square (air-PLS, air-PLS and first
derivative, as well as air-PLS and second derivative)
were compared, and key principal components (PCs)
were extracted as the inputs of SVM model to classify in
the classification stage. This study provided a theoreti-
cal basis for the identification of multiple antibiotic resi-
dues in food with animal origin, and has potential
application value in other fields, such as the differential
diagnosis of non-hodgkin lymphoma in serum, and
the identifying capsular of streptococcus pneumoniae
isolates.

MATERIALS AND METHODS
Preparation of Samples

Preparation of 25 mM gold (III) chloride trihydrate
(HAuCly) solution: 1 g of solid HAuCl, -3H2O (not less
than 49.0%, Sigma Aldrich Trading Co., Ltd., St. Louis,
MO), was dissolved with 100 mL ultrapure water in a
brown volumetric flask to obtain HAuCly solution (100
mg/L), from which 19.69 mL of HAuCl, solution was
taken out and put it into a 50 mL centrifuge tube. Next,
0.31 mL of ultrapure water was added to obtain 25 mM
of HAuCl, solution.

Preparation of TYL solution: 20 mg of TYL (about
98%, Germany Dr. Restorer Co., Ltd., Germany) was
dissolved with 500 mL of ultrapure water in brown volu-
metric flask to obtain TYL solution (40 mg/L).

Preparation of DCH solution: 20 mg of DCH (about
98%, Nanchang Jingle Scientific Instrument Co., Ltd.,
China) was dissolved with 500 mL of ultrapure water in
brown volumetric flask to obtain DCH solution (40 mg/L).
The diverse concentrations of DCH solution, TYL solu-
tion, as well as DCH and TYL mixed solution were pre-
pared using the above two standard solutions.

Preparation of duck meat samples: To start with,
duck breast meat purchased from Hualian supermarket
in Jiangxi Province was frozen in the refrigerator at
—20°C for 5 h and sliced with a slicer. Next, the sliced
duck meat was dried in a FD-1A-50Z vacuum freeze
dryer (Beijing Toymaking Experimental Instrument
Co., Ltd, China) for 24 h (Xu et al., 2020). Lastly, the
duck meat samples were cut to about 0.3 x 0.3 cm and
soaked into DCH solution, TYL solution or mixture
solution of DCH and TYL to obtain samples containing
DCH, samples containing TYL or samples containing
DCH and TYL. All duck meat samples were divided
into 4 groups, that is, 120 samples without DCH and
TYL (control group), 119 samples containing DCH
(DCH group), 119 samples containing TYL (TYL
group), 120 samples containing DCH and TYL (DCH
combined with TYL group).
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Synthesis of Gold Nanoparticles

The colloidal gold nanoparticles were synthesized
according to a published protocol with slight modifica-
tion (Bastus et al., 2011). In summary, 97.0 mg of solid
trisodium citrate (analytical pure, Xilong Chemical Co.,
Ltd., Guangdong, China) was dissolved with 150 mL
ultrapure water in a triangle round-bottomed flask and
heated for 15 min until rolling boil with an intelligent
constant temperature agitator. Then, 1 mL of 25 mM
HAuCl, solution was added drop-wise into the above
sodium citrate solution under vigorous magnetic stir-
ring. Subsequently, the reaction mixture was kept boil-
ing under stirring for 10 min. In the meantime, the color
change of the mixed solution could be observed from yel-
low to blue gray and to light pink. The colloidal gold
nanoparticles were cooled to 90°C in a container, then
immediately, 1 mL of 60 mM sodium citrate aqueous
was added, and 1 mL of HAuCl, solution also was added
after waiting for 2 min. After 30 min at the same temper-
ature, 2 mL of gold nanoparticles colloid were taken out.
The above process was repeated, and the sizes of gold
nanoparticles were constantly increased through
14 times of the repeated additions. Eventually, the col-
loidal gold nanoparticles were stored at the room tem-
perature for further using.

SERS Measurement

For measuring SERS spectra, about 50 uL of colloidal
gold nanoparticles was dropped directly onto the duck
meat sample on the glass slide, and then was illuminated
after waiting for 2 min by a DXR micro Raman spec-
trometer (Thermo Fisher Scientific Co., Ltd., Waltham,
MA) equipped with a semiconductor laser of 780 nm
excitation wavelength fixed at 20 mW. In addition, 10 s
preview acquisition time, 10 s sample exposure time and
16 s background exposure times were set. The SERS
spectra in the wavenumber range of 50 to 3,000 cm ™!
were used for data analysis.

The SERS spectrum of each sample was measured
only one time. A total of 478 SERS spectra were mea-
sured for four groups of duck meat samples, of which
two thirds (318) were randomly selected as the training
set to establish the discriminant model, and the rest
were used as the test set to verify the classification accu-
racy. The validity of the discriminant model was verified
by the classification accuracy (i.e., the ratio of the num-
ber of samples correctly predicted by the model to the
total number of samples).

Optimization Schemes of SERS Detection
Parameters

SERS enhancement substrates and absorption time
are the important factors affecting on SERS intensities.
Accordingly, the effects of 3 SERS detection parameters
(i.e., 2 enhancement substrates, addition of colloidal
gold nanoparticles and absorption time) on SERS signal

intensities were investigated using the single factor test
method. Five parallel samples were performed for the
optimization of SERS detection parameters, and the
average values of their spectra were taken as the SERS
spectrum of the sample. The optimum detection param-
eters were determined by comparing the SERS signal
intensities at 558 and 594 cm ™.

In order to investigate the effect of adsorption time on
SERS intensities, 50 uL of colloidal gold nanoparticles
was added onto the duck meat samples. Then, after 0, 2,
4, 6, and 8 min of adsorption times, the spectra were
measured, respectively.

In order to investigate the effect of SERS enhance-
ment substrates on SERS intensities, 50 uL of 2 SERS
enhancement substrates (i.e., colloidal gold nanopar-
ticles, and colloidal gold nanoparticles mixed with
100 mg/L NaCl solution) was added onto the duck meat
samples, respectively. After 2 min of adsorption time,
their SERS spectra were measured.

Data Analysis

All data analyses were performed using the Unscram-
bler X 10.4 and MATLAB 2014a softwares. Three pre-
treatment methods, namely, air-PLS, air-PLS and first
derivatives as well as air-PLS and second derivatives,
were compared to select the optimal pretreatment. PCA
algorithm was used to extract the features of SERS
data. In addition, the first 4 PCs scores were used as
input values of SVM model to realize the aim of 4 groups
samples classification.

RESULTS AND DISCUSSION
SERS Spectra Analysis of Samples

The average SERS spectra of background of gold
nanoparticles and 4 groups, that is, control group, DCH
group, TYL group and DCH combined with group, were
displayed in Figure 1. Obviously, the Raman peaks
could be observed at 559, 594, 883, 1,165 and 1,526
cm™" from curve (e), which didn’t present on the spectra
of control group and background of gold nanoparticles.
Therefore, they could be selected as Raman peaks to dis-
tinguish whether there were DCH or TYL residues in
duck meat. Nevertheless, the four groups couldn’t be dis-
tinguished entirely in these Raman peaks. So further
analyzing of curve (c) and (d), 559 and 594 cm ™" could
be considered as the SERS feature peaks to identify
DCH and TYL residues in duck meat.

To verify whether the above peaks were the feature
peaks of DCH and TYL in duck meat, the solid DCH
and solid TYL were used to analyze the spectral charac-
teristics. It was evident that the prominent Raman
peaks at 342, 599, 836, 1,027 and 1,208 cm ™' could be
observed simultaneously from curve (a) in Figure 2 and
didn’t overlap with solid DCH from curve (b). Namely,
they were the characteristics peaks of solid TYL. Simi-
larly, by comparing whether the characteristic peaks on
curve (b) were overlapped with those on curve (a), it
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Figure 1. Representative SERS spectra of (a) background of gold nanoparticles (b) control group, (¢) DCH group, (d) TYL group, and (e¢) DCH
combined with TYL group. Abbreviations: DCH, doxycycline hydrochloride; TYL, tylosin.

could be concluded that 221, 560, 662, 831, and 1,417
cm ™! were the characteristic peaks of solid DCH.

By the comprehensively analysis of SERS characteris-
tic peaks of solid DCH, solid TYL as well as DCH and
TYL in duck meat, the results showed that the charac-
teristic peaks of solid DCH and solid TYL were closed to
those of DCH and TYL in duck meat at 559 and 594
cm . It maybe owing to the influence of protein and fat
in duck meat itself so that the Raman spectra character-
istic peaks of DCH and TYL in duck meat had been blue
shifted by 1 and 5 nm, respectively. On the whole, the

Ramna intensity(a.u.)

characteristic peak at 559 cm ™' could be used to deter-
mine whether there was DCH residues in duck meat,
and 594 cm ™' could be used to estimate whether there
was TYL residues in duck meat.

Optimization of SERS Detection Parameters

When the gold nanoparticles meet with the standard
solution molecules, the molecules were gathered in
the gap of the gold nanoparticles rough surface with
adsorption capacity to enhance the SERS spectra

50 500

1000 1500

Raman shift(cm™)

2000

Figure 2. The SERS spectra of solid TYL (a) and solid DCH (b). Abbreviations: DCH, doxycycline hydrochloride; SERS, surface-enhanced

Raman spectroscopy; TYL, tylosin.
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Figure 3. The SERS spectra of samples for 50 ©L gold nanoparticles mixed with 100 uL NaCl solution (curve a) and 50 uL of gold nanoparticles

(curve b) were respectively added onto samples of DCH combined with TYL group. The inset was the mean Raman intensity at 559 and 594 cm™

1

corresponding to curves (a) and (b). Abbreviations: SERS, surface-enhanced Raman spectroscopy.

(Battocchio et al., 2014). At this time, if some electro-
lytes, such as NaCl and magnesium sulfate, are selected
as one part of enhancement substrate, it may further
enhance or reduce the Raman spectral intensities
(Tang et al., 2013; Luan et al., 2015).Therefore, we ana-
lyzed the enhancement effect of 2 enhancement sub-
strates (i.e., gold nanoparticles, gold nanoparticles and
NaCl) on the samples of DCH combined with TYL
group, and their spectra were shown in Figure 3.
Through observation, the spectrum of curve (a) was
smaller than that of curve (b) on the whole, and the his-
togram in the illustration could highlight that the gold
nanoparticles substrate could stimulate the SERS sig-
nals of DCH and TYL in the duck meat more than the
gold nanoparticles + NaCl. It has been shown that add-
ing C1™ could promote the aggregation of metal colloids,
generate a large number of SERS hotspots in the gap
between particles, and produce a significant enhance-
ment effect. However, the enhancement effect of SERS
signal could also be inhibited in the condition of a great
quantity of CI~ (Pong et al., 2007; Pamela, 2017). With
the increase of Cl™ content, the ratio of surface gold
nanoparticles to analyte were decreased, which the
SERS signal could be abated (Gong et al., 2019). When
NaCl solution was added as an active agent, the Raman
characteristic peak intensities of samples at 559 and 594
em ! would become more weaken. So, only gold nano-
particles were chosen as SERS enhancement substrate
in the subsequent experiments.

When the analyte was adsorbed on the surface of gold
nanoparticles, its adsorption time has an important
effect on enhancing SERS signal intensities
(Evelyn et al., 2015). While the analyte contacts with

the enhanced substrate, the active “hot spot” would be
generated at a certain moment to make the SERS signal
reach the maximum. As shown in Figure 4, the influence
of the different adsorption times on SERS signal intensi-
ties at 559 and 594 cm~'. With the increases of the
adsorption times, the intensity of Raman spectra
reached the maximum in 2 min, and then decreased
gradually at 559 cm '.The intensities of SERS signal
became higher at the initial stage, it may be that the
availability of more than required number of active hot
spot on the surface, and the intensities of SERS spectra
became slower at the later stages of contact time due to
lesser number of active hot spot(Pal and Deb, 2014).
Besides, it has no obvious tendency at 594 cm ™!, and the
maximum of Raman intensities were at 2 min. There-
fore, 2 min was selected as the optimal adsorption time.

Data Dimension Reduction and
Classification

Spectral pretreatment is an effective method to
dispose spectral disturbance noise and concurrently
retain the information of chemometrics analysis
(Albanell et al., 2012; Balabin and Smirnov, 2012). Data
pretreatment plays a very important role in the analysis
of near-infrared, Raman and other spectra. Because of
the disturbance of background noise or instrument base-
line drift in the process of spectral acquisition, spectral
data inevitably contains some useless information.
Therefore, in order to reduce the unnecessary informa-
tion in the data to improve the classification accuracy of
the samples, multifarious chemometrics algorithms have
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Figure 4. The effect of the different absorption times on SERS signal intensities. Abbreviations: SERS, surface-enhanced Raman spectroscopy.

been put forward for spectral pretreatment (Chen et al.,
2019). In present study, it compared the effects of 3 pre-
treatment methods, that is, air-PLS, air-PLS and first
derivative, as well as air-PLS and second derivative, on
the classification of four groups samples (n=478).
Table 1 displayed the numbers of correct and erroneous
after each group was processed by three pretreatment
methods combined with PCA-SVM for test set
(n=160). The classification accuracies of the PCA-
SVM model for training set were respectively 82.7%,
100%, and 100% under these 3 pretreatment methods,
and their classification accuracies for test set were
77.5%, 96.2%, and 100%, respectively. To put it simply,

air-PLS and second derivative was selected as the opti-
mal pretreatment method.

PCA, a kind of linear and unsupervised visualization
technology, is often used to extract the main features of
the information from data with less message loss after
dimensionality reduction (Khulal et al., 2016). It is pri-
marily the reconstruction of the feature space of the orig-
inal spectral data through orthogonal transformation,
transforming the correlation information into linear
uncorrelated variable, that is, PCs (Kridhmer et al.,
2015). To visualize the score results of PCA, the first 4
PCs scores were used to construct 3-D scatter plots as
shown in Figure 5. Where, 4 groups of samples were

Table 1. Results of classification of DCH and TYL in duck meat based on PCA-SVM with three pretreatment methods for test set.

Classified as
DCH combined
Pretreatmet methods Groups Control DCH TYL with TYL
Air-PLS Control 40 0 0 0
DCH 0 36 0 6
TYL 0 1 26 13
DCH combind 0 16 0 24
with TYL
Air-PLS and Control 40 0 0 0
first derivative DCH 0 39 1 0
TYL 0 4 35 1
DCH combind 0 0 0 40
with TYL
Air-PLS and Control 40 0 0 0
second derivative DCH 0 40 0 0
TYL 0 0 40 0
DCH combind 0 0 0 40
with TYL

Abbreviations: DCH, doxycycline hydrochloride; PLS, Partial least square; SERS, surface-enhanced Raman spectroscopy; TYL, tylosin.
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Figure 5. 3-D scatter plots after training data dimension reduction, constructed by selected first four PCs scores calculated from PCA. Abbrevi-

ations: PCs, principal components; PCA, principal component analysis.

observed in the space of PC1-PC2-PC3 and they
couldn’t be distinguished owing to the overlapping. In
this case, the selection of PCs should be further consid-
ered. By analyzing the space of PC1-PC2-PC4, the
DCH group was mainly distributed in the central area
and could be distinguished from the other 3 groups.
Moreover, DCH group, TYL group and DCH combined
with TYL group occupies a small part of their respective
space in the space of PC1-PC3-PC4, however, the
remaining control group was gathered in different space
areas and could be identified. DCH combined with TYL
group could be completely separated from other groups
in PC2-PC3-PC4. In summary, the four groups of sam-
ples could be distinguished completely under the condi-
tion of no less than the first 4 PCs. Therefore, the first 4
PCs scores were selected as the input values of the classi-
fication model.

SVM, which is a kind of modeling method that can
identify, classify samples and do regression analysis is
also a new generation of machine learning algorithm
based on statistical learning theory, and is mainly
embodied in dealing with the problem of nonlinear indi-
visibility (Guo et al., 2018). It is necessary to adhibit a

kernel function at such a time. That means, the samples
are mapped from the original space to the feature space,
and in which it can be divided linearly, so as to solve the
problem of nonlinear classification. Therefore, the choice
of kernel function has a great influence on SVM. In this
experiment, the first four PCs scores were used as the
input values of SVM classification model, and C-SVM
was used as the type of SVM model to realize the multi-
variable SVM classification method. The efficiency of
radial basis function kernel was stronger than polyno-
mial kernel in the nonlinear analysis determined by
arithmetic of the cross-validation, so the radial basis
function was used as the kernel function of classification
model (Cho et al., 2016). Furthermore, the classification
performance of SVM model was tightly bound to the
penalty parameter C and the kernel parameter g. If the
penalty parameter was too large or incline to zero, this
would lead to SVM over-fitting or under-fitting, result-
ing the error of classification. Therefore, it was indis-
pensable to optimize them automatically, and the
optimal values of these two parameters C and g were
0.01 and 1, respectively. SVM classification model com-
bined with 3 pretreatment methods to analyze the
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Table 2. Sensitivity and specificity values of PCA-SVM model with different pretreatment methods for classification of DCH and TYL

in duck meat for test set.

Air-PLS Air-PLS and firstderivative Air-PLS and secondderivative
Groups Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
Control 100% 100% 100% 100% 100% 100%
DCH 90% 81% 98% 97% 100% 100%
TYL 65% 100% 88% 99% 100% 100%
DCH combind 60% 81% 100% 99% 100% 100%
with TYL

Abbreviations: DCH, doxycycline hydrochloride; PCA, principal component analysis; SVM, support vector machines; SERS, surface-enhanced Raman

spectroscopy; TYL, tylosin.

sensitivity and specificity values of each groups for the
test set just as shown in Table 2. Here, by using the pre-
treatment method of air-PLS and second derivative, the
sensitivities and the specificities of samples of each group
were all 100% and 100%, respectively. These results indi-
cated that the adopted SERS method with the help of
SVM model was a stable and reliable method for the
identification of DCH and TYL residues in duck meat.
This was of great significance for the rapid identification
of antibiotic residues in poultry for food safety detec-
tion.

CONCLUSIONS

To sum up, this study emphasized a simple, rapid and
sensitive method based on SERS coupled with multivari-
ate data analysis, which could become an effective anti-
biotic identification and analysis technology to classify
DCH and TYL residues in duck meat. In the process of
experimental investigation, the influences of 3optimized
parameters (i.e., the adsorption time and two enhance-
ment substrates) on SERS spectral intensities were con-
sidered. The results showed that the SERS spectra of
samples had the better enhancement effects under the
condition of only gold nanoparticles without NaCl as
enhancement substrate and 2 min of the adsorption
time. In order to improve the classification accuracy of
the model, the three pretreatment methods were com-
pared, and air-PLS and second derivative were selected
as the optimal pretreatment method. The four groups of
training set samples could be wholly discriminated by
using the first four PCs scores as the input values of
SVM model. The SVM classification model was verified
using the test set to achieve 100% classification accu-
racy. Therefore, the innovative method of using SERS
technology with the help of multivariate statistical dis-
criminant model could meet the requirements of rapid
identification of DCH and TYL residues in duck meat.
The identification of multidrug residues in animal meat
can be explored on the basis of this method, expanding
the detection technology field in further.

ACKNOWLEDGMENTS

This research was sponsored by National Natural
Science Foundation of China (31660485), Science and

Technology Research Project of Jiangxi Education
Department, China (GJJ160350).

DISCLOSURES

The authors declare no competing or financial inter-
ests.

REFERENCES

Albanell, E., B. Minarro, and N. Carrasco. 2012. Detection of low-
level gluten content in flour and batter by near infrared reflectance
spectroscopy (NIRS). J. Cereal Sci. 56:490-495.

Arsic, B., A. Awan, R. J. Brennan, J. A. Aguilar, R. Ledder,
A. J. McBain, A. C. Regan, and J. Barber. 2014. Theoretical and
experimental investigation on clarithromycin, erythromycin A and
azithromycin and descladinosyl derivatives of clarithromycin and
azithromycin with 3-O substitution as anti-bacterial agents. Med.
Chem. Commun. 5:1347-1354.

Balabin, R. M., and S. V. Smirnov. 2012. Interpolation and extrapola-
tion problems of multivariate regression in analytical chemistry:
benchmarking the robustness on near-infrared (NIR) spectroscopy
data. Analyst 137:1604—1610.

Bastus N. G., J. Comenge, and V. C. Puntes. 2011. Kinetically con-
trolled seeded growth synthesis of citrate-stabilized gold nanopar-
ticles of up to 200 nm: size focusing versus Ostwald ripening.
27:11098-11105.

Battocchio, C., F. Porcaro, S. Mukherjee, E. Magnano, S. Nappini,
I. Fratoddi, M. Quintiliani, M. V. Russo, and G. Polzonetti. 2014.
Gold nanoparticles stabilized with aromatic thiols: interaction at
the molecule—metal interface and ligand arrangement in the
molecular shell investigated by SR-XPS and NEXAFS. J. Phys.
Chem. C 118:8159-8168.

Cao, X., C. Ma, Z. Gao, J. Zheng, L. He, D. J. McClements, and
H. Xiao. 2016. Characterization of the interactions between tita-
nium dioxide nanoparticles and polymethoxyflavones using sur-
face-enhanced raman spectroscopy. Agric. Food Chem. 64:9436—
9441.

Chafer-Pericas, C., A. Maquieira, R. Puchades, J. Miralles, and
A. Moreno. 2011. Multiresidue determination of antibiotics in feed
and fish samples for food safety evaluation. Comparison of immu-
noassay vs LC-MS-MS. Food Control 22:993-999.

Chen, H. Z., X. Liu, A. Chen, K. Cai, and B. Lin. 2019. Parametric-
scaling optimization of pretreatment methods for the determina-
tion of trace/quasi-trace elements based on near infrared spectros-
copy. Spectrochim. Acta Part A Mol. Biomol. Spectroscopy
31350:1386-1425.

Cho, G. S., N. Gantulga, and Y. W. Choi. 2016. A comparative study
on multi-class SVM & kernel function for land cover classification
in a KOMPSAT-2 image. Ksce J. Civil Eng. 21:1-11.

Devreese, M., A. Osselaere, J. Goossens, V. Vandenbroucke,
S. De Baere, P. De Backer, and S. Croubels. 2012. Interaction
between tylosin and bentonite clay from a pharmacokinetic per-
spective. Vet. J. 194:437-439.


http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0001
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0002
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0003
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0005
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0006
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0007
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0008
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0009
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0010
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0010

CLASSIFICATION OF ANTIBIOTICS IN DUCK MEAT 9

Evelyn, K., K. Olschewski, P. Rosch, K. Weber, D. Cialla-May, and
J. Popp. 2015. High-throughput screening of measuring conditions
for an optimized SERS detection. J. Raman Spectrosc. 47:1003-1011.

Gong, X., X. Liao, Y. Li, H. Cao, Y. Zhao, H. Li, and
D. P. Cassidy. 2019. Sensitive detection of polycyclic aromatic
hydrocarbons with gold colloid coupled chloride ion SERS sensor.
Analyst 144:6698-6705.

Gukowsky, J. C., T. Y. Xie, S. Y. Gao, Y. Q. Qu, and L. L. He. 2018.
Rapid identification of artificial and natural food colorants with
surface enhanced Raman spectroscopy. Food Control 92:267-275.

Guo, Y., X. Jia, and D. Paull. 2018. Effective sequential classifier
training for SVM-based multitemporal remote sensing image clas-
sification. IEEE Transact. Image Process. 27:3036-3048.

Guo, H. Q., M. H. Liu, H. C. Yuan, J. H. Zhao, Y. J. Peng, L. I. Yao,
and J. J. Tao. 2017. Rapid detection of oxytetracycline in duck
meat by surface-enhanced Raman spectroscopy. J. Food Saf. Qual.
8:170-175.

Hassan, M. M. 2018. A universal SERS aptasensor based on DTNB
labeled GNTs/Ag core-shell nanotriangle and CS-Fe 3 O 4 mag-
netic-bead trace detection of Aflatoxin Bl. Anal. Chim. Acta
986:122-130.

Janci, T., D. Valinger, J. G. Kljusuri¢, L. Mikac, S. Vidacek, and
M. Ivanda. 2017. Determination of histamine in fish by Surface
Enhanced Raman Spectroscopy using silver colloid SERS sub-
strates. Food Chem. 224:48-54.

Jank, L., M. T. Martins, J. B. Arsand, T. M. E. C. Motta, T. C. Feijo,
T. Dos Santos Castilhos, R. B. Hoff, F. Barreto, and
T. M. Pizzolato. 2017. Liquid chromatography—tandem mass
spectrometry multiclass method for 46 antibiotics residues in milk
and meat: development and validation. Food Anal. Methods
10:2152-2164.

Jansen, L. J. M., Y. J. C. Bolck, J. Rademaker, T. Zuidema, and
B. J. A. Berendsen. 2017. The analysis of tetracyclines, quinolones,
macrolides, lincosamides, pleuromutilins, and sulfonamides in
chicken feathers using UHPLC-MS/MS in order to monitor antibi-
otic use in the poultry sector. Anal. Bioanal. Chem. 409:4927—
4941.

Karacaglar, N. N. Y., A. Topcu, F. C. Dudak, and I. H. Boyaci. 2020.
Development of a green fluorescence protein (GFP)-based bioassay
for detection of antibiotics and its application in milk. J. Food
Ence 85:1-10.

Khulal, U., J. Zhao, W. Hu, and Q. Chen. 2016. Nondestructive quan-
tifying total volatile basic nitrogen (TVB-N) content in chicken
using hyperspectral imaging (HST) technique combined with differ-
ent data dimension reduction algorithms. Food Chem. 197:1191—
1199.

Kréhmer, A., A. Engel, D. Kadow, N. Ali, P. Umaharan, L. W. Kroh,
and H. Schulz. 2015. Fast and neat — determination of biochemical
quality parameters in cocoa using near infrared spectroscopy. Food
Chem. 181:152-159.

Li, H. H., Q. S. Chen, M. M. Hassan, and O. Y. Qin. 2017. A magne-
tite/PMAA nanospheres-targeting SERS aptasensor for tetracy-
cline sensing using mercapto molecules embedded core/shell
nanoparticles for signal amplification. Biosens. Bioelectron.
92:192-199.

Lian, Y. J., M. Wu, C. Y. Li, D. M. Xu, L. Y. Lin, and Y. Zhou. 2013.
Determination of tetracycline antibiotics residues in milk and dairy
products by direct extraction-UPLC-ESI-MS/MS. J. Food Saf.
Qual. 4:489-495.

Luan, Y., J. Chen, G. Xie, C. Li, H. Ping, Z. Ma, and A. Lu. 2015.
Visual and microplate detection of aflatoxin B2 based on NaCl-

induced aggregation of aptamer-modified gold nanoparticles.
Microchim. Acta 182:995-1001.

Novak, P.; J. Barber, A. Tko, B. Arsic, J. Plavec, G. Lazarevski,
P. Tepe, and N. K. U. Hulita. 2009. Free and bound state struc-
tures of 6-O-methyl homoerythromycins and epitope mapping of
their interactions with ribosomes. Bioorg. Med. Chem. 17:5857—
5867.

Pal, J., and M. K. Deb. 2014. Microwave green synthesis of PVP-sta-
bilised gold nanoparticles and their adsorption behaviour for
methyl orange. J. Exp. Nanosci. 9:432-443.

Pamela, M. B. 2017. Review of SERS substrates for chemical sensing.
Nanomaterials 7:142-171.

Pinckney, J. L., and A. Kline. 2016. Size-selective toxicity effects of
the antimicrobial tylosin on estuarine phytoplankton communities.
Environ. Pollut. 216:806-810.

Pong, B. K., H. I. Elim, J. X. Chong, W. Ji, B. L. Trout, and
J. Y. Lee. 2007. New insights on the nanoparticle growth mecha-
nism in the citrate reduction of gold (IIT) salt: formation of the Au
nanowire intermediate and its nonlinear optical properties.
J. Phys. Chem. C 111:6281-6287.

Samanidou, V. F.; K. I. Nikolaidou, and I. N. Papadoyannis. 2005.
Development and validation of an HPLC confirma-tory method
for the determination of tetracycline antibiotics residues in bovine
muscle according to the European Union regulation 2002/657/EC.
J. Separation Sci. 28:2247-2258.

Tang, L., X. Wang, B. Guo, M. Ma, B. Chen, and S. Zhan. 2013. Salt-
triggered liquid phase separation and facile nanoprecipitation of
aqueous colloidal gold dispersion in miscible biofluids for direct
chromatographic measurement. Rsc Adv. 3:15875-15886.

Tenson, T., M. Lovmar, and M. N. Ehrenberg. 2003. The mechanism
of action of macrolides, lincosamides and streptogramin B reveals
the nascent peptide exit path in the ribosome. J. Mol. Biol.
330:1014.

Wang, C. W., B. Gu, Q. Q. Liu, Y. F. Pang, R. Xiao, and
S. Q. Wang. 2018b. Combined use of vancomycin-modified Ag-
coated magnetic nanoparticles and secondary enhanced nanopar-
ticles for rapid surface-enhanced Raman scattering detection of
bacteria. Int. J. Nanomed. 13:1159-1178.

Wang, P., Q. Yuan, and W. Zhou. 2018a. Study on photocatalytic
degradation and reaction kinetics of tetracycline antibiotics in bio-
gas slurry. Nongye Gongcheng Xuebao/Transact. Chin. Soc. Agri-
cult. Eng. 34:193-198.

Wu, Y., P. Feng, R. Li, X. Chen, and P. Liu. 2019. Progress in micro-
bial remediation of antibiotic-residue contaminated environment.
Chin. J. Biotechnol. 35:2133-2150.

Wu, Q., X. Gao, M. A. B. Shabbir, D. Peng, Y. Tao, D. Chen, H. Hao,
G. Cheng, Z. Liu, Z. Yuan, and Y. Wang. 2020. Rapid multi-resi-
due screening of antibiotics in muscle from different animal species
by microbiological inhibition method. Microchem. J. 152:104417.

Xu, N., M. H. Liu, H. C. Yuan, S. G. Huang, J. H. Zhao, J. Chen,
T. Wang, W. Hu, and Y. X. Song. 2020. Classification of sulfadimi-
dine and sulfapyridine in duck meat by surface enhanced Raman
spectroscopy combined with principal component analysis and
support vector machine. Anal. Lett. 10:1513-1524.

Yonath, A. 2005. Antibiotics targeting ribosomes: resistance, selectiv-
ity, synergism, and cellular regulation. Annu. Rev. Biochem.
74:649-679.

Zhou, H. L., J. K. Pandya, Y. B. Tan, J. N. Liu, S. F. Peng,
J. L. M. Mundo, L. L. He, H. Xiao, and D. J. McClements. 2019.
Role of mucin on behavior of food-grade tio2 nanoparticles under
simulated oral conditions. J. Agric. Food Chem. 67:5882-5890.


http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0011
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0012
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0013
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0014
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0015
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0016
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0017
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0018
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0019
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0020
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0021
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0022
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0023
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0024
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0026
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0027
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0028
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0029
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0030
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0031
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0032
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0033
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0034
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0035
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0036
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0037
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0038
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0039
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0040
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0041
http://refhub.elsevier.com/S0032-5791(21)00199-1/sbref0041

	Surface-enhanced Raman spectroscopy method for classification of doxycycline hydrochloride and tylosin in duck meat using gold nanoparticles
	INTRODUCTION
	MATERIALS AND METHODS
	Preparation of Samples
	Synthesis of Gold Nanoparticles
	SERS Measurement
	Optimization Schemes of SERS Detection Parameters
	Data Analysis

	RESULTS AND DISCUSSION
	SERS Spectra Analysis of Samples
	Optimization of SERS Detection Parameters
	Data Dimension Reduction and Classification

	CONCLUSIONS
	ACKNOWLEDGMENTS
	DISCLOSURES

	REFERENCES


