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A B S T R A C T   

Rapid, universal and accurate identification of chemical composition changes in multi-component 
traditional Chinese medicine (TCM) decoction is a necessary condition for elucidating the 
effectiveness and mechanism of pharmacodynamic substances in TCM. In this paper, SERS 
technology, combined with grating-like SERS substrate and machine learning method, was used 
to establish an efficient and sensitive method for the detection of TCM decoction. Firstly, the 
grating-like substrate prepared by magnetron sputtering technology was served as a reliable SERS 
sensor for the identification of TCM decoction. The enhancement factor (EF) of 4-ATP probe 
molecules was as high as 1.90 × 107 and the limit of detection (LOD) was as low as 1 × 10− 10 M. 
Then, SERS technology combined with support vector machine (SVM), decision tree (DT), Naive 
Bayes (NB) and other machine learning algorithms were used to classify and identify the three 
TCM decoctions, and the classification accuracy rate was as high as 97.78 %. In summary, it is 
expected that the proposed method combining SERS and machine learning method will have a 
high development in the practical application of multi-component analytes in TCM.   

1. Introduction 

The development of medication history is originated from the use of single drug, while the use of drug compatibility benefits from 
the continuous in-depth understanding of drugs and etiological mechanism. However, there is still a lack of knowledge about the 
composition of formulas and their therapeutic analyses, and the preparation of formulas of high quality and reliable therapeutic ef
ficacy has become particularly important in order to further promote the process of modernization of TCM. Zexie-Baizhu Decoction 
(ZXBZD) is a Chinese typical formula that originates from the Synopsis of the Golden Chamber (Jingui Yaolue). The formula was 
prepared by decocting Zexie (Alisma Orientale) and Baizhu (Atractylodes macrocephala) with water according to the mass ratio of 5:2. 
At present, there are so many studies have shown that many monomers of Zexie and Baizhu, as well as Chinese herbal compounds 
containing Zexie, have therapeutic and palliative effects on lipid metabolism, insulin resistance and inflammation. Zexie has antiviral 
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[1], anti-inflammatory [2] effect and Baizhu also been shown to have antioxidant [3], inhibit cancer cells value-added role [4]. The 
combination of all decoctions has significant effect on the treatment of Nonalcoholic fatty liver disease (NAFLD) [5,6]. We hope that 
the study will advance the exploitation of ZXBZD, which will bring new enlightenment for modern development of TCM decoctions. 

At present, most of the analysis of TCM prescriptions is devoted to separating and purifying compounds from the formula, and then 
using mass spectrometry, chromatography methods and some other coupled technologies to determine the mechanism of action be
tween compounds [7–10]. However, the composition of TCM is complicated, and the whole process of separation and purification is 
complicated and laborious. Raman spectroscopy, as an advanced analytical method, which can be applied to detect vibrational modes 
and material composition of target analytes [11], and the mechanism of action between single and compound decoction can be 
explained. However, the traditional Raman scattering cross section is small, and there are some defects such as poor Raman signal 
response and strong fluorescence signal [12]. 

In recent years, the appearance of surface enhanced Raman scattering (SERS) spectrum has substantially made up for the weakness 
of conventional Raman spectroscopy in substance detection [13], making the Raman signal remarkably enhanced [14], which has 
played an important role in various domains such as biological detection, chemical analysis, food safety monitoring and environmental 
monitoring [15–18]. Due to the advantages of SERS, which can be used for rapid and nondestructive detection, high sensitivity, good 
selectivity and no interference from background matrix [19,20], SERS provides a new and powerful technical support for obtaining 
high-quality spectra of TCM decoctions. The amplification of SERS signal mainly depended on the electromagnetic field enhancement 
effect induced by the local surface plasmon resonance (LSPR) phenomenon on nobel metal nanostructure [21–23]. When laser was 
irradiated on the SERS substrate absorbated analyte molecules, the nobel metal nanostructure on the substrate would amplify the 
signal of analyte, resulting in SERS phenomenon to study the molecular vibration information, and thus obtain the molecular 
fingerprint information [22]. For an extended duration, researchers have dedicated efforts to preparing sensitive and reliable SERS 
substrates through simple and efficient preparation processes [24]. As a result, plasma nanostructures such as nanorods, nanosheet, 
nanocrystals and nanowires were formed [25–28], which effectively combined with the probe molecules, thus forming a strong plasma 

Fig. 1. (a) Preparation of the grating-like multi-layer composite structure SERS substrate; (b)Preparation of the TCM decoction; (c) Collection of 
SERS signals of different TCM decoction via the Raman system; (d) PCA for the spectra of TCM decoction and classification via machine learning. 
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coupling effect. Fan et al. [29] developed a functional film substrate using Si@Ag@PEI material for SO2 identification in TCM. The 
LOD of the SERS sensor was 0.25 mg/kg. Chen et al. [30] designed a self-assembled MXene/Ag NPs thin film nanocarrier to study drug 
delivery and glutathione-triggered drug release. The SERS detection limit was 10− 8 M. In addition, many latest sensors such as noble 
metal-decorated ZnO@MXene [31], Pt NPs composited TiO2/GaN nanorods [32], noble metal mixed metal oxide [33] and graphitic 
carbon nitride quantum dots [34] are also expected to be applied in the field of SERS research. The SERS substrate prepared could be 
used for ultrasensitive recognition of the analytes. Among them, three-dimensional nanostructures have been widely favored as plasma 
nanostructures that can provide numerous molecular binding sites for probe molecules and provide efficient SERS sensitivity [35–38]. 
DVD disk, which can be found everywhere in life, have regular periodic three-dimensional nanostructures on their surfaces that greatly 
facilitate the adsorption of nanoparticles, and makes the coupling of surface plasmon resonance possible [39,40]. 

Although SERS spectrum can provide us with vibrational fingerprint information of molecules, it is often difficult to analyze SERS 
data due to the noise interference, experimental equipment, parameter setting and other factors affecting SERS spectrum. To obtain 
effective information from spectral data, we have effectively combined data analysis methods with machine learning algorithms in 
order to obtain objective and accurate results. As a data analysis tool, machine learning has certain practicability for processing large 
quantities of data [41,42]. Specifically, the feature extraction of the spectral dataset was performed by principal component analysis 
(PCA) method [43,44], and then selected six machine learning algorithms to classify and discriminate the single decoction of TCM and 
its compound decoction. Among them, the NB algorithm achieved a classification accuracy of 97.78 %. Notably, in this study, the SERS 
substrate based on DVD disk grating structure we prepared combined with PCA and machine learning algorithms achieved better 
results in the identification of TCM decoctions, and the specific flow was shown in Fig. 1. From this, we concluded that the SERS 
coupled with machine learning method is effective for the analysis of decoction of TCM. 

2. Experimental section 

2.1. Materials and chemicals 

The Ag target and V–Ti target were obtained from Nanchang Hanchen New Materials Technology Co., Ltd. The DVD disk used in the 
experiment were sold by TPV Audio and Visual Technology (Shenzhen) Co., Ltd. Zexie and Baizhu were purchased from Jiushengtang 
TCM Shop. 4-aminothiophenol (4-ATP) was obtained from Aladdin Biochemical Technology Co., Ltd.,Shanghai. 

2.2. SERS substrate preparation 

SERS substrates were fabricated using magnetron sputtering technique, a physical vapour deposition (PVD) process that operates in 
a vacuum environment. It is considered to be an excellent substrate preparation technology because of its number of advantages, such 
as low deposition temperature, excellent coating uniformity, fast deposition rate, and the ability to prepare large-area uniform and 
dense films [45,46]. To construct the functionalized SERS substrate, Ag and V–Ti nanomaterials were successively deposited on the 
polycarbonate (PC) sheet of the DVD disk. This can be divided into two steps: (1) Acquisition of PC sheets. DVD disk was cut into 
uniformly sized squares after mechanical treatment (remove label layer, metal layer and top PC sheet). Next, it was sequentially rinsed 
in ethanol solution, nitric acid solution in turn to eliminate impurities on the PC sheets, and finally a clean PC sheet was obtained. (2) 
Magnetron sputtering system to prepare optimal substrates. V and Ti nanomaterials were sequentially deposited on PC sheets to obtain 
the V–Ti@DVD substrate (experimental parameter settings: argon flow, 120 ml/m; sputtering power: 150 W; sputtering time: 20 min). 
Next, deposited of Ag nanoparticles on V–Ti@DVD substrate (experimental parameter settings: argon flow, 100 ml/m; sputtering 
power, 100 W; sputtering time, 20 min), and finally we obtained Ag20@V–Ti20@DVD nanostructures. The pressure in the sputter 
chamber throughout the sputtering process was 3.5 × 10− 3 Pa. 

2.3. Preparation of TCM decoction 

We prepared three kinds of traditional Chinese medicine decoction, namely Baizhu Decoction (BZD), Zexie Decoction (ZXD) and 
ZXBZD. The specific configurations are as follows: A certain amount of TCM (BZD contains 15 g of Baizhu, ZXD contains 15 g of Zexie. 
The classic ratio of Zexie and Baizhu in ZXBZD is 5:2, a total of 21 g) were weighed, mixed with 800 ml deionized water and soaked for 
30min, and then maintained it boiling for 60 min, and solution 1 was obtained after filtration. The remaining dregs were combined 
with 600 ml of deionized water and maintained at a gentle boil for 60 min. Solution 2 was obtained after filtration, and solution 1 and 2 
were mixed and placed in a test tube. 

2.4. The acquisition of SERS spectra 

10 μL of the traditional Chinese medicine decoction was attached to the substrates, after the samples were dried, SERS mea
surements were performed. For each sample, 100 positions were randomly chosen for testing. Various concentrations of 4-ATP so
lutions were used for determining the LOD of the substrate. 

2.5. Characterizations 

The topographies of the substrates was visualised by the field emission scanning electron microscopy (FE-SEM) (FEI-NOVA 
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NANOSEM 230, America). The Raman spectra were captured using a confocal Raman spectrometer (DXR2xi, Thermo Fisher Inc., USA) 
with a wavelength of 532 nm, utilizing a He–Ne laser for excitation. Detection was facilitated using a 50 × objective, with an inte
gration time of 5 s. 

2.6. Machine learning models of traditional Chinese medicine decoction identification 

In this study, six machine learning algorithms, DT, SVM (including Polynomial Kernel, Linear Kernel, Radial Kernel and Sigmoid 
Kernel) and NB were applied to all SERS spectra after PCA. When performed PCA, 1015 rows and 301 columns were used, with a total 
of 1015 × 301 pieces of data. DT algorithm is a kind of classification algorithm by constructing tree structure, its core idea is to 
recursively select the best features for data division. SVM is a kernel based modeling algorithm that constructs an optimal hyperplane 
by mapping data to a high latitude space so that the data is divisible in that space. Common kernel functions include polynomial kernel, 
linear kernel, radial kernel and sigmoid kernel. Different kernel functions correspond to different mapping methods to achieve 

Fig. 2. (a)–(b) FE-SEM images of DVD disk and optimal substrate (Ag20@V–Ti20@DVD), respectively; (c)–(d) Histogram of the distribution of the 
nanometer size of the land and the nanogap size of the adjacent land on theAg20@V–Ti20@DVD SERS substrate, respectively; (e)–(f) Histogram of 
the distribution of particle diameter size and gap size between adjacent particles on the optimal substrate, respectively. 
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different classification effects. The NB algorithm is an efficient classification technique that relies on Bayes’ theorem and assumes 
feature independence. To validate the performance of the algorithm, performance metrics were calculated using accuracy, precision, 
sensitivity, specificity, recall and F1 score. Additionally, confusion matrices were generated to measure the classification performance 
of the machine learning algorithm. These matrices depict the accuracy of classification results and contain four fundamental in
dicators: true positives, false positives, true negatives, and false negatives [47]. 

3. Result and discussion 

3.1. Morphology characterization of the DVD disk and Ag20@V–Ti20@DVD nanoarray 

FE-SEM images were used to analyze the morphology of DVD disk structures and the prepared optimal SERS substrate. Fig. 2(a) 
present the microstructure of the disk. To be specific, DVD disk shows a periodic regular arrangement of grating-like structure, each of 
which is composed of a groove and a land. Fig. 2(b) showed the microscopic morphology of the Ag20@V–Ti20@DVD composite 
structure. It is worth notice that after sputtering the plasma nanomaterials, the surface of the disk structure becomes rough, the width 
of the land becomes larger and the gap between adjacent land becomes narrower. We plotted the distribution histogram for the 
substrate size in Fig. 2(c)–(f). Among them, the average width of the land is 0.7 μm, the average gap between adjacent land is 0.04 μm, 
the average diameter of the particles on the substrate is 0.02 μm, and the gap between adjacent nanoparticles is about 0.01 μm. The 
significance of nanogaps in influencing electromagnetic field intensity is widely acknowledged [48]. The substrate with a great deal of 
nanogaps around 10 nm can stimulate plenty of electromagnetic enhancement "hot spots", which greatly benefits the formation of 
LSPR effects. 

Energy dispersive x-ray spectroscopy (EDS) can provide us with qualitative and quantitative information about the components of 
material. In Fig. 3(a), we found that three elements (V, Ti and Ag) were distributed on the substrate and learned the atomic and mass 
percentages of each element. From the obtained EDS images (Fig. 3(b)–(d)), the three elements were uniformly distributed on the 
substrate and represented by different colors. 

Fig. 3. (a) The EDS spectrum of the SERS substrate; (b)–(d) EDS images of three elements V, Ti and Ag on the substrate, respectively.  
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3.2. Sensitivity and EF calculation of the Ag20@V–Ti20@DVD nanoarray 

Benefiting from a great quantity of uniform nanoparticle on the substrate and the efficient LSPR response around the narrow 10 nm 
nanogaps, our substrate demonstrated proficient trace detection for 4-ATP in various concentrations. Fig. 4(a) displayed the SERS 
spectra of the substrate under various concentrations of 4-ATP. At various concentrations, the characteristic peak position of 4-ATP 
molecule remains stable, and which can be distinctly identified even at 1 × 10− 10 M (Fig. 4(b)). Therefore, we believe that the 
LOD of the SERS substrate is 1 × 10− 10 M. As shown in Fig. 4(c)–a curve fitting analysis was conducted following the logarithmic 
transformation of both the Raman signal intensity at 1608 cm− 1 and the concentration of 4-ATP. The correlation between Log C and 
Log I is notably strong within the linear range. The excellent linear relationship indicated that the prepared SERS substrates have 
certain quantitative detection ability. 

A high EF indicates a strong enhancement of the signal, and thus EF can be regarded as an important indicator for evaluating the 
performance of substrates. We study the EF of the substrate according to the following formula [49]: 

EF=
ISers/NSers

IRaman/NRaman  

where ISers and IRaman are the Raman signal intensities of Ag20@V–Ti20@DVD SERS substrate adsorbed with 1 × 10− 7 M of 4-ATP 

Fig. 4. (a) SERS spectra on the optimal substrate enriched with 4-ATP solution; (b) SERS spectra of 1 × 10− 10 M 4-ATP absorbed on optimal SERS 
substrate; (c) Fitted curves for the Raman signal intensity and the 4-ATP concentration. 

Fig. 5. (a) SERS spectra for 10− 3 M 4-ATP collected at 6 random positions from the SERS sensor; (b) The Raman intensity of 4-ATP at 1141 cm− 1 

and 1439 cm− 1; (c) SERS spectra of 4-ATP solution at different spots on the SERS sensor; (d) SERS signal intensity (1141 cm− 1 and 1439 cm− 1) of the 
4-ATP (10− 3 M). 
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molecules and reference substrate (silica sheets enriched in 10− 2 M 4-ATP solution) at a certain characteristic peak, respectively. NSers 
and NRaman are the amount of 4-ATP molecules absorbed by laser spot on the substrate and the reference substrate, respectively. The 
NRaman/Nsers was obtained by the following equation [50]: 

N=
NA × M × VSoulution

SSub
× Slaser  

where NA is the Avogadro constant, M is the molar concentration of the 4-ATP, Vsolution is the volume of the 4-ATP solution, Slaser is the 
laser spot area and Ssub is the area of the 4-ATP solution adhered on substrate. The area of 4-ATP probe molecule solution on silica 
sheets was approximately 1.2 times that of 4-ATP solution on the SERS substrate. In addition, the Slaser was 0.785 μm2. Finally, the EF 
for our substrate at 1608 cm− 1 was 1.90 × 107. 

3.3. Reproducibility and uniformity of Ag20@V–Ti20@DVD substrate 

In addition to highly reliable sensitivity, achieving a high degree of reproducibility is of vital importance for the practicality of SERS 
substrates [51]. Hence, to assess the repeatability of the SERS substrate, SERS spectra were acquired using a 4-ATP solution at a 10− 3 M 
concentration. As shown in Fig. 5(a), SERS signals were collected from 6 randomly chosen spots on the SERS substrate. From Raman 
spectra, we can see that there is no obvious shift of the characteristic Raman lines, and the signal intensity does not fluctuate greatly, 
which indicated that the SERS substrate developed by us have a favourable reproducibility. In addition, we quantified the intensities of 
1141 cm− 1 and 1439 cm− 1 peaks at these 6 positions to determine the relative standard deviation (RSD). The formula below was 
employed to compute the RSD [52]: 

RSD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(Ii-I)2

n-1

√

I  

where n denotes the quantity of Raman spectra, Ii is the Raman signal intensity, and I represents the average Raman signal intensity. In 
Fig. 5(b), the change in signal intensity of the 1141 cm− 1 and 1439 cm− 1 peak were slight, and the RSD were 8.25 % and 12.92 %, 
respectively. This further confirmed that the prepared substrate possesses good reproducibility. 

Moreover, uniformity of the SERS signals is also evaluated by the randomly chosen 6 points on the Ag20@V–Ti20@DVD SERS 
nanoarray, in which the concentration of 4-ATP probe molecule is 10− 3 M. As shown in Fig. 5(c)–a 3D plot of the SERS spectra showed 
a very uniform Raman intensity for 4-ATP. The calculated RSD of the intensity from the 4-ATP bands at 1141 cm− 1 and 1439 cm− 1 are 
8.25 % and 11.81 %, respectively (Fig. 5(d)), further proving the remarkable uniformity of the SERS signals. These results suggested 
that the Ag20@V–Ti20@DVD SERS sensor with excellent sensitivity, good reproducibility, and uniformity is a suitable candidate for 
identification of TCM decoction. 

3.4. 3D-FDTD 

Due to the electromagnetic enhancement effect, we conducted 3D finite difference Time domain (3D-FDTD) simulations of the 
prepared substrates to understand the distribution of electromagnetic fields around the SERS substrate [53]. In order to simplify the 
model, we constructed a distribution of nanoparticles in a grating based on SEM images of Ag20@V–Ti20@DVD. As depicted in Fig. 6 
(a), the lower stratum consists of a V–Ti nanolayer, while the uppermost layer contains an Ag nanoparticle layer. The selected source 
for excitation was a plane light type, operating at a laser wavelength of 532 nm. K was the laser irradiation direction, E was the laser 
polarization direction. Fig. 6(b)–(c) depicted how the electromagnetic field was distributed across the model in the Y-Z and X–Y planes, 
in that order. It can be seen that there are numerous “hot spot” regions are distributed on the silver nanolayer, forming a strong 
electromagnetic field coupling. 

Fig. 6. (a) Model of Ag20@V–Ti20@DVD substrate; (b)–(c) the electromagnetic field distribution images of the substrate in the Y-Z plane and X–Y 
plane, respectively. 
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3.5. Detection of TCM decoction 

TCM decoctions are composed of a variety of single-flavor medicines. Understanding the relationship between the biochemical 
components of prescriptions and single-flavor medicines is of vital meaning to the development of TCM. In this study, SERS spectrum 
analysis was performed on two single flavor decoction (Zexie and Baizhu) and its compound decoction (ZXBZD), and the interaction 
between the single flavor decoction and compound decoction was discussed through the obtained spectral data. Fig. 7(a)-(c) showed 
the SERS spectrum of BZD, ZXD and ZXBZD, respectively. Fig. 7(d) displayed the SERS spectrum comparison of three kinds of TCM 
decoction. It can be found that the spectra of these three kinds of decoctions have the same signal peak at 1161 cm− 1 and 1598 cm− 1. 
Among these two simultaneous signal peaks, ZXBZD are not in the strongest position. This indicated that when Zexie and Baizhu were 

Fig. 7. (a)–(c) The SERS spectra of BZD, ZXD and ZXBZD, respectively; (d) The SERS spectrum comparison of ZXD, BZD and ZXBZD.  

Fig. 8. (a) SERS spectra of forsythin solutions; (b) Linear calibration curve between Raman signal intensity and 4-ATP concentration under log
arithmic conditions. 
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mixed and decocted, the two drugs acted on some biochemical components represented by 1161 cm− 1 and 1598 cm− 1, resulting in 
changes in the intensity of signal peaks, rather than the simple addition of intensity. In addition, the Raman signal peak of BZD at 1325 
cm− 1 also appeared in the spectrum of ZXBZD, and the intensity was larger than that of ZXBZD, indicating that this component acted 
with some components of Zexie during mixed decoction, thus increasing the intensity. The Raman signal peaks of 643 cm− 1 vibrational 
peak in the decoction of Zexie alone and the peak of 711 cm− 1 in the decoction of Baizhu alone as well as the Raman signal peaks of 
1294 cm− 1 which appeared in both the decoction of Zexie and Baizhu, which disappeared from the spectra of the ZXBZD. We suspected 
that it might be due to the interaction of certain components in the mixed decoction of two single-flavor medicines, resulting in the 
disappearance of that component. It is worth noting that due to the existence of frequency shift phenomenon, the intensity and position 
of Raman signal peak will change, and then the position of the same signal peak in different decoctions will be different. The study 
revealed the interaction between the single decoction and the prescription, which opens up a broad path for the further development of 
TCM. 

In addition, to demonstrate the effectiveness of this approach in analyzing traditional Chinese medicine, we used the SERS substrate 
for ultrasensitive identification of forsythin. Different concentrations of forsythin solutions were adhered to the Ag20@V–Ti20@DVD 
substrates and dried for SERS signal acquisition, as shown in Fig. 8(a). Noticeable were the distinct peaks of forsythin at 832 cm− 1 and 
1602 cm− 1, and with the diminish of forsythin concentration, the corresponding Raman signal intensity also showed a downward 
trend. When the concentration of forsythin solution was as low as 1 × 10− 7 g/l, its characteristic peaks remained noticeable. Fig. 8(b) 
showed the calibration curve of forsythin concentration at characteristic peak 832 cm− 1. Evidently, a robust linear correlation was 
observed between the intensity of the Raman signal and the concentration of forsythin following logarithmic analysis (y = 0.362x +
6.219, R2 = 0.8915). This strong linear correlation demonstrated the excellent quantitative detection capability of the substrate. A 
comprehensive comparison was made between our method and other research methodologies, as presented in Table 1. The results of 
the study indicated that the developed Ag20@V–Ti20@DVD SERS sensor achieved or surpassed international standards in key metrics 
such as LOD and linear range. 

3.6. Machine learning assisted TCM decoction identification 

TCM decoctions have complex components, in order to achieve accurate and reliable detection of complex components, a method 
using SERS connected with machine learning was proposed for the identification of TCM decoctions. Based on the SERS substrate, 
SERS spectra of TCM decoctions were acquired and analyzed using six machine learning models, that is, DT, NB and SVM with three 
forms of kernel functions. PCA reduced the data dimensionality while retaining most of the spectral information. The results of PCA 
were shown in Fig. 9(a), in which each TCM decoctions clustered around its internal centroid in three-dimensional space, with only a 
few data points dispersed. Then the data after PCA were entered into six classification algorithms for automatic identification. As 
shown in Fig. 9(b), the NB model has the best classification accuracy of 97.78 %. In addition to the NB model, the DT, linear kernel 
SVM, radial kernel SVM, and sigmoid kernel SVM algorithms also achieved high prediction accuracies, with accuracies of 88.89 %, 
92.22 %, 94.44 %, and 95.56 %, respectively, which are basically the same as the NB model accuracy. On the other hand, the 

Table 1 
The developed SERS method was compared with approaches documented in existing literature.  

Methods Linear Range (mg/l) LOD (mg/l) Real Sample Reference 

Fingerprinting approach 3.0–94.9 0.07 Shuang-huang-lian oral liquid [54] 
CZE 3.28–131.25 0.94 Forsythina suspensa [55] 
HPLC-DAD 16.6–415.0 0.09 Forsythina suspensa [56] 
LC-ESI-MS 0.04625-18.5 0.002 Forsythia Methanol Extract [57] 
SERS 10− 4-0.1 10–4 forsythin solution This work  

Fig. 9. Dimensionality reduction and classification of the TCM decoction Raman spectra obtained on the SERS substrate. (a) 3D plots of the 
principal component of TCM decoction; (b) Classification accuracies of six machine learning algorithms; (c) Evaluation indexes for classification of 
three TCM decoctions based on NB model. 
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polynomial kernel SVM algorithm had an accuracy of less than 50 %, which indicated that the algorithm performs poorly in the 
identification of the ZXBZD. Therefore, Fig. 9(c) further evaluated the performance of NB model. The remaining indicators of NB model 
were all above 90 %, showing good classification performance. 

In addition, the confusion matrix serves as a valuable tool to visualize the classification results of various classifiers and intuitively 
grasp their performance in sample classification. We gave the confusion matrix for each machine learning algorithm, as shown in 
Fig. 10. Among them, Fig. 10(a)–(c) and Fig. 10(e)-(f) showed the classification results for three TCM decoctions based on the DT 
model, linear kernel SVM model, radial kernel SVM model, polynomial kernel SVM model and sigmoid kernel SVM model, respec
tively. Compared with these classification models, the NB model had the best classification results, as shown in Fig. 10(d). The pre
diction accuracy of ZXD was 96.67 %, and the probability of 3.33 % was predicted to be ZXBZD when the three TCM decoction were 
judged. For BZD, 3.33 % of the samples from BZD were incorrectly classified as ZXBZD. Furthermore, the prediction accuracy of NB 
algorithm for ZXBZD was 100 %. The above study demonstrates the feasibility of our proposed SERS-based machine learning method 
for the identification of TCM decoction. 

4. Conclusion 

In summary, we designed and constructed a grating-like multi-level composite structure SERS sensor for identification of TCM 
decoction. V–Ti and Ag nanoparticles were attached to the polycarbonate substrate of the DVD disk by magnetron sputtering tech
nology, and the Raman signal was gradually amplified by adjusting the gap between the nanoparticles, which greatly improved the 
sensitivity of the prepared multi-level SERS sensor. Furthermore, the practicality of the substrate was also verified by the detection of 
ZXBZD. In addition, based on the spectrum data set of TCM decoction, we also introduced a machine learning algorithm to classify and 
identify TCM compound decoction and its single flavor decoction, and finally achieved a classification accuracy of 97.78 %. Our study 
provided a basis for the establishment of a multi-level SERS detection sensor, which was helpful to promote the detection and analysis 
of TCM decoction. 
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