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Abstract: During ginseng selection, marketing promotion, and sales, it is imperative to
expeditiously differentiate the overall quality grades, identify the geographic traces and
determine the growth ages. This facilitates the selection of the most appropriate quality
grade for each product, thereby ensuring the most efficacious marketing strategy. In
this study, a new method is proposed and developed for the classification of ginsengs
with diverse geographical traceability and with various growth ages by combining an
electronic nose (E-nose) system and machine learning with Fourier-transform infrared
spectroscopy (FTIR) as a calibration technology. An investigation has been carried out to
discover the differences in the secondary metabolites and odor of three types of ginseng
with different geographic traceability and three growth ages of ginseng from the same
geographic traceability site. In the proposed method, five types of ginseng samples have
been successfully tested. The optimal Mean-SVM model combined with an E-nose system
classified ginseng samples with different geographic traceability and different growth
years with accuracies of 100% and 82% in the training and test sets, respectively. These
results have significant implications for ginseng’s geographic traceability, growth age
determination, and overall quality control. It is believed that the future implementation
of the proposed method would significantly protect the health and economic interests
of consumers as well as promoting the use of an E-nose in the market surveillance of
consumable products such as ginseng and other foods.

Keywords: ginseng; electronic nose; Fourier-transform infrared spectroscopy; geographic
traceability; growth years

1. Introduction

Panax ginseng C. A. Mey is a perennial herb in the family Araliaceae [1]. Ginseng is
renowned for its medicinal properties. The cultivation and processing of ginseng have a
long and extensive history, with records of its use dating back millennia [2]. Ginseng is a
botanical specimen that contains a variety of chemical components, including ginsenosides,
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volatile oils, polysaccharides, amino acids, lighans, and minerals [3]. Saponins represent
the predominant bioactive compounds in ginseng, with the capacity of impeding the
production of reactive oxygen species and nitric oxide, whilst concomitantly facilitating
blood circulation [4,5]. The pharmacological significance of ginseng has been confirmed
by previous studies. Different parts of ginseng contain hundreds of ginsenosides, which
have a variety of effects, including anti-inflammatory [6], anti-cancer [7], and anti-diabetic
properties [8]. The ingestion of ginseng by people on a daily basis has been demonstrated
to enhance immunity, improve resistance, and regulate physiological functions. Sathya et al.
conducted a differential analysis of total phenols, saponins, and other related substances in
ginseng samples from three different geographic traceability sites in northeastern China [9].
This analysis revealed significant variations among the ginseng samples, which were found
to be closely associated with their respective growing areas, growing environments, and
cultivation techniques. Furthermore, Dai et al. demonstrated that the ginsenoside content
in ginseng tends to accumulate gradually with the number of growth years [10]. Ginseng
undergoes significant changes in its active ingredient content, chemical activity, and efficacy
due to the specific growing environment and age of growth [11]. It is imperative that a
rapid and precise identification process be established for the geographic traceability of
ginsengs, as well as the growth years.

Previous studies have proved that the geographical traceability and growth years of
ginseng directly impact the main components of ginseng. Alkanes and alcohols are reported
to be the main volatile organic components (VOCs) in ginseng. The alkanes and alcohols
have been shown to increase with the increase in total saponins and crude polysaccharides,
which directly affected the release of alkanes and alcohols [12]. People often subjectively
classify ginseng by its aroma. Still, people’s sense of smell is mostly similar with the aroma
of ginseng, so they cannot distinguish it objectively and accurately, resulting in incorrect
judgment. Nowadays, there are well-established technical methodologies for analyzing the
geographic traceability and growth years of ginseng by saponins and phenols, the main
components of ginseng, including high-performance liquid chromatography (HPLC), gas
chromatography—-mass spectrometry (GC-MS), liquid chromatography—mass spectrometry
(LC-MS), Fourier-transform infrared spectroscopy (FTIR), and Raman spectra (Raman),
amongst others [13-15]. However, these methods are not widely used due to their reliance
on larger analytical instruments, high input costs, and cumbersome technical operations.
Among these methods, FTIR is currently one of the most popular detection techniques
used for the identification of ginseng due to its superior response in terms of sample iden-
tification and molecular structure analysis. Zhang et al. analyzed the differences in the
content of constituents between the fibrous roots and rhizomatous roots of ginseng using
FTIR and two-dimensional infrared correlation spectroscopy. The results demonstrated that
the calcium oxalate and starch contents of the rhizomatous roots varied with the number
of years of growth [16]. Han et al. successfully identified ginseng from 10 origins using
FTIR, second-order derivative spectroscopy (SD-IR) double-indexed sequence analysis
(DISA), and two-dimensional infrared correlation spectroscopy (2D-IR-COS) [17]. Despite
the evident benefits of FTIR in terms of cost and operational efficiency, it must be noted
that this method does not permit the execution of rapid and non-destructive detection.
Non-destructive testing has been of great interest for the identification of Chinese herbal
medicines such as ginsengs. The E-nose represents a recent innovation in detection tech-
nology, which has been developed for the purpose of emulating the mammalian olfactory
organ. This has been achieved by means of a combination of machine learning with quali-
tative and quantitative analysis of the detected gases [18]. Aunsa-Ard et al. conducted an
analysis of the aroma of coffee beans from different sources. This analysis was carried out
using an E-nose system combined with a principal component analysis (PCA) algorithm.
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The results of this study demonstrated that E-nose technology exhibited an excellent de-
tection ability in differentiating the aroma of coffees from varying altitudes and those that
underwent different processing and roasting processes [19]. Li et al. utilized a homemade
E-nose system in conjunction with pattern recognition to achieve 100% recognition accuracy
in the classification of six groups of morphologically similar herbs [20]. In the context of
ginseng selection and sale, it is imperative to expeditiously differentiate between overall
quality grades, identify geographic traceability, and determine the age of the ginseng. This
will ensure that the most appropriate grade is selected for each ginseng product, thus
facilitating the most effective marketing strategy. The employment of the E-nose system,
which boasts the advantages of rapid, non-destructive, and accurate detection, in the classi-
fication of ginseng quality is of great significance to the supervision of the Chinese herbal
medicine market.

In this study, five types of ginsengs with different qualities were analyzed: (1) The gin-
seng samples were identified by FTIR. (2) Volatile gases were collected from the ginseng by
an E-nose system. (3) The optimal model combined with the E-nose was selected to classify
the ginseng quality grade. The objective of this study was to establish a non-destructive,
precise, and objective method of distinguishing between the geographic traceability and
the age of ginseng by means of the E-nose system, and to provide a new detection means
for the supervision of the Chinese herbal medicines market.

2. Materials and Methods
2.1. Samples Selection and Preparation

The five types of ginseng samples were selected from three different production areas
in China, namely Ji’an, Jilin Province, Fu’song, Jilin Province, and Yunnan Province. The
basic environmental information of the three production areas are shown in Table 1. Five-
year-growth-age ginseng samples from three regions were used for analysis of different
geographic traceability. Among them, three different growth ages were collected for the
ginseng produced in Ji’an, namely less than 5 years, 8 years, and 10 years. The ginseng
samples are shown in Figure 1. Despite the differences in the overall appearance of some
samples, the experiment is still significant because consumers mostly buy ginseng products
that have been sliced or ground into powder. The ginseng samples were sliced and crushed
prior to assay preparation. The five different ginseng samples were used to facilitate FTIR
and E-nose detection. Each type of ginseng sample was divided into 30 servings (20 g per
serving) for E-nose detection, yielding a total of 150 datasets from the five ginseng varieties.
Furthermore, the samples were required to produce sufficient VOCs for E-nose detection
within a constrained timeframe. The samples were thoroughly washed, dried at 45 °C for
12 h, and then sealed for preservation. Detailed parameters for all five ginseng varieties are
provided in Table 2.
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Table 1. The basic environmental information of the three production areas.

Types Yunnan Fu’song Ji’an
Loneitude and latitude 97°31'-106°11' E 127°01'-128°06' E 125°34/-126°32' E
& 21°8’'-29°15' N 41°42'-42°49' N 40°52'-41°35' N
Soil (pH values) Yellow-red soil Dark-brown forest soil Dark-brown forest soil
P (pH 4.2-5.7) (pH 5.5-6.5) (pH 5.5-6.5)
Soil organic matter 55.40 g/Kg 34.79-93.00 g/Kg 26.33-58.17 g/Kg
Available phosphorus (AP) 41.69 mg/Kg 15.08-112.47 mg/Kg 54.55-204.59 mg/Kg
Climate Subtropical Monsoon W;.arm temperate W.'.arm temperate
continental monsoon continental monsoon
Annual sunshine duration 1000-2800 h 2021-2833 h 2021-2833 h
Annual precipitation 1085 mm 800 mm 800-1000 mm
Annual average 18.5°C 40°C 6.5°C

temperature

Samples with different geographic traceability

)

R1 (Yunan, 5 years) {e»
R2 (Fu’song, 5 years) = ’@‘ = 84 &V
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Figure 1. The ginseng samples used in this study.
Table 2. The parameters of the five types of ginseng samples.
Serial Geographic Number of .
Number Name Traceability Growth Years Servings Servings per
Panaxnotoginseng(Burkill)F.H. Chen
R1 ox C. H. Chow Yunnan 5 years 30 20g
R2 Panax quinquefolius L. Fu’song 5 years 30 20¢g
R3 Panax ginseng C. A. Mey. Ji'an 5 years 30 20g
R4 Panax ginseng C. A. Mey. Ji'an 8 years 30 20g

R5 Panax ginseng C. A. Mey. Ji'an 10 years 30 20g
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2.2. FTIR

In this study, the full chemical composition of the samples was determined by FTIR
spectra (IRAffinity-1, Shimadzu, Japan), which reflected the major secondary metabolites
of the ginseng samples. Before starting the experiment, the samples were dried and ground.
This was carried out to produce a powder form. Ginseng samples were dried in an oven at
45 °C for 4 h. For FTIR analysis, 0.015 g of dried sample was homogenized with 0.165 g
of KBr using an agate mortar and pestle. Grinding was performed rapidly (<2 min) to
achieve a fine powder with a particle size of <2 pm. The mixture was pressed into tablets
at a maximum pressure of 15 MPa, with a tablet permeability of 60-70% [21]. Spectral data
were acquired using the IRsolution software 1.50 (Windows operating system). A total of
32 scans were added in the 4000-400 cm ™! region with a FTIR spectral resolution of 4 cm L.
The samples were analyzed by observing the peaks in the FTIR spectra presented by the
relevant molecular structures of the samples.

2.3. E-Nose

To analyze the quality of ginseng, 20 g ginseng samples were weighed and placed in a
1 L glass container, which was then sealed with a plastic wrap. It was advised that the glass
be left to stand for a period exceeding 20 min to ensure the maintenance of a stable gas
balance within the beaker. Subsequently, zero gas (indoor air filtered by activated carbon)
was pumped into the cleaning channel, and the sensor was reset. The sampling frequency
was 100 Hz (100 digital points per second). The sampling time of each sample was 60 s, and
a total of 6000 digital points were collected per sample. According to previous studies and
analyses of VOCs in ginseng, a total of 91 compounds have been identified, belonging to
seven chemical classes: terpenes, acids, esters, alcohols, aromatic hydrocarbons, aldehydes,
and alkanes [22]. In order to obtain more data, an E-nose system consisting of an array of
32 MOS sensors each was selected for sampling. The E-nose system was developed by the
Key Laboratory of Engineering Bionics of the Ministry of Education, Jilin University, China.
For the experimental study, the process of sampling by the E-nose is shown in Figure 2. In
this study, the maximum value (Max), mean value (Mean), and wavelet transform (WT)
were utilized for the purpose of feature extraction from the E-nose response data.

2.4. Data Processing and Analysis

FTIR spectral data were processed using Origin 2021 software. Inter-sample differences
were evaluated using the Spearman correlation coefficient analysis, chosen for its robustness
with non-parametric spectral data distributions. The E-nose response data were analyzed
using the R programming language (version 4.2.3) for feature extraction and pattern
recognition. To objectively establish the ginseng grade identification model, the 150 datasets
were randomly split into training and test sets. The training set was designed to encompass
sufficient samples to reflect data diversity, while the test set consisted entirely of unseen
data to ensure unbiased model evaluation [1]. Accordingly, an 80:20 split (training/test)
was adopted. Additionally, 40 datasets were allocated as a validation subset for subgroup
analysis, enabling further assessment of the model’s classification accuracy. Furthermore,
the accuracy of ginseng grade differentiation was visualized using confusion matrix plots.
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Figure 2. The process of sampling by the E-nose.

3. Results and Discussion
3.1. FTIR Spectra Analsis

The FTIR spectra analysis shows that ginsengs with different geographic traceability
and varying years of growth generally have similar peaks. An analysis of the spectrum
revealed the presence of numerous common absorption peaks at 3395 cm™!, 2928 cm !,
1640 cm~!, and 1039 cm~!. Infrared spectral data were processed using three sequential
methods: (1) Savitzky—Golay smoothing (38 window points, 2nd-order polynomial) to
reduce instrumental noise and enhance the signal-to-noise ratio [23,24]; (2) baseline cor-
rection to eliminate instrumental artifacts and optimize the spectral response [25]; and
(3) maximum-value normalization to standardize the intensity while preserving the original
data distribution, facilitating inter-dataset comparisons [26]. Figure 3a,c illustrate the effects
of these preprocessing steps compared to raw spectra. FTIR spectra of ginseng samples
from three different geographic traceability sites after spectroscopy data pretreatments
are shown in Figure 3a. FTIR spectra of ginseng samples from three different growth
years after spectroscopy data pretreatments are shown in Figure 3c. It is believed that the
peak at 3395 cm ! is attributed to O-H stretching and may be influenced by amides in the
polysaccharides and proteins of ginseng [27]. Similarly, the peak at 2928 cm ™! is attributed
to the formation of asymmetric stretching of the -CHj- group, which may be influenced
by the fatty acids and triterpenoids present in ginseng [28]; the peak at 1640 cm ! is at-
tributed to the bending vibration of N-H, a process that may be influenced by the amide
in ginseng [29], and the peak at 1039 cm ! is attributed to the vibrational stretching of
C-C-O or C-C-OH bonds, which is indicative of the presence of alcohols in ginseng [30].
The intensity of the characteristic peaks of ginseng samples with different geographic
traceability sites exhibited variation. In contrast, the intensity of the characteristic peaks of
ginseng with varying years of growth from the same geographic traceability site remained
constant. This may be because the samples from different growth years originate from the
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same geographic traceability site, and the growth years of each ginseng sample were not
widely spaced, at 5, 8, and 10 years. The disparities in absorption peaks are not evidently
discernible in Figure 3c. Further analysis of the infrared spectral data is required. Spearman
correlation analysis revealed the significant variations in infrared spectral acquisition data
for ginseng samples with varying geographic traceability and growth years [17]. The
results of the Spearman correlation analysis are demonstrated in Figure 3b,d. The results
of the Spearman correlation coefficient analysis of three ginseng samples from different
geographic traceability sites are shown in Figure 3b. The results of the Spearman correlation
coefficient analysis of three ginseng samples with different growth years are shown in
Figure 3d. Ginseng samples with different geographic traceability and growth years were
found to vary significantly in terms of FTIR spectral analyses (*** p < 0.001).

(a) (b) 1
R1 R1 0.99 0.99 07
03
@
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©
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]
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< 0.3
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T T T T T T N o ,b
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Figure 3. FTIR spectral analysis and Spearman correlation of ginseng samples: (a) processed FTIR
spectra of geographically distinct samples; (b) Spearman correlation matrix of geographic variants;
(c) processed FTIR spectra of different growth-year samples; (d) Spearman correlation matrix of
growth-year variants.

3.2. E-Nose Singal Analysis
3.2.1. E-Nose Response Data Analysis

The radar maps of the E-nose response data processed using three different feature
extraction methods are shown in Figure 4. The radar maps of ginseng samples with different
geographic traceability are shown in Figure 4a—c, and the radar maps of ginseng samples
with different growth years are shown in Figure 4d—f. According to the interaction principle
of the MOS sensors in the E-nose system, the higher the concentration, the greater the
intensity of the sensor’s response [31]. It can be concluded that different ginseng samples
may contain different concentrations of certain aromatic volatile components.
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Figure 4. The radar maps of the E-nose response data subsequent to processing by three different
feature extraction methods: (a—c) the radar maps of ginseng samples with different geographic
traceability; (d—f) the radar maps of ginseng samples with different growth years.

In view of the radar map analysis, it is necessary to analyze the behavior of different
types of sensors for the purpose of identifying the aroma of ginseng. As is illustrated in
Figure 4, the response of the 32 MOS sensors is observed to undergo a change within 60 s
of the ginseng odor being sampled and introduced into the E-nose. The 32 MOS sensors are
described in detail in Table 3. While the behavior of the sensors appears to be analogous in
general, notable disparities emerge in the curves and intensity levels exhibited by specific
sensors, e.g., S2, S6, 510, 514, 517, 522, S30, S31, and S32. Both differences and similarities
in the volatile compounds of different ginseng samples indicate that they possess similar
compounds, such as sesquiterpenoids, aromatic compounds, and organic acids, albeit
in various concentrations [32]. As is illustrated in Figure 4a—c, a clear distinction in the
responses of sensors S2, 530, S31, and S32 is evident, with the ginseng sample R2 exhibiting
the most pronounced intensity of response. It has been demonstrated that S2 exhibits
heightened sensitivity to hydrocarbons; S30 and S32 demonstrate increased sensitivity to
aromatic hydrocarbon compounds; and 531 demonstrates heightened sensitivity to organic
solvents. As is illustrated in Figure 4d—{, the sensor response value of S6, S10, S14, 517,
and S22 increased with the age of the sample growth. The response values are shown in
Table 4. It has been demonstrated that S6, S14, and S22 exhibit a heightened sensitivity
to aromatic hydrocarbon compounds; conversely, S10 and S17 demonstrate a heightened
sensitivity to organic solvents. It is noteworthy that all of the aforementioned sensors
demonstrate sensitivity to organic compounds. Therefore, an explanation can be posited
for the variation in sensors performance from two perspectives. Firstly, the concentration
of organic compounds, especially aromatic hydrocarbon compounds, increased with the
number of years of ginseng growth. This suggests that the ginseng samples have relatively
the lowest levels of R3. Secondly, it can be hypothesized that older-aged ginseng samples
may contain elevated levels of terpene compounds. The utilization of sensor detection
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ranges as a methodology for the determination of the geographic traceability and growth
age of ginseng is feasible by predicting the alterations in the concentration and class of
aromatic hydrocarbon compounds.

Table 3. Detailed description of 32 sensors.

Serial Number  Sensor Model Main Detection Object Sensitivity Marker
S1 TGS2612 Alkanes, propane, n-Butane 400-1000 ppm Figaro, Japan
S2 TGS2611 Alkanes 500-10,000 ppm Figaro, Japan
S3 TGS2620 Alkanols, organic solvent 50-5000 ppm Figaro, Japan
S4 TGS2603 Food odor (amines and sulfur-containing) 1-10 ppm Figaro, Japan
S5 TGS2602 VOCs, ammonia, hydrogen sulfide, etc. 1-30 ppm Figaro, Japan
S6 TGS2610 Propane, n-Butane 500-10,000 ppm Figaro, Japan
S7 TGS2600 Hydrogen, alcohol, etc. 1-30 ppm Figaro, Japan
S8 GSBT11 VOCs, HC, organic compounds 0.1-10 ppm Ogam, Korea
S9 MS1100 VOCs, aldehydes, benzene compound 5-1000 ppm Ogam, Korea
S10 MP135 Hydrogen, alcohol, carbon monoxide 10-500 ppm Winsen, China
S11 MP901 Alcohol, aldehydes, benzene compound, etc. 10-1000 ppm Winsen, China
S12 MP-9 Carbon monoxide, alkanes 50-1000 ppm Winsen, China
S13 MP-3B Alcohol 0-500 ppm Winsen, China
S14 MP-4 Alkanes, biogas 300-10,000 ppm Winsen, China
S15 MP-5 Combustible gas 300-10,000 ppm Winsen, China
S16 MP-2 Propane 200-10,000 ppm Winsen, China
S17 MP503 Alcohol, aldehydes, benzene compound, etc. 1-1000 ppm Winsen, China
S18 MP801 Aldehydes, benzene compound, etc. 0.5-1000 ppm Winsen, China
519 MP905 Aldehydes, benzene compound, etc. 0.5-1000 ppm Winsen, China
520 MP402 Alkanes 300-1000 ppm Winsen, China
S21 WSP1110 NO, 0.1-10 ppm Winsen, China
522 WSP2110 Alcohol, aldehydes, benzene compound, etc. 1-50 ppm Winsen, China
523 WSP7110 Hydrogen sulfide 0-50 ppm Winsen, China
S24 MP-7 Carbon monoxide 50-1000 ppm Winsen, China
525 TGS2612 Alkanes, propane, n-Butane 400-1000 ppm Figaro, Japan
526 TGS2611 Alkanes 500-10,000 ppm Figaro, Japan
S27 TGS2620 Alkanols, organic solvent 50-5000 ppm Figaro, Japan
528 MP-3B Alcohol 0-500 ppm Winsen, China
529 MP702 Ammonia gas 0-100 ppm Winsen, China
530 TGS2610 Propane, n-Butane 500-10,000 ppm Figaro, Japan
531 TGS2600 Hydrogen, alcohol, etc. 1-30 ppm Figaro, Japan
532 TGS2618 Propane, n-Butane 500-10,000 ppm Figaro, Japan

Table 4. The sensor response values.

Feature Samples S6 S10 S14 S17 S22

R3 0.16510 0.05524 0.05035 0.26764 0.06683

Max R4 0.17487 0.05585 0.05463 0.28230 0.06775
R5 0.17639 0.05768 0.05493 0.28687 0.06805

R3 0.15815 0.49686 0.04483 0.25899 0.06202

Mean R4 0.16832 0.05061 0.04777 0.27470 0.06268
R5 0.16996 0.05245 0.04843 0.27677 0.06308

R3 0.01334 0.00414 0.00376 0.02166 0.00514

WT R4 0.01425 0.00423 0.00412 0.02287 0.00529
R5 0.01427 0.00441 0.00430 0.02315 0.00530

3.2.2. Pattern Recognition Analysis

The analysis of E-nose response values for various ginseng samples indicates the
potential for the E-nose sensors to predict the concentrations of certain key terpene con-
stituents. This study proposes and develops an optimal model for predicting geographic
traceability and the growth ages of ginseng by comparing the combination of three pattern
recognition and three feature extraction methods: support vector machine (SVM), k-nearest
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neighbor (KNN), and artificial neural network (ANN). Three pattern recognition methods
were employed for electronic nose data analysis:

e  Support vector machine (SVM): constructs optimal separation of hyperplanes by
maximizing inter-class margins [33]

e  K-nearest neighbor (KNN): classifies samples based on majority voting among K most
similar training instances (Euclidean distance metric) [34]

e  Artificial neural network (ANN): nonlinear statistical model mimicking biological
neural networks to capture complex input-output relationships [35]

The results of each model used to predict different ginseng samples with geographic
traceability are shown in Table 5. The Mean-KNN is the optimal model with 100% and
96% for the training and test sets, respectively. The findings of each model utilized to
predict ginseng samples from diverse growth years are presented in Table 6, with Max-
KNN emerging as the optimal model with 100% and 82% for the training and test sets,
respectively. The results of each model used simultaneously for predicting ginseng samples
with different geographic traceability and different growth ages are shown in Table 7, with
the Mean-SVM as the optimal model, with 100% and 82% for the training set and test set,
respectively. The matrix plot of the optimal model used for prediction is shown in Figure 5.
The Mean-KNN model matrix for predicting different traceability is shown in Figure 5a.
The Max-KNN model matrix for predicting different growth years is shown in Figure 5b.
The Mean-SVM model matrix diagram used to predict different traceability and growth
years is shown in Figure 5c. With regard to the E-nose pattern recognition results, the
ginseng samples with different geographic traceability levels are the best predicted, with a
correctness rate of close to 100%. The prediction of ginseng samples from different growth
years in the same geographic traceability site is 82%. This phenomenon may be attributed
to the observation that ginseng samples with different geographic traceability levels exhibit
significantly divergent aroma concentrations. However, ginseng from different growth
years, originating from the same traceability site, exhibited analogous volatile gases and a
negligible variation in concentration, despite the presence of divergent concentrations of
volatile odors. Nonetheless, following the findings of the analyses conducted, the hypothe-
sis proposing the utilization of an E-nose to predict various geographic traceability and
growth years is corroborated. The presence of discrepancies in volatile terpenoids among
ginseng samples exhibiting differing geographic traceability and growth years indicates
that terpenoids are the primary factor contributing to the differentiation of these samples.

Table 5. The results of each model used to predict the ginseng samples of different geographic traceability.

Feature Model Train (ACC %) Test (ACC %)

SVM 100 93

Max KNN 99 97
ANN 58 56

SVM 98 91

Mean KNN 100 96
ANN 86 79

SVM 100 88

WT KNN 100 92

ANN 94 84
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Table 6. The results of each model used to predict the ginseng samples of different growth ages.

Feature Model Train (ACC %) Test (ACC %)

SVM 98 78

Max KNN 100 82
ANN 36 33

SVM 98 80

Mean KNN 91 82
ANN 84 71

SVM 85 71

WT KNN 100 78
ANN 80 76

Table 7. The results of each model used to predict the ginseng samples of different geographic
traceability and different growth years.

Feature Model Train (ACC %) Test (ACC %)

SVM 100 81

Max KNN 93 86
ANN 96 76

SVM 100 82

Mean KNN 91 84
ANN 98 80

SVM 100 75

WT KNN 100 78
ANN 69 61
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Figure 5. Confusion matrix of the optimal model for the classification of different ginseng grades:
(a) Mean-KNN model matrix for predicting different geographic traceability; (b) Max-KNN model
matrix for predicting different growth years; (c) Mean-SVM model matrix diagram used to predict
different geographic traceability and growth years.
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4. Conclusions

A new method has been proposed and developed for the classification of ginsengs
from various geographic traceability sites and with various growth ages by combining an
E-nose system and machine learning with FTIR spectroscopy as a calibration technology.

It has been found that the volatile organic compounds of ginseng are primarily ter-
penes, alcohols, esters, and aromatic hydrocarbon compounds. The analysis reveals that
terpenoid concentrations could serve as a means of differentiating and predicting different
geographic traceability and growth ages through the sensitive gases corresponding to
the sensors.

The experimental results demonstrate the following;:

(1) FTIR spectroscopic analysis revealed significant differences in secondary metabo-
lites among ginseng samples from different geographic origins and growth years,
validating our sample selection rationale;

(2) E-nose radar plots visually distinguished sensor response patterns across ginseng
varieties;

(8) Classification models achieved optimal performance with the following;:

e Mean-KNN (96% accuracy) for geographic origin differentiation
e Max-KNN (82% accuracy) for growth year discrimination
e  Mean-SVM (82% accuracy) for combined geographic traceability /year analysis

In conclusion, the integration of Mean-SVM with an E-nose constitutes a methodology
that can be employed for the classification prediction of the presence of different geographic
traceability and different growth years in ginseng samples. Given the complexity of
traditional testing, the cost of testing, and the accuracy of the results, it is believed that the
use of an E-nose is a viable method for determining the different geographic traceability
and different growth years of ginseng.
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