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Abstract: The quality of myrrh decoction pieces can be influenced by factors such as origin, source,
and processing methods. The quality of myrrh in the market varies greatly, and adulteration is
a serious issue, highlighting the urgent need for improved quality control measures. This study
explores the integration of GC-MS analysis and sensor selection in electronic nose technology for
the improved classification of myrrh decoction pieces. GC-MS analysis revealed the presence of
130 volatile compounds in the six myrrh samples, primarily composed of alkene compounds, and each
sample exhibited variations in composition. An electronic nose system was designed using a sensor
array consisting of six sensors selected from twelve sensors capable of detecting volatile compounds
consistent with myrrh composition, including WO3 quantum dots, Fe,O3 hollow nanorods, ZnFe;O4
nanorods, SnO, nanowires, and two commercially available sensors. The sensors exhibited distinct
response patterns to the myrrh samples, indicating their suitability for myrrh analysis. Various
sensor parameters, including response, response and recovery time, integral area, and slope, were
computed to characterize the sensors’ performance. These parameters provided valuable insight into
the sensor—gas interactions and the unique chemical profiles of the myrrh samples. The LDA model
demonstrated high accuracy in differentiating between the myrrh types, utilizing the discriminative
features captured by the sensor array, with a classification accuracy of 90% on the testing set. This
research provides a comprehensive evaluation method for the quality control of myrrh pieces and a
scientific basis for the development and utilization of myrrh.

Keywords: myrrh; electronic nose; GC-MS; sensor selection; LDA algorithm

1. Introduction

Myrrh is the dry resin from Commiphora myrrha Engl. or Commiphora molmol Engl,
which grows in arid regions of the Middle East, Africa, and Asia [1]. Myrrh has been widely
used in traditional medicine for thousands of years for its anti-inflammatory, analgesic,
antimicrobial, and antioxidant properties [2,3]. In traditional Chinese medicine, myrrh
has been used to treat various conditions, including abdominal pain, dysmenorrhea, and
traumatic injuries [4]. In China, the annual demand for myrrh exceeds 3000 tons, as
it is primarily used as a raw material for traditional Chinese medicine in the field of
orthopedics [5]. Vinegar Myrrh is commonly included in prescriptions at outpatient
pharmacies. In the herbal market, myrrh is sold in different grades based on criteria, such as
impurities, total ash content, and levels of volatile oil, with significant price differences [6,7].
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However, many factors affect the intrinsic quality of myrrh. These include the inor-
ganic and trace elements present in the plant’s growth soil, the harvesting time, processing
methods at the origin, and storage techniques, all of which have a significant impact on
the volatile components [8]. The quality of myrrh in the circulating market varies greatly,
and the prevalence of adulteration contributes to serious counterfeit issues, highlighting
the urgent need to improve its quality control indicators [9]. Therefore, it is necessary to
identify and standardize the different types of myrrh.

Myrrh is a complex mixture of volatile and non-volatile compounds, and different
types of myrrh often possess distinct volatile gases. Therefore, the differentiation of myrrh
can be achieved by detecting these volatile gases [10-12]. Sensory evaluation is subjective
and experience-based, which limits its reliability. Currently, several analytical methods, in-
cluding high-performance liquid chromatography (HPLC), gas chromatography (GC), and
mass spectrometry (MS), have been used to identify and quantify the chemical components
of myrrh [13-15]. However, these methods require complex sample preparation and can be
time-consuming and expensive.

Recently, electronic nose (e-nose) technology has emerged as a promising alternative
for identifying and characterizing complex mixtures of volatile compounds [16,17]. E-nose
technology is based on an array of sensors that detect and discriminate between different
volatile compounds based on their unique odor profiles. E-nose technology has been
successfully applied in various fields, including food, environmental monitoring, and
medical diagnosis [18-20]. However, due to the unclear composition of the volatile gas
in myrrh, it is necessary to try various gas sensors and ultimately choose sensors that
have a high response to myrrh. This inevitably leads to the blind selection of electronic
nose sensors [21-23]. Therefore, determining the volatile components of myrrh through
techniques like gas chromatography-mass spectrometry (GC-MS) analysis and selectively
choosing sensors for the electronic nose based on the results will contribute to improving
the accuracy of electronic nose recognition [24,25].

This paper aims to utilize e-nose technology in conjunction with GC-MS analysis to
identify and classify different types of myrrh samples. A sensor array consisting of six
sensor types, including WO3 quantum dots, Fe,O3 hollow nanorods, ZnFe,O, nanorods,
5nO; nanowires, and two commercially available sensors, was constructed to develop the
e-nose system. By analyzing four characteristic parameters of the sensor response curve,
namely sensitivity, response and recovery time, integral area, and slope, this study seeks to
achieve effective discrimination among the six myrrh samples. The Linear Discriminant
Analysis (LDA) algorithm was employed to enhance the differentiation capabilities of
the e-nose system. This investigation demonstrates the feasibility of e-nose technology
in identifying and standardizing different myrrh types, offering a novel approach for
the quality evaluation and standardization of myrrh. The findings have the potential to
revolutionize the quality assessment and standardization of myrrh, providing a valuable
contribution to the field of traditional Chinese medicine.

2. Experimental Section
2.1. Preparation of Myrrh

The myrrh was purchased from Jiangxi Guhan Refined Traditional Chinese Medicine
Pieces Co., Ltd. (Nanchang, China). It includes Somali gum myrrh, Somali natural myrrh,
grade A Kenyan natural myrrh, and grade B Kenyan natural myrrh. Purified raw myrrh
was taken, and the drugs were poured into a frying container, which was then used to fry
them with mild fire until the drugs smoked and became slightly melted. Then, a certain
amount of rice vinegar was evenly sprinkled on the drugs’ surface, and they were fried
with mild fire until a greasy luster was shown. After that, they were quickly taken out and
spread out to air in order to become dry. By following this process, vinegar-treated myrrh
could be obtained. By vinegar-treating the myrrh from both Kenyan grades, a total of six
types of myrrh pieces were obtained: Somali gum myrrh, Somali natural myrrh, grade A
Kenyan natural myrrh, grade B Kenyan natural myrrh, grade A Kenyan vinegar-treated
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myrrh, and grade B Kenyan vinegar-treated myrrh. They were respectively named as
Myrrh-1, Myrrh-2, Myrrh-3, Myrrh-4, Myrrh-5, and Myrrh-6. The pictures of six types of
myrrh are shown in Figure 1. Although different types of myrrh have different colors, it is
difficult to accurately identify each type of myrrh based solely on its color. The variation in
color can be influenced by factors such as the origin, age, and processing methods of the
myrrh samples. Therefore, a comprehensive analysis of the volatile compounds present in
the myrrh samples is necessary to understand the differences in their volatile gases and
potential medicinal properties.

Myrrh-4

Figure 1. Pictures of six types of myrrh.

2.2. GC-MS Analysis Procedure

The six types of myrrh samples were analyzed using a gas chromatography—mass
spectrometry (GC-MS) system to determine the volatile gas components of each sample.
Firstly, dry block-shaped myrrh was crushed into powder, and then 50 g of each type of
myrrh was weighed and sealed in a glass bottle and stored at room temperature for further
GC-MS testing. Myrrh volatile gases were extracted using solid-phase microextraction
(SPME). The SPME fiber was exposed to the headspace of myrrh samples for 30 min and
then desorbed in the GC injector for analysis. The GC-MS analysis was performed on
an Agilent 7890A GC system coupled with a 5975C mass selective detector. Helium was
used as the carrier gas with a flow rate of 1.0 mL/min. The GC temperature was initially
held at 50 °C for 2 min, then increased to 300 °C at a rate of 10 °C/min and held for
10 min. The injection temperature was 250 °C, and the injection volume was 1 pL. The
mass spectrometer was operated in electron ionization (EI) mode with an ionization energy
of 70 eV. The scanning range was from 30 amu to 350 amu. The identification of the volatile
compounds was performed using the National Institute of Standards and Technology
(NIST) Mass Spectral Library and verified by comparing the retention times and mass
spectra with authentic standards.

2.3. Sensor Array Fabrication

Substrate Preparation: The sensor substrate was purchased from Winson (Zhengzhou,
China). The substrate was first cleaned with a mixture of acetone and isopropyl alcohol,
followed by rinsing with deionized water and drying with nitrogen gas.

Sensor Deposition: The detailed preparation methods for these materials can be found
in the Supplementary Information. The sensor materials, including WO3; quantum dots,
Fe,O5 hollow nanorods, ZnFe,O, nanorods, and SnO, nanowires, were deposited on the
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prepared substrates by the spin-coating method. TGS2610 and TGS2620 sensors were
purchased from Figaro (Tokyo, Japan).

Sensor Configuration: The six sensors were arranged in a regular pattern on the
substrate to form the sensor array. The spacing between the sensors was optimized to
ensure proper sensing performance.

2.4. Electronic Nose Measurement

The electronic nose system used in this experiment was a self-made portable electronic
nose. The schematic diagram of the electronic-nose-testing myrrh system is shown in
Figure 2. It consists of a suction pump, a sensor chamber, a circuit board, and a computer.
The electronic nose and the computer are connected via a wireless local area network
(WLAN) signal, and software is used to obtain the resistance values of each sensor. The
sensor chamber contains six semiconductor sensors, including four self-made metal oxide
sensors and two commercially available sensors. The sensor array was placed in a sensor
chamber, and a fixed volume of myrrh volatile gas was pumped into the chamber using
a pump. The schematic of the sensor array consisting of six sensors is shown in Figure
S1. The resistance value changes of the six sensors were recorded and analyzed using the
dedicated software provided by the manufacturer.

Computer

Gasin

b ™ » - - 1

Myrrh-1 M;/rrh-z Myﬂh-S My;rh-4 M)-;rrh-S Myfrh-6

Figure 2. Schematic diagram of the electronic-nose-testing myrrh system.

2.5. Characterizations

Film morphologies and structures of WO3 quantum dots, FepO3 hollow nanorods,
ZnFe;O4 nanorods, and SnO, nanowires were characterized using various analytical tech-
niques. Scanning electron microscopy (SEM) was performed using an FEI Model Sirion
200 microscope, while high-resolution transmission electron microscopy (HRTEM) was
conducted using a JEOL-2100 microscope operating at 200 kV. The crystallographic informa-
tion and phase identification of the four samples were obtained through X-ray diffraction
(XRD) analysis. XRD patterns were collected using a diffractometer (MAXima_XXRD-7000,
Shimadzu, Japan) with Cu K« radiation. The analysis of the diffraction patterns allowed for
the determination of the crystal structure and the presence of any preferred crystallographic
orientations in the samples. X-ray photoelectron spectroscopy (XPS) measurements were
conducted using an AXIS ULTRA instrument.

3. Results and Discussion
3.1. GC-MS Analysis Results of Myrrh Volatile Gases

The GC-MS analysis of the six myrrh samples provided valuable insights into the
composition of volatile compounds present in each sample. As shown in Table S1, a
total of 130 compounds were detected, including alkenes, alkanes, alcohols, aldehydes,
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ketones, esters, and ethers. Among them, the volatile compounds of six myrrh sam-
ples are mainly composed of alkene compounds, accounting for over 85% of the total
volatile compounds. Alkene compounds mainly include beta-Bourbonene, Germacrene
D, beta-copaene, alfa-Copaene, and gamma-Muurolene, among other compounds. Alka-
nes, alcohols, aldehydes, ketones, esters, and ethers account for less than 15% of the total
volatile compounds, and their composition and content vary among the six myrrh sam-
ples. Interestingly, the composition and content of volatile compounds varied among
the six myrrh samples. This indicates the presence of significant differences in the spe-
cific compounds detected in each type of myrrh. For instance, the main components of
Somali gum myrrh are trans-alpha-Bergamotene, beta-Bourbonene, Cyclohexane, and
Germacrene D, while the main components of Somali natural myrrh are Naphthalene,
1,2,3,4,4a,5,6,8a-octahydro-4a,8-dimethyl-2-(1-methylethenyl)-, Cyclohexene and Germa-
crene D. The main components of grade A Kenyan natural myrrh are Cyclohexene and
alfa-Copaene, while the main components of grade B Kenyan natural myrrh are Ethylene ox-
ide and Cyclopental1,3]cyclopropall,2]benzene. The main components of grade A Kenyan
vinegar-treated myrrh are Ethylene oxide and 1H-Cyclopental1,3]cyclopropa[l,2]benzene,
while the main components of grade B Kenyan vinegar-treated myrrh are (1R)-2,6,6-
Trimethylbicyclo[3.1.1]hept-2-ene and 2-methyl-5-(1-methylethyl)-. The total ion chro-
matograms (TIC) of six myrrh samples are displayed in Figure 3. The comprehensive
GC-MS analysis highlights the complexity and diversity of volatile compounds in myrrh
samples from different origins and qualities. These variations in composition provide a
basis for distinguishing between different types of myrrh and emphasize the importance
of quality assessment in traditional Chinese medicine. It can be observed that the TIC of
Myrrh-5 and Myrrh-6 within the time range of 4-8 min are noticeably different from other
types of myrrh. This is attributed to the utilization of distinct processing techniques for
Myrrh-5 and Myrrh-6, resulting in the generation of a higher amount of volatile gases.
This characteristic also facilitates further differentiation through the use of an electronic
nose [26,27].
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Figure 3. Total ion chromatograms of volatile substances in six types of myrrh.

3.2. Sensor Selectionof Gases for Electronic Nose

According to the GC-MS results, the volatile components of myrrh consist of alkenes,
alkanes, alcohols, aldehydes, ketones, esters, and ethers. In order to identify and classify
myrrh effectively, we conducted a study using twelve sensors to analyze the gas-sensing
response characteristics to ethanol, acetone, formaldehyde, ethylene, and their mixed
gas samples. Table 1 summarizes the main components and applications of each sensor.
However, it is important to note that the data presented in Table 1 do not represent the
actual measured responses of the twelve sensors (51-512) to the target gases. The purpose
of Table 1 was to demonstrate the potential capabilities of the sensors in detecting a range
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of volatile compounds, including alkenes, alkanes, alcohols, aldehydes, ketones, esters,
and ethers. These compounds are relevant to the volatile components found in myrrh
and are indicative of their potential use for myrrh detection. This initial investigation
aimed to determine the preliminary response characteristics of the sensors toward the
volatile components of myrrh. The results are presented in Figure S2 and Figure S3. The
sensors exhibited a decrease in resistance when exposed to reducing gases. This behavior
is characteristic of n-type semiconductors, where exposure to reducing gases leads to the
release of trapped electrons and an increase in the number of free charge carriers, resulting
in a decrease in resistance. It is evident that all twelve sensors exhibited noticeable gas-
sensing responses to the four standard gases, as well as the mixtures of ethylene and ethanol,
ethylene and acetone, and ethylene and formaldehyde. Moreover, these responses varied
in sensitivity, with the sensors showing higher sensitivity towards the mixed gas samples.

Table 1. Application and sources of twelve sensors.

No. Sensor Target Gas Manufacturer
S1 TGS2611 Methane Figaro
S2 MP-4 Methane, Natural gas Winson
S3 MP-7 CcO Winson
S4 Fe,O3 Ethanol, Ethylene, Propylene Self-made
S5 TGS2610 Propane, Butane Figaro
S6 TGS2620 Ethanol, VOC Figaro
S7 SnO, Ethylene, Propylene, Alkene, VOC Self-made
S8 MP-5 Liquefied gas, Natural gas Winson
S9 ZnFe; Oy Ethanol, Formaldehyde, Acetone Self-made

S10 WSP2110 Toluene, Formaldehyde, benzene Winson

S11 TGS2618 Propane, Butane Figaro

Ethanol, Ethylene, Propylene,
s12 WO;3 Form}e]ﬂ dehyde y Self-made

Subsequently, we explored the calculation of sensor array accuracy using the LDA
algorithm. As depicted in Figure 4a, the process for determining the detection accuracy
of the sensor array using the LDA algorithm was established. Each sample was cyclically
selected as the validation set, while the remaining samples served as the training set. By
predicting the results for each sample, the recognition accuracy of the sample group was
obtained. Based on the calculated accuracy, a method for selecting the optimal sensor array
was devised, as shown in Figure 4b. This process involved randomly selecting six sensors
from the initial pool of twelve sensors and obtaining their response data to ethanol, acetone,
formaldehyde, ethylene, and their mixed gas samples. The recognition accuracy was then
computed for this specific sensor combination. The process was repeated with another set of
six sensors, ensuring it differed from the previous combination. The recognition accuracy of
this new combination was calculated and compared with the previous combination. If the
recognition accuracy of the new combination was higher, the data of the new combination
were retained for further comparison. Conversely, if the recognition accuracy was lower,
the data of the previous combination were retained for comparison with the next set of six
sensors. This iterative process covered all 924 combinations of the six sensors, systematically
evaluating their recognition accuracies. The objective was to identify the combination with
the highest recognition accuracy among all the tested combinations. At the conclusion of
the process, the recognition accuracies of all combinations were compared to determine
the combination with the highest accuracy. This particular combination represents the
optimal sensor array for myrrh classification using an electronic nose system. Based on our
analysis, the optimal sensor array consists of WO3 quantum dots, Fe,O3 hollow nanorods,
ZnFe;O4 nanorods, SnO, nanowires, TGS2610 and TGS2620 sensors, with a recognition
accuracy of 94%. While LDA was chosen for the current study;, it is important to note that
other methods, such as principal component analysis (PCA), can also be employed for
dimensionality reduction and feature extraction. PCA is another popular technique used to
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transform the original feature space into a lower-dimensional space while retaining most of
the variance in the data. However, in this study, LDA was deemed sufficient for achieving
the desired classification accuracy.

(@) [ Input N data ] (b) [ Accuracy_max=0 ]
l Number of sensor combinations M =0

[ Select the i-th data ]

Select 6 out of 12 ]
i=1

Sensors combination times M+1

$ [ Calculate recognition accuracy ]
NO

—

YES
Recognition accuracy Train the remaining AAccuracy> .
(Correct/N) N-1 data ccuracy_max

Predict
whether the
i-th data is
correct?

NO
[ Correct+1 ]—

YES

[ Accuracy_max=Accuracy ]

[ Output Accuracy_max ]

Figure 4. (a) The process for determining the detection accuracy of the sensor array using the LDA
algorithm. (b) The process for selecting the optimal sensor array.

To investigate their theoretical mechanisms for detecting volatile gases in myrrh
from a microscopic perspective, we conducted characterization analysis on four types
of nanomaterials. Figure 5 shows the microstructure characterization of these sensing
materials using SEM and TEM. The results demonstrate that these materials exhibit well-
defined nanostructures such as quantum dots, hollow nanorods, nanorods, and nanowires.
Their grain sizes are all within the nanoscale range. These unique nanostructures play a vital
role in enhancing the response of the gas sensors. The enhanced response can be attributed
to two key factors: the large specific surface area of the nanomaterials, which provides an
increased number of active sites for gas interactions, and the nanoscale dimensions, which
facilitate efficient carrier transport properties [28,29].

To assess the crystallinity of the four nanomaterials, we performed X-ray diffraction
(XRD) tests, as shown in Figure 6. The characteristic diffraction peaks of all the samples
were consistent with that of the cubic WO3 (JCPDS no. 46-1096), «-Fe,O3 (JCPDS No.
33-0664), ZnFe,O4 (JCPDS No. 22-1012), and SnO; rutile structure (JCPDS 88-0287). The
positions and intensities of the diffraction peaks were compared with standard reference
cards, confirming the materials’ well-defined crystalline structure. The characteristic
peak positions were found to be consistent with the known crystallographic planes of the
respective materials. The XRD results indicated high crystallinity, as evidenced by the sharp
and well-defined diffraction peaks. The high crystallinity of the nanomaterials is crucial for
their stability and suitability as gas-sensing materials. The well-defined crystal structure
provides a stable framework for the adsorption and interaction of gas molecules, leading to
enhanced sensing performance. Moreover, the presence of specific crystallographic planes
contributes to the materials’ selectivity and sensitivity toward target gases. Additionally, an
XPS analysis was conducted on the SnO, nanomaterial as an example (Figure S4). Due to
the similarity in the XPS results of these four materials in terms of oxygen species, we chose
to focus on the XPS analysis of SnO, as a representative example of this study in order to
avoid redundancy and unnecessary duplication. The XPS spectrum exhibited a significant
peak at 532.1 eV, indicating the presence of a considerable number of oxygen vacancies.
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This observation aligns with previous research suggesting that the formation of oxygen-
vacancy defects in metal oxides increases their selectivity towards alkenes, resulting in a
higher response to alkenes [30-32]. Therefore, in this study, WO3; quantum dots [33], Fe; O3
hollow nanorods [34], ZnFe,O4 nanorods [35], SnO, nanowires [36], as well as TGS2610
and TGS2620 sensors were selected as the sensors for the electronic nose system, and they
were respectively renamed as Sensor-1, Sensor-2, Sensor-3, Sensor-4, Sensor-5, and Sensor-6.

20N » :

Figure 5. Microstructures of sensing materials: (a) WO3 quantum dots, (b) Fe,O3 hollow nanorods,
(c) ZnFe;O4 nanorods, and (d) SnO, nanowires.

Furthermore, we also investigated the sensing mechanisms of selected sensors to-
wards myrrh volatile atmospheres, primarily comprising alkenes. We focus on SnO; as
an example, considering that WO3, Fe;O, ZnFe;O4 and SnO; are all n-type metal oxide
semiconductors. As depicted in Figure 7, when metal oxides are exposed to ambient air, Op
molecules adsorb onto the material’s surface and capture electrons from SnO;, resulting
in the formation of depletion layers and an increase in resistance. This process can be
described by the following adsorption reactions [37,38]:

O, (ads) + e~ — Oy~ (ads) €))

O, (ads) +2e~ — 20~ (ads) 2

However, when SnO; was exposed to alkenes, which serve as reducing gases, electrons
transferred from the adsorbed oxygen species to SnO,, leading to a reduction in the
depletion layer’s size and, subsequently, decreasing the resistance. The specific reactions
between the reducing gases and oxygen species can vary depending on the type of alkene
but are generally expressed as follows:

Alkene (ads) + O~ = H, O+ CO, + e~ 3)

Alkene (ads) + 207 — H,O + CO, + 2e™ 4)
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Figure 6. XRD spectra of (a) WO3 quantum dots, (b) Fe;O3 hollow nanorods, (c¢) ZnFe;O4 nanorods,

and (d) SnO; nanowires.
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Figure 7. Sensing mechanism of metal oxides to alkenes using SnO; as an example.

In these reactions, alkenes act as reducing agents, facilitating the transfer of electrons
from adsorbed oxygen ions (O, ~ and O™) back to the SnO; lattice. As a result, the quantity
of oxygen ions in the depletion layer decreases, reducing its thickness and allowing higher
current flow through the material [39]. This reduction in the depletion layer size leads to
lower resistance values. These phenomena play a crucial role in the gas-sensing mechanism
of metal oxide materials, enabling their application in the detection of myrrh volatile gases.

3.3. Results of Electronic Nose Analysis of Myrrh Volatile Gases

This paper aimed to investigate the response of six sensors when exposed to different
myrrh samples and to evaluate the classification performance of the LDA model based on
sensor parameters [40]. The analysis focused on the changes in sensor resistance values,
the computation of various sensor parameters, and the effectiveness of the LDA model in
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classifying the myrrh samples [41-43]. The experimental results demonstrated a significant
decrease in sensor resistance values when exposed to myrrh volatile gases, indicating a
responsive behavior of the sensors toward the volatile components released by the myrrh
samples. This response can be attributed to the interaction between the sensing materials of
the sensors and the volatile compounds present in the myrrh samples. The response curves
of the six sensors to the six myrrh samples are shown in Figure 8. The initial resistance
values of the six sensors (WOj; quantum dots, Fe;O3 hollow nanorods, ZnFe,O4 nanorods,
SnO; nanowires, and TGS2610 and TGS2620 sensors) are as follows: 420 kQ), 222 k(Q),
316 k), 541 kO, 107 kO, and 161 k(), respectively. They revealed distinct patterns of
response for each sensor-sample combination.

24 24 24
(a) Myrrh-1 (b) Myrrh-2 (C) Myrrh-3
20 20 20
[} Sensor-1 ] — Sensor-1 o — Sensor-1
2 - ) 2 — Sensor-2 2 — Sensor-2
§ 16 — Sensor-2 §_ 16 Sensor-3 é 16 Sensor-3
2 Sensor-3 @ — Sensor-4 0 — Sensor-4
Q12 — gensor-é o 12 Sensor-5 2 12 Sensor-5
= ensor- = =
— S -6 —— Sensor-6
8 8 — Sensor-6 8 8 ensor 8 8
c c c
[} @ @
D4 ;ﬂ Dy !é S\s D4
0 0 0
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S — Sensor-6 S — Sensor-6 S — Sensor-6
o 8 o 8 o 8
c c c
o @ @
D4 Dy D4
0 0 0 -
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160
Time (s) Time (s) Time (s)

Figure 8. The response curves of the six sensors to the different myrrh samples. (a) myrrh-1,
(b) myrrh-2, (¢) myrrh-3, (d) myrrh-4, (e) myrrh-5, and (f) myrrh-6.

Among the six sensors, Sensor-4 exhibited the highest response to myrrh samples 1, 3,
4,5, and 6, while Sensor-1 showed the highest response to myrrh sample 2. Furthermore,
it was observed that each sensor exhibited different response values to different myrrh
samples, highlighting the feasibility of using these six sensors as components of an elec-
tronic nose system for myrrh analysis. This sensor specificity can be attributed to variations
in sensor composition, surface properties, and other factors that influence the interaction
between the sensors and the volatile gases.

To further analyze the sensor responses, several parameters were computed for each
sensor-sample combination, including response, response and recovery time, integral area,
and slope. As shown in Figure S5, the response was defined as the ratio of sensor-resistance
change to the concentration of myrrh volatile gases. Response time was defined as the time
taken by the sensor to reach 90% of the maximum resistance change, while recovery time
was defined as the time taken to recover to 10% of the maximum resistance change. The
integral area was calculated by integrating the area under the response curve of the sensor
to the myrrh volatile gases. The slope refers to the slope of the response curve during the
response process when the resistance changes rapidly to a steady state. The analysis of the
response curves and parameters provided valuable insights into the characteristics of the
myrrh samples and the performance of the sensor array.

As shown in Figure 9, we conducted statistics on four parameters. The results indicated
significant variations in the sensitivity and integral area among the six sensors for the six
myrrh samples. These variations suggest differences in the detection capabilities of the
sensors and the extent of interaction between the sensors and the volatile gases emitted by
the myrrh samples. Among them, the observed differences in the response values of the
sensors to different myrrh samples indicate the presence of distinct volatile components in
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each sample. This suggests that the sensor array is capable of capturing and distinguishing
the unique chemical profiles of the myrrh samples. The computed response values reflected
the sensors’ ability to detect changes in the concentration of volatile gases released by
the myrrh samples. The significant variations in response among the sensors for the
different myrrh samples imply that certain sensors may be more sensitive to specific volatile
components present in the samples. This highlights the importance of utilizing a sensor
array to obtain a comprehensive and selective response to the complex mixture of volatile
compounds emitted by myrrh. The response and recovery times provide information
about the dynamic behavior of the sensors. The shorter response and recovery times
indicate faster detection and restoration of the baseline resistance values, respectively. The
variations in these time parameters among the sensors may be attributed to differences in
the interaction mechanisms between the sensor materials and the volatile components of the
myrrh samples. The integral area, which represents the cumulative response of the sensors
over time, was found to exhibit significant changes among the sensors for the different
myrrh samples. This suggests that the integration of the response curves provides valuable
information regarding the overall magnitude and duration of the sensor’s response to the
volatile components. The variations in the integral area indicate differences in the release
and persistence of the volatile compounds in the myrrh samples. Additionally, the slope of
the response curve offers insight into the rate of change of the sensor’s resistance over time.
Variations in the slope among the sensors for the different myrrh samples may indicate
differences in the kinetics of the chemical reactions occurring at the sensor surface.

25
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Figure 9. Changes in (a) sensor response, (b) sum of response time and recovery time, (c) integration
area, and (d) slope of the six sensors when exposed to different types of myrrh volatile gases.

Based on the comprehensive analysis of these parameters, it can be concluded that the
sensor array demonstrated excellent discriminative capabilities for the six myrrh samples.
The variations in sensitivity, integral area, and other parameters indicate the distinct
chemical compositions of the myrrh samples and the ability of the sensor array to capture
these differences.
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3.4. Classification of Myrrh Samples Using LDA

To achieve the classification of the six myrrh samples, we employed LDA using the
two parameters extracted from the response curves of the six sensors: sensitivity and
integral area. The LDA technique is a powerful statistical method commonly used for
pattern recognition and classification tasks. Before applying LDA, we preprocessed the
data by normalizing the sensitivity and integral area values to ensure that each parameter
contributes equally to the classification process. This normalization step eliminates any
biases that may arise due to differences in the measurement scales of the parameters.

The myrrh dataset was randomly divided into training and testing sets. The training
set was used to construct the LDA model, while the testing set was employed to evaluate the
model’s classification accuracy. During the LDA model construction, the algorithm aimed
to find a linear combination of the sensitivity and integral area parameters that maximized
the separation between the different myrrh classes [44,45]. This linear combination, known
as the discriminant function, was derived by calculating the covariance matrix of the
training set and the means of the parameters for each myrrh class.

After obtaining the discriminant function, it was applied to the testing set to classify the
myrrh samples. The LDA model assigned a class label to each sample based on its position
relative to the decision boundaries defined by the discriminant function. The classification
accuracy was determined by comparing the assigned labels with the true labels of the
testing set [46]. As shown in Figure 10, a scatter plot in a plane rectangular coordinate
system was drawn by the LDA algorithm. The results indicate that data points of the same
type of myrrh exhibit compact distribution, while the interfaces between different types of
myrrh are distinct. The LDA model demonstrated precise classification of the six myrrh
samples, achieving a classification accuracy of 90% on the testing set. This indicates that the
LDA algorithm effectively discriminates myrrh samples of different origins and qualities,
demonstrating its capability for the accurate classification of myrrh. Our analytical method
offers portability, cost-effectiveness, and rapid analysis for evaluating myrrh decoction
pieces. In comparison to the electronic nose (e-nose) and GC-MS, our method provides
accurate and reliable results without sacrificing efficiency. It eliminates the need for complex
sample preparation and reduces analysis time, making it more cost-effective. Overall, our
method addresses industry demands by providing a practical solution for on-site myrrh
quality evaluation.
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Figure 10. LDA classification diagram of six myrrh.

The success of the LDA model can be attributed to the distinct response patterns
exhibited by the sensor array in the electronic nose system towards the volatile gases
emitted by the myrrh samples. The sensors’ sensitivities and integral areas captured
the unique characteristics of each myrrh type, enabling the LDA model to effectively
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separate and classify them. It is important to note that the classification performance of
the LDA model depends on the quality and representativeness of the training data. In
this study, we ensured the inclusion of a diverse range of myrrh samples in the training
set, encompassing variations in origin and quality. This approach helped the LDA model
learn the discriminative features of each myrrh type and generalize well to classify unseen
samples in the testing set. The successful classification of myrrh samples using the LDA
model underscores the potential of electronic nose technology for the quality assessment
and differentiation of traditional Chinese medicines. By leveraging the distinctive response
patterns of the sensor array, combined with advanced statistical techniques like LDA, we
can establish reliable and accurate methods for the identification and quality control of
myrrh and other herbal products.

Further research can explore the optimization of the LDA model by incorporating
additional parameters or employing more advanced machine-learning algorithms. Addi-
tionally, the expansion of the dataset to include a broader range of myrrh samples from
different sources and qualities would enhance the robustness and generalizability of the
classification model. In brief, our research introduces a novel approach by combining an
electronic nose system, sensor array optimization, and LDA algorithms for myrrh analysis.
The optimization of the sensor array and the utilization of the Linear Discriminant Analysis
algorithm contribute to the originality of our approach. This study addresses the need for
objective and rapid methods in myrrh quality assessment, offering valuable insights for
the field.

4. Conclusions

In conclusion, this study successfully integrated GC-MS analysis and sensor selection
in electronic nose technology for improved quality analysis of myrrh decoction pieces.
The GC-MS analysis revealed the presence of various volatile compounds in myrrh, with
alkene compounds comprising the majority. By calculating the recognition accuracy, six
out of twelve sensors were selected as the sensor array for the electronic nose system.
By analyzing sensor parameters such as response, response and recovery time, integral
area, and slope, valuable insights were obtained regarding the characteristics of the myrrh
samples and the sensor—gas interactions. The LDA model successfully classified the myrrh
samples based on the sensor parameters, with a classification accuracy of 90% on the testing
set, highlighting its effectiveness in differentiating between different types of myrrh. The
results indicate the potential of electronic nose technology in the quality assessment and
differentiation of traditional Chinese medicines, including myrrh. Overall, this study con-
tributes to advancing electronic nose technology in traditional Chinese medicine analysis
and quality control.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors11070396/s1, This supplementary provides further
details regarding the preparation method of WO3 quantum dots, Fe;O3 hollow nanorods, ZnFe,O4
nanorods, and SnO, nanowires. The schematic of the sensor array consisting of six sensors (Figure S1).
Dynamic response curves of twelve sensors to ethanol, acetone formaldehyde, and ethylene (Fig-
ure S2). Dynamic response curves of twelve sensors to three types of mixed gases (Figure S3). XPS
spectra of O 1s are also provided in Figure S4. Schematic diagram of sensor parameters is shown in
Figure S5. Six myrrh components tested by GC-MS are summarized in Table S1.
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