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Abstract: In this study, star anise (Illicium verum) essential oils (SAEOs) were extracted by hydrodis-
tillation (HD), ethanol solvent extraction (ESE), supercritical CO, (SCD) and subcritical extraction
(SE) via electronic nose (E-nose), gas chromatography-mass spectrometry (GC-MS), and GC-ion
mobility spectrometry (GC-IMS). GC-MS and GC-IMS were used to identify the volatile compounds,
and GC-MS was also used to determine their concentrations. Principal component analysis (PCA)
and linear discriminant analysis (LDA) were used to visualise volatile compounds and differentiate
samples. The results showed that anethole and limonene were the main volatile compounds in
SAEOs extracted using the four methods and their components were similar, albeit in different pro-
portions. In addition, the fingerprints of their volatile components were established via E-nose and
GC-IMS analyses. In general, GC-MS, GC-IMS, and E-nose combined with PCA and LDA analysis
could accurately distinguish SAEOs extracted using different extraction methods, and GC-IMS was
identified as the most suitable method because of its accuracy and rapidity.

Keywords: star anise essential oils; GC-IMS; GC-MS; E-nose; fingerprint

1. Introduction

Star anise (Illicium verum) essential oils (SAEOs) are widely used in cosmetics, food
products, pharmaceuticals, and pesticides. They have effective antioxidant [1] and antibac-
terial [2] activities, prevent cancer [3], reduce inflammation [4], and repel insects [5]. The
main components of SAEOs are aromatic compounds and terpenes, which can be extracted
by hydrodistillation (HD), steam distillation, solvent extraction (SE), and supercritical fluid
CO, extraction. HD has a low extraction rate, high energy consumption, and a long extrac-
tion time [6]. Ahmed et al. [7] indicated that star anise water extract exhibited moderate
and selective cytotoxic effects against HepG2 cell lines compared with those of essential oil.
Solvent extraction not only requires a low temperature but also residual organic solvents [8].
Compared with HD and solvent extraction, critical extraction, which has a higher yield,
can protect the extract from thermal degradation and solvent pollution [9]. These methods
are widely used in the extraction of essential oils [10].

It has been reported that the bioactivity of essential oil is determined by its com-
position, which can be affected by extraction methods, solvent polarity, and extraction
conditions [11-14]. Marjoram essential oils containing 21% volatile oils extracted using
supercritical CO; (SCD) and those containing 9% volatile oils extracted using Soxhlet
ethanol showed significantly different antibacterial activities [15]. Glistic et al. [16] also
found that the carrot essential oils obtained by the supercritical extraction method exhibited
the strongest antibacterial effect against gram-positive bacteria, indicating that exploring
suitable methods to extract essential oils is necessary.

However, it is important to develop instruments with high sensitivity and speed for
analysing essential oils. Electronic nose (E-nose), as an intelligent system equipped with
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a series of chemical sensors, has high sensitivity and a rapid analysis speed [17]. Gas
chromatography-ion mobility spectrometry (GC-IMS) can also be used to characterise
volatile compounds because of its high sensitivity characteristic. Both are widely used to
discriminate between authenticity and adulteration because of their high sensitivity, rapid
analysis, low cost, and ease of construction [18-21]. Kalinichenko et al. [22] combined an E-
nose with chemometric approaches to distinguish between the authenticity and adulteration
of sausages with soy protein. E-nose and GC-IMS are suitable for characterising essential
oils extracted using diverse different extraction methods [23].

Different extraction methods are used for a variety of applications. However, the cost
performance greatly differs among essential oils that are extracted by different methods,
thereby causing adulteration in the market. The present study mainly focused on the
components and biological activities of essential oils extracted using different methods,
whereas there are few references for rapid discrimination. Moreover, there are no rapid,
low-cost techniques for the detection and quantitative assessment of essential oil products
to avoid different types of fraud in the essential oil industry. Therefore, it is necessary
to establish a rapid and highly sensitive method for detecting essential oils extracted
by different methods. In this study, E-nose, GC-mass spectrometry (MS), and GC-IMS
combined with principal component analysis (PCA) and linear discriminant analysis (LDA)
were used to evaluate SAEOs extracted by HD, ethanol solvent extraction (ESE), SCD, and
subcritical extraction (SE). This study aimed to establish the fingerprints of the volatile
components of SAEOs extracted by the four methods and allow the realisation of effective
quality control over adulterated or counterfeit essential oil products in the market.

2. Materials and Methods
2.1. HD

Dried star anise (70 g), which was obtained from Yulin City (Guangxi Province), was
crushed, sifted, and poured into 700 mL of water, followed by HD for 2.5 h after sieving.
The distillate was collected as the SAEO and stored at 4 °C for further use.

2.2. ESE

Star anise (100 g) was mixed with absolute ethanol (Damao Chemical Reagent Co., Ltd.,
Tianjin, China) at a ratio of 1:20 g/mL after crushing and sieving. The mixture was then
stirred at 25 °C for 3 h. The ethanol in the extractions was removed via rotary evaporation
at 50 °C and the obtained SAEO was kept at 4 °C after filtration.

2.3. SCD

Star anise (250 g) was crushed, sifted, and added to the reaction kettle for extraction at
50 °C and 20 MPa for 2 h with a CO, flow rate of 20 L/h. After 2 h of extraction, the SAEO
was obtained at 7 MPa and 40 °C and stored at 4 °C for further use.

2.4. SE

Star anise (100 g) was crushed and extracted with butane by using CBE-5L subcritical
equipment (Henan, China) at 0.5 MPa and 45 °C for 40 min. After extraction, the SAEO
was obtained and kept at 4 °C for further use.

2.5. E-Nose Data Acquisition

First, 2 mL of SAEO was placed into 40 mL headspace injection bottles. After 50 min,
gas samples of SAEO were collected from the headspace equilibrium sample at 20 °C.
Detection was performed at 25 °C. The parameters of the E-nose (PEN3, Germany) were as
follows: flush time, 80 s; measurement time, 100 s; zero-point trim time, 10 s; pre-sampling
time, 5 s; chamber flow, 450 mL/min; and initial injection flow, 300 mL/min. The aroma
characteristics of each sample were described by the response values corresponding to the
10 sensors as presented in Table 1.
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Table 1. Performance description of E-nose sensors.

Array No. Sensor Name Performance Description

S1 Wi1C Sensitive to aromatic benzene
Very sensitive to nitrogen oxides, especially negative to

S2 W5S . .
nitrogen oxides
S3 W3C Ammonia, sensitive to aromatic components
S4 We6S Mainly selective to hydrides
S5 W5C Short-chain alkanes, aromatic compounds sensitive
S6 WI1S Sensitive to methyls
S7 WI1W Sensitive to inorganic sulfides and terpenes
S8 W2S Sensitive to alcohols, aldehydes, and ketones
S9 W2W Aromatic ingredients, sensitive to organic sulfur compounds
S10 W3S Sensitive to long-chain alkanes

2.6. HS-Solid-Phase Microextraction-GC-MS Data Acquisition

The sample (1 g) extracted by HD was pre-treated by solid-phase microextraction
(SPME) using a 65 pm PDMS/DVB coating extraction head at 70 °C for 1.5 h, and the
SAEOs extracted by SCD, SE, and ESE were directly injected. The samples were then placed
in the injection port to allow desorption. The injection mode was non-shunt injection.

The GC—mass spectrometer was equipped with an Agilent 7890A (Agilent Santa Clara CA,
USA) coupled with an Agilent 5977B (Agilent CA, USA). An HP-5MS (60 m x 0.25 mm x 0.25 pm)
capillary chromatography column (Agilent) was used for separation with helium
(purity > 99.999%) at a flow rate of 1 mL/min. The linear temperature program was
as follows: the initial oven temperature was 50 °C and held for 3 min, then was increased
to 180 °C at a rate of 2 °C/min, and finally increased to 300 °C at 20 °C/min and held
for 10 min. The injector temperature was 250 °C and the shunt ratio was 120: 1. The
temperature of the four-stage rod was set at 150 °C. The ion source for MS detection was EI
in the positive mode at 70 eV at 230 °C. Mass spectra were obtained in the scan range of
29-550 amu.

2.7. GC-IMS Data Acquisition

A FlavourSpec from G.A.S. (Dortmund, Germany) and gas chromatography (Agilent
Technologies, Agilent, CA, USA) were used to obtain HS-GC-IMS data. First, 100 puL of
SAEQ was automatically injected in the splitless mode at 85 °C after hatching for 5 min.
The injection needle temperature was 85 °C and the IMS temperature was 45 °C. The
separation was carried out on an FS-SE-54-CB-1 (15 m x 0.53 mm ID: 0.53 mm) column at
40 °C. Nitrogen (99.99% purity) was used as the carrier gas and the linear pressure program
was as follows: 2 mL/min for 2 min, ramped up to 20 mL/min for 8 min, ramped up to
100 mL/min for 10 min, then, ramped up to 150 mL/min for 10 min, and held for 10 min.
Nitrogen was used as a drift gas at a flow rate of 150 mL/min. LAV software version
2.2.1 (Gesellschaft fiir Analytische Sensorsysteme mbH, Dortmund, Germany) was used to
collect the data.

2.8. Statistical Analysis

The results (mean =+ standard deviation (SD)) were analysed using Origin 2017, and
differences among mean values were compared by using one-way analysis of variance,
with p < 0.05 considered to be significant. Each assay was performed in triplicate and the
data are expressed as means £ SD. GC-MS data combined with PCA data were analysed
using SIMCA-P 11.

3. Results and Discussion
3.1. E-Nose Analysis Combined with PCA and LDA

PCA, as a pattern recognition method, can show the differences in the data [24]. The
larger the total variance of PCA, the better the original data reflect [25]. The stable response
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values at 80, 85, and 90 s of the SAEOs extracted by different methods in the E-nose were
collected for PCA. The PCA results for the response values at 80, 85, and 90 s showed that
the total variance of the sample was 98.51, 98.45, and 98.44%, respectively. The data of 80 s,
which best reflected the totality of the data, were selected as feature data, and are shown as
a radar map and column chart in Figure 1.
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Figure 1. (a) Column chart and (b) radar map of the E-nose of SAEOs extracted by different methods.

As shown in Figure 1a, the response values of 56 and S8 of the SAEOs extracted
by SCD and ESE were higher than those of SAEOs extracted by the other two methods,
whereas the response value of S2 in SAEOs extracted by SE was the highest. This may
be attributed to the high concentration of aromatic compounds, which could affect the
response values of different sensors [26]. Then, the eigenvalues of SAEOs extracted using
different extraction methods were analysed by PCA. In Figure 2a, the principal components
PC1 and PC2 represented 94.88% and 3.63% of the total variance, respectively, indicating
that they represent the whole sample. The SAEOs were divided into three types by E-
nose PCA analysis with ESE, SCD, HD, and SE, which was consistent with the results
shown in the E-nose radar diagram (Figure 1b). Interestingly, the SAEOs extracted by ESE
and CSD could be distinguished, whereas those extracted by HD and SE had a partial
overlap. According to the LDA analysis (Figure 2b), PC1 and PC2 represented 86.81% and
9.45% of the total variance, respectively, representing the entire sample [27]. The SAEOs
extracted by the four methods showed good separability and were classified into three
types based on the LDA diagram. The first type was HD, the second type was SE, and the
third type was ESE and SCD. It could be seen that the E-nose combined with LDA clearly
distinguished the SAEOs extracted by HD and SE, which constituted the SAEOs that PCA
could not distinguish. Generally, the E-nose combined with PCA and LDA could effectively
distinguish the SAEOs extracted by the four extraction methods.
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Figure 2. (a) PCA analysis of the E—nose of SAEOs extracted by different methods. (b) LDA of the
E-nose of SAEOs extracted by different methods.
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3.2. GC-IMS Combined with PCA

Figure 3 shows a top view of the SAEOs extracted using the four extraction methods
in a three-dimensional (3D) topographic map of GC-IMS with a blue background. The red
vertical line on the left represents the reactive ion peak, and each point on either side of
the reactive ion peak represents a volatile organic compound. The colour indicates the
concentration of the substances. White indicates a lower concentration and red indicates
a higher concentration. It can be seen that the change in the organic compounds was
significant with the retention time between 100 and 500 s. The difference in substance
composition was not obvious, but mainly manifested as a clear difference in the content.
The main compounds in SAEOs were as follows: 1 and 2, anethol; 3, alpha-terpineol; 4 and
6, terpinene; 5, linalool; 7, limonene; 8 and 9, 1-8-cineol (Figure 4). These results were
consistent with those of the GC-MS analysis in this study (Table 2).
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Figure 3. Top view of the GC-IMS 3D topographic map of the SAEOs extracted by different methods.
The longitudinal coordinate is the gas phase retention time, and the abscissa is the ion migration time
(drift time).

SAEO sample

2000

1500

1000

Measurement run (sec)

10 125 15 175
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Figure 4. Typical GC-IMS topographic map of SAEOs. The compounds of the SAEOs were labelled by
searching the GC-IMS map library. A compound can produce multiple signals (monomer, dimer, or
trimer), for example, 1 and 2 are anethole, and 1 is a monomer and 2 is a dimer. The whole spectrum
represents the headspace composition of the sample.

As shown in Figure 5, a characteristic map with 85 separate signals was obtained
using GC-IMS to analyse the volatile compounds of SAEOs extracted using different
methods. Each row in the picture represents a sample of essential o0il, consisting of all the
volatile organic signal peaks. Each column shows a signal peak for an organic compound
at the same retention time. SAEOs extracted using the four different methods showed
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significantly different amounts of compounds. The difference between the SE and the
other three SAEO methods was mainly reflected in the components with retention times
ranging from 100 s to 300 s, including 2-methylbutanal, acetate, hexanal, pentanal, hexanol,
1-pentanol, acetoin, 2-methylbutanol, 2-pentanone, 1-butanol, 3-methylbutanal, 2-butanone,
isobutanol, and butanal. The different components obtained through ESE compared to
those obtained from the other three SAEO methods were mainly 1-8-cineol, limonene,
gamma-terpinene, delta-3-carene, alpha-terpinene, alpha-pinene, alpha-phellandrene, beta-
pinene and myrcene. The different components obtained through SCD compared to those
obtained from the other three SAEO methods were mainly benzene and 2-3-butanedione.
The different components obtained through HD compared to those obtained through the
other three SAEO methods were mainly 5-methyl-2-furanmethanol, 2-furfural, isopropyl
acetate, and 4-methyl-2-pentanone. These results suggested that GC-IMS can effectively
characterise the differences in the volatile compounds of the SAEO extracted using different
extraction methods.

Table 2. GC-MS Analysis component diagram of SAEO extracted by different methods L

Relative Content (%)

No. RT Volatile Compounds

SCD1 SCD2 SCD3  SE1 SE2 SE3  ESEl ESE2 ESE3 HD1 HD2  HD3
1 1794 o-Pinene 02262 02252 02056 02508 02432 02516 02665 02662 02471 00378 0.0488  0.0351
2 2061 Sabinene 0.1316 01305 01207 01583 0.1554 0.597 0.0444 0.0439 00371 00152 0.0208 0.0151
3 2085 B-pinene 01022 00998 00954 00843 00835 00861 00802 00805 00766 00225 0.0276 0.0199
4 2175 Myrcene 0.0957 00926 00875 0.0941 00926 00944 00361 00358 00338 01388 01707 0.1214
5 2274 o-Pheéllandrene 00619 00609 00527 00629 00586 00619  NB NB NB 01447 01644 0.1166
6 2316 3-Carene 01816 0.1804 0.1681 0.1455 0.1414 01451  NB NB NB 02756 03411  0.2429
7 2361 a-Terpinene NB NB NB 00479 00408 00476 00533 00539 00331 NB NB NB
8 2418 p-Tsopropyltoluene 04281 04224 04065 04796 04758 04829 04122 04099 03989 00599 0.0854 0.0724
9 2449 Limonene 16351 1.6319 15697 16403 16372 1.6462 03603 03608 03482 32209 40603 29144
10 24.68 Cineole 08667 08615 08489 13102 13203 13099 12876 12835 12825 02516 02014  0.1494
11 2583 Ocimene 0.0350 00347 00329 00331 00325 00328 NB NB NB 00962 0.1046 0.0814
12 2665 ~y-Terpinene 00846 0086 00771 01768 01751 0.1784 02311 02291 02241 0.1284 0.1475  0.1063
13 2880 Terpinolene 0.0857 00841 00573 00549 00500 00550 0.0367 00367 00317 02039 02310 03181
14 2958 Linalool 06948 06918 07036 07599 07733 07618 07307 07287 07339 20035 22691  1.8145
15 2936 Methyl benzoate NB NB NB NB NB NB NB NB NB 00073 00101  0.0083

2-Cyclohexen-1-ol,

16 3189 ) Cihyld(lmethylethyl) NB NB NB NB NB NB 00177 00178 00195 00058 0.0068 0.0068
17 3295 d-Camphor 01159 01145 01171 00475 00463 00455 0.0887 0.0891 00897  NB NB NB
18 3358 1-Menthalone 02650 02584 02713 00795 00812 00825 00437 00456 00453  NB NB NB
19 33.83 Isoborneol 00331 00295 00277 NB NB NB NB NB NB NB NB NB
20 3434 Isomenthone 01273 01239 01239 00331 00347 00328 00210 0.0214 00230 NB NB NB
21 3490 1-Menthol 0.1623 01575 01657 0.0393 00445 00409 00200 0.0204 00221  NB NB NB
2 3528 4-Carvomenthenol 01367 01320 01329 02380 02475 02441 03247 03222 03277 03126 03373 03083
23 3621 o-Terpineol 0.0978 00954 0096 01177 01169 01166 01671 01673 01681 00618 0.0769  0.0846
24 3678 Estragole 33653 33606 33862 3.1184 3.1418 31212 29535 29516 29756  10.3447 10.9871 10.8927
25 39.65 Tsocyclocitral 0.0434 00399 00451 00222 00279 NB 00214 00203 00370 NB NB NB
26 40.71 Anisic aldehyde 07351 07237 07747 07405 07620 07390 07426 07375 07704 07630 09661  1.0304
27 4329 trans-Anethole 795530 79.8157 79.8653 81.5624 815230 815499 81.8324 81.7650 81.8207 79.4981 77.4656 78.7854
28 4414 Cinnamy! alcohol 00325 00313 00347 00324 00331 00342 00218 00226 00198 00056 0.0032  0.0050
29 4592  1-Methoxy-4-propylbenzene ~ NB NB NB NB NB NB NB NB NB 00042 0.0038  0.0054
30 4637 Chavicol 0.0371 00270 00252  NB NB NB 00228 00226 00237 00041 00041 0.0058
31 4722 Elemene isomer NB NB NB NB NB NB NB NB NB 00073 00062 0.0062
32 4771 Terpinyl acetate NB NB NB NB NB NB NB NB NB 00028 00026 0.0026
33 4833 4-sec-Butylanisole NB NB NB NB NB NB NB NB NB 00295 00516 0.0727
34 4870 Methyl anisate 0.0432 00416 00411 00432 00440 00431 00394 00389 00393 00173 00158 0.0176
35 4895 Copaene 01543 01477 01530 0.1404 01432 01430 01492 01244 01530 02514 0.1792 02015
36 49.15 Geranyl acetate 0.0360 00324 00352 0038 00377 00374 00412 00416 00436  NB NB NB
37 4932 4-Methoxyphenylacetone ~ 0.0931  0.0876  0.0855 00839 0.0844 00841 0.0864 00851 00855 03226 05156  0.6960
38 5035 B-Elemene NB NB NB NB NB NB NB NB NB 00075 00067  0.0067
39 5047 a'Ethyl"*;lrc‘f)gixybenzyl 00292 00239 00285 00194 00215 00205 NB NB NB 00063 00085 0.0116
40 51.00 Isocaryophyllene 00334 00321 00282 00243 00237 00243 00205 00213 00201 00173 00163 0.0162
41 5139 cis-a-Bergamotene 07506 07448 07509 07068 07149 07108 07536 0.7530 07506 04993 04646 0.4546
42 5183 Caryophyllene 03106 03076 03050 03319 03322 03312 03696 03742 03626 02432 02243  0.2228
43 5311 Cinnamyl acetate 0.0500 00407 0.0416 00406 0.0432 00407 00553 0.0547 00548 00158 00139 0.0154
44 5352 trans-a-Bergamotol NB NB NB NB NB NB NB NB NB 00060 0.0056 0.0060
45 53.72 Methoxypropiophenone NB NB NB NB NB NB NB NB NB 0.0085  0.0112  0.0162
46 5383 p-Farnesene 02317 02201 02205 01899 0.1939 0.1882 02087 02102 02047 01138 0.0388  0.1090
47 5395 «-Humulene 0.0551 00530 00531 00567 00578 00578 0.0453 0.0451 00447 00257 00253 0.0222
48 5463 Aromadendrene NB NB NB NB NB NB NB NB NB 00051 0.0034 0.0033
49 5581 Germacrene-d NB NB NB NB NB NB NB NB NB 00045 00048 0.0084
50 5636 Methyl isoeugenol 0.0807 00767 00793 00397 00415 00406 00369 00373 00365  NB NB NB
51 56.64 Ledene NB NB NB NB NB NB NB NB NB 00153 00139  0.0139
52 56.74 Bicyclogermacrene NB NB NB NB NB NB NB NB NB 0.0112  0.0092  0.0125
53 5699 «-Farnesene 01369 01320 01290 01229 01231 0.1247 01449 0.1461 01406 0.0297 00238  0.0253
54 5713 beta-Bisabolene 0.1663 01654 01640 01529 0.1546 0532 01822 01830 0.1817 00470 0.0419  0.0430
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Table 2. Cont.
Relative Content (%)
No. RT Volatile Compounds
SCD1 SCD2 SCD3 SE1 SE2 SE3 ESE1  ESE2 ESE3  HD1 HD2 HD3
55 57.61 gamma-Cadinene 0.0348 0.0302 0.0303 0.0287 0.0294 0.0277 0.0289 0.0284 0.0288 0.0114 0.0112 0.0144
56  58.12 delta-cadinene 0.0616  0.0602 0.0580 0.0584 0.0599 0.0583 0.0572 0.0578 0.0577 0.0211 0.0190  0.0209
57 5890 [1,24] Triazolo [1,5-a] 00689 NB 00675  NB NB NB 02019 02059 02324 NB NB NB
pyrimidin-7-ol,
2-Hydroxy-1-(4-
58  59.80 Methoxyphenyl) 0.0416 0.0404 0.0420 0.0313 0.0307 0.0311 0.0244 0.0257 0.0257 NB NB NB
propan-1-one
59 6031 Nerolidol 01520 0.1444 0.1422 01347 01354 0.1368 0.1465 01471 01462 0.0178  0.0150  0.0211
60 60.64 2'-Hydroxybutyrophenone 0.2376 0.2304 0.2347 0.1832 0.1845 0.1858 0.1456 0.1430 0.1399 NB NB NB
61 60.70 Methoxycinnamaldehyde NB NB NB NB NB NB NB NB NB 0.0071 0.0091 0.0018
62 60.82 1'(4'M;$;§£2§;y1"1’2' 06212 06132 04035 02672 00988 02650 03078 03070 0.1397 00472 0.1131  0.1704
63 61.43 Spathulenol 0.0634 0.0412 0.0125 0.0530 0.0524 0.0501 0.0134 0.0196 0.0249 NB NB NB
Foeniculin 1-(3-Methyl-2-
64 61.52 butenoxy)-4-(1-propenyl) 5.8688 5.9077 6.0217  4.9049 4.9528 4.9105 5.8656 5.8655 5.8826 0.1257 0.0991 0.1886
benzene
65 61.81 Caryophyllene oxide 0.0474  0.0384 0.0402 0.0358 0.0343 0.0315 0.0524 0.0479  0.0529 NB NB NB
66 65.77 alpha-Cadinol 0.1012 0.0906 0.0890 0.0755 0.0776 0.0769 0.0902 0.0910 0.0908 0.0038 0.0043
1(2H)-Quinolinecarboxylic
67  68.67 acid, 6-amino-3,4-dihydro-, 0.3873 0.3921 0.3893 NB NB NB 0.4398 NB 0.4383 NB NB NB
methyl ester
68  68.94 Farnesol NB NB NB 0.0167 0.0144 0.0146 00154 00161  0.0125 NB NB NB
69 7116 3,5-Dimethylthiophenol, NB NB NB 00507 00482 00509 00598  NB NB NB NB NB
S-trifluoroacetyl-
70 71.73 .(4—Methoxy—phenyl)—(2— 0.3327 0.3327 0.3397 0.3093 0.3067 0.3093 0.3509 0.3466 0.3413 NB NB NB
nitrocyclohexyl)-methanol
1 NB: the substance was not detected, RT: Retention time.
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Figure 5. Corridor diagram of volatile compounds of SAEOs extracted by four different methods.
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It was found that SAEOs extracted by different methods showed the same composition
but with different amounts, which was consistent with the results of GC-MS analysis
(Table 2). However, the GC-MS and GC-IMS results were quite different for specific relative
contents. The relative anethol content in GC-MS was greater than 80%, whereas that
in GC-IMS was approximately 50%. This could be attributed to the relatively low GC-
IMS threshold [28]. GC-IMS detected components that were not identified by GC-MS,
causing an increase in the total amounts, and the relative amounts of the main compounds
in GC-IMS were lower than those in GC-MS. The main component of SAEO is anethol,
which was consistent with the essential oils extracted using the four different methods.
However, the amounts of a-terpineol, terpinene-4-ol, linalool, gamma-terpinene, limonene,
1,8-cineoldelta-3-carene, xx-terpinene, x-phellandrene, myrcene, 3-pinene, o-thujene, and
a-pinene were lower in ESE. The amounts of 2-methylbutanal, acetone, hexanal, pentanal,
hexanol, 1-pentanol, acetoin, 2-methylbutanol, 2-pentanone, 1-butanol, 3-methylbutanal,
2-butanone, isobutanol, and butanal in SAEOs extracted by SE were higher than those
in SAEOs extracted by other methods. The ethanol, acetal, and ethyl acetate amounts of
SAEOs extracted by SCD and ESE were higher, whereas the isopropyl acetate and methyl
acetate amounts of SAEOs extracted by HD were higher than those of SAEOs extracted by
the other methods. These results are consistent with those shown in the corridor diagram
of the signal peak area in Figure 5. In general, the characteristic fingerprints of the volatile
compounds of SAEOs extracted by the four different methods could be established by
GC-IMS, which provides theoretical guidance for SAEO investigation.

Furthermore, GC-IMS data were analysed using the PCA analysis method. PC1 and
PC2, which represented 52% and 30% of the total variance, respectively, represented the
entire sample. The SAEOs extracted using the four extraction methods were independently
distributed and dispersed in the principal component space (Figure 6). These results
suggested that SAEOs extracted by the different methods can be effectively distinguished
through the combination of non-targeting feature markers and PCA.

@
3000 O HD
2000
e
S 1000
& SCD
(@)
(o] 0 + ®
@)
=™
-1000 ESE
SE Cg
2000
-4000 -3000 2000 -1000 0 1000 2000 3000 4000
PC1 52%

Figure 6. PCA scatter plot of pre-processed GC—IMS spectra for SAEOs extracted by four
different methods.

3.3. GC-MS Combined with PCA Analysis

Overall, 70 volatile compounds extracted using the four methods were identified and
quantified using GC-MS (Table 2). It was observed that the contents of 52 compounds
in SAEOs extracted by HD, ESE, and SE constituted 99.58 £ 0.08%, 99.47 £ 0.30%, and
99.43 £ 0.05% of the SAEOs, respectively. In addition, the content of 53 compounds of
SAEOs extracted by SCD was 99.51 & 0.03%. The main components were trans-anethole,
limonene, foeniculin 1-(3-methyl-2-butenoxy)-4-(1-propenyl) benzene, and anionic alde-
hyde, etc., which is consistent with the findings of Aly et al. [29]. The composition of
SAEOs extracted by HD was quite different from that of those extracted by other methods.
All components are shown as trace compounds. There were no significant differences
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among the components of SAEOs extracted using SCD, SE, or ESE, and the components
of SAEOs extracted by SCD were similar to those of SAEOs extracted by SE. The main
compound in SAEOs extracted by the four methods was anethole, the content of which
was greater than 80%. The limonene contents in SAEOs extracted by SCD and SE were
similar and were higher than that of in SAEOs extracted by ESE and lower than that of
in SAEOs extracted by HD, which is consistent with Sberveglieri et al. [30]. The amounts
of linalool and estragole in SAEOs extracted by HD were significantly higher than those
of linalool and estragole in SAEOs extracted by the other methods, while the amount of
foeniculin in SAEOs extracted by HD was lower than that in SAEOs extracted by the other
methods. The results indicated that the content and composition of SAEOs extracted by
HD were quite different from those of SAEOs extracted by the other three methods. The
content and composition of SAEOs extracted by ESE were also different from those of
SAEOs extracted by SCD and SE, whereas those of SAEOs extracted by SCD and SE were
similar. The relative content of each compound was used as the characteristic value for
PCA after standardisation. As shown in Figure 7, the total variance contribution of the
two principal components was 87.97%, which meant that it represented the entire dataset.
There was a high degree of polymerisation for SAEOs extracted by the same method and
a highly dispersed distribution for SAEOs extracted by different methods, revealing that
SAEOs extracted by different methods could be well distinguished.

m SCD A SE ¢ ESE ® HD
6
&
£ 3
0
<l
) - - 4
o
oW
-3
=
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-12 -8 -4 0 4 8
PC1 70.4%

Figure 7. The PCA diagram of GC—MS of the SAEOs extracted by the four different methods.

In addition, the distribution of 70 compounds was dispersed (Figure 8), indicating that
the SAEOs extracted by the four methods were similar in terms of chemical composition but
had different amounts of each compound. Meanwhile, the scattered points on the diagram
illustrate that the specific components used as the basis for discrimination could be deter-
mined from the volatile compounds of the SAEOs, which included peak 22 (tR = 34.90 min)
derived from 4-carvomenthenol and peak 23 (tR = 36.21 min) derived from «-terpineol.
PCA can compensate for the defects of GC-MS by quickly and conveniently determining the
characteristic substances of SAEOs extracted using different methods. Therefore, GC-MS
analysis combined with PCA analysis could be used to distinguish SAEOs extracted using
different extraction methods, which is in line with the findings of Dina et al. [31].
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Figure 8. The PCA analysis load diagram of GC—MS of the SAEOs extracted by the four
different methods.

4. Conclusions

In this study, SAEOs were investigated via E-Nose, GC-MS, and GC-IMS combined
with PCA and LDA, and the differences in the SAEO components were also determined.
Generally, combining E-nose with PCA could effectively distinguish SAEOs extracted by
ESE and CSD, while combining E-nose with LDA could accurately distinguish SAEOs
extracted by HD and SE. The results of GC-IMS and GC-MS indicated that the SAEOs
extracted using different methods could be effectively distinguished by combining non-
targeting feature markers with PCA analysis. Moreover, GC-MS and GC-IMS have satisfac-
tory discrimination, whereas E-nose and GC-IMS have the advantages of easy operation,
faster analysis speed, and low cost. Thus, it can be concluded that E-nose and GC-IMS
are more suitable for the discrimination of SAEOs, whereas GC-MS is more suitable for
the qualitative and quantitative analysis of essential oils. In this regard, the results could
provide theoretical guiding significance for further studies, which may include exploring
additional extraction methods, conducting quantitative analyses of key compounds, or
investigating the biological activities of the SAEOs extracted by different methods.
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