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Agarwood is a precious aromatic plant which has good pharmacological effects
such as antidepressant and sedation. It also has good ornamental and collection
value. However, due to it is long and complex production process, the output of
agarwood essential oils (AEOs) is scarce, so the price is expensive, the quality is
uneven, and the adulteration events is endless. From the commercial and
pharmaceutical point of view, the authenticity and quality of the commercial
products labeled as AEOs is very important. This paper tested the applicability of
Raman spectroscopy combined with chemometrics in classification and
authenticity identification of AEOs. In this study, Raman spectroscopy and
principal component analysis (PCA) combined with partial least square
discriminant analysis (PLS-DA) were used to comprehensively evaluate AEOs
from different geographical origins and/or extracted by different methods
which showed different characteristic bands. The characteristic component
of AEOs, chromone derivatives, and two commonly used adulterants were also
detected. These characteristic bands provide spectrum information of AEO
samples and reference materials, which can be used as Raman spectral markers
for the qualitative identification of AEOs. This study can provide a novel, fast and
convenient method for identification of AEOs.
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1 Introduction

Agarwood is a precious aromatic plant and has been used as
a traditional medicine in China and Southeast Asian countries.
Volatile oils are the main effective substances of the agarwood,
and their characteristic components include sesquiterpenes, 2-
(2-phenylethyl) chromone derivatives and agarofurans. Studies
have proved that agarwood essential oils (AEOs) have good
pharmacological effects such as antidepressant, sedative and
anti-inflammatory (Hashim et al., 2016). AEOs is not only a
medicine with rich pharmacological activity, it is also widely
used in food, perfume, collection, religion and other fields. As a
commodity with high commercial value, the wholesale price of
high-quality AEOs is about US$30,000-US$50,000 per liter
which led to adulteration of the AEOs on the market
(Persoon and Beek, 2008; Hidayat et al., 2010). In addition,
the compositions of the AEOs are affected by many factors such
as geographical origins, extraction methods, botanic origins
and so on, which may have large impact on its medical
functions. The AEOs are mainly produced in Southeast
Asian countries, such as Guangdong Province (China),
Hainan Province (China), Malaysia, Indonesia, Vietnam and
so on. The source of Chinese agarwood is Aquilaria sinensis
(Lour.) gilg, a plant of Thymelaeaceae in Daphne family, which
contains resin. The agarwood produced in Vietnam, Malaysia
and other Southeast Asian countries mainly come from A.
malaccensis Lamk., A. crasna, etc. of Aquilaria. At present,
the most common extraction methods of AEOs are steam
distillation extraction (SDE) and supercritical fluid extraction
(SFE). Due to the high value of AEOs, their adulteration is very
common. Merchants will deceive consumers by adding
plasticizers such as diethyl phthalate and diethylhexyl
phthalate (DEHP) in AEOs, so as to seek higher interests
(Yang et al, 2016). Therefore it is highly necessary to
analyze the quality of the AEOs to reveal their origins and
authenticity.

At present, GC-MS and LC-MS are the most used methods
in the quality evaluation of AEOs, they require complex
sample preparation, thus are time-consuming with high
analysis cost (Rodriguez-Solana et al., 2014). It is thus
necessary to develop more rapid methods to effectively
achieve quality control and classification. As a fingerprint
analysis technology, Raman spectroscopy has great potential
to meet these requirements. Raman spectrum is a vibrational
spectrum, which can obtain information such as molecular
structure, conformation, intermolecular interaction and
chemical bond (Velioglu et al., 2017). It can be used for
rapid detection and quality evaluation of volatile oil
samples, qualitative and quantitative analysis. Compared
with other analysis methods, it has unique advantages in
the analysis of essential oil samples, such as nondestructive,
less analysis dosage, and fast and convenient detection process
(Rodriguez-Solana et al., 2014).
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In this study, Raman spectroscopy was used to evaluate
30 batches of commercial AEOs from different geographical
origins and made by different extraction methods. The
observed Raman bands were assigned, and the spectral
data analyzed by
adulterated samples, evaluate the quality of different AEO

were chemometrics to identify
samples, and determine their Raman characteristic bands as
the for AEOs
Subsequently, two chemometrics methods, PCA and PLS-
DA, were combined for AEOs’

dimension

basis classification and identification.
authentication. As a
method,

component analysis (PCA) is widely used to deal with

reduction  analysis Principal
multivariable problems in the field of spectral data
analysis (Lee et al, 2018). It can reduce the data
dimension by obtaining a small number of principal
component variables to explain the complex original data
information. It can not only ensure the integrity of the
original data, but also reduce the dimension of high-
dimensional variables, so as to accurately, objectively and
comprehensively evaluate and distinguish the spectra
between different products and classify multiple samples
(Hu et al., 2019). However, PCA is an unsupervised
pattern recognition method, and the accuracy of the
analysis results needs to be strengthened. Therefore, the
supervised pattern recognition method of Partial least
square discriminant analysis (PLS-DA) was used to
further evaluate the Raman data of AEOs. Through PLS-
DA analysis, variable data and classification information of
collected data set were divided into calibration and a
(Velioglu et 2017). The
dimension reduction analysis was combined with different

validation data subset al.,
categories of AEOs to highlight the differences between
groups, so as to further distinguish each type of AEO
samples. In this research, Raman spectroscopy combined
with PCA and PLS-DA were used to develop a novel,
convenient and effective method for rapid determination
of AEOs. The technical strategy of this study is shown in
Figure 1.

2 Materials and methods
2.1 Materials and reagents

Anhydrous sodium sulfate (AR, Xilong Technology Co.,
Ltd.) and anhydrous ethanol (AR, Xilong Technology Co.,
Ltd.) were used. Standards of 2-(2-Phenylethyl) chromone
(20 mg, purity 98%), 6,7-dimethoxy-2-(2-phenylethyl)
chromone (10 mg, purity 98%), benzylacetone (25ml,
purity 98%), palmitic acid (20 mg, purity 98%), diethyl
phthalate (1 ml, purity 98%) and diethylhexyl phthalate
(20 mg, purity 98%) were purchased from Chengdu Alfa
Biotechnology Co. Ltd.
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A schematic diagram of the research.

TABLE 1 Geographical origins and extraction methods of 30 batches of AEO samples.

No. Origin Extraction method
S1 Cambodia SFE
S2 Indonesia SDE
S3 Indonesia SDE
S4 Laos SDE
S5 Thailand SDE
S6 Hainan, China SDE
S7 Hainan, China SDE
S8 Guangdong, China SFE
S9 Guangdong, China SFE
S10 Hainan, China SFE
S11 Guangdong, China SFE
S12 Guangdong, China SFE
S13 Guangdong, China SFE
S14 Hainan, China SDE
S15 Guangdong, China SFE

2.2 Sample preparation of AEOs

30 batches of AEO samples were extracted in two methods
(SDE and SFE), which came from seven geographical areas
including Hainan Province (China), Guangdong Province
(China), Guangxi Province (China), Cambodia, Indonesia,
and Thailand. The detailed of
geographical origins and extraction methods are shown in

Laos information

Table 1. They were purchased from local businesses in China.
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No. Origin Extraction method
S16 Guangdong, China SDE
S17 Guangdong, China SDE
S18 Guangdong, China SFE
S19 Guangxi, China SDE
S20 Hainan, China SDE
S21 Hainan, China SDE
S22 Laos SDE
S23 Hainan, China SDE
S24 Hainan, China SDE
S25 Guangdong, China SFE
S$26 Guangxi, China SFE
S27 Guangxi, China SFE
S28 Guangxi, China SDE
S29 Guangxi, China SDE
S30 Guangxi, China SFE

For this work, the samples were labeled S1 to S30 and stored
away from light at room temperature.
2.3 Instruments

Raman Analyzer from Zhuhai Subphotonics Detection Co. Ltd.

was used to measure the samples. It uses a 1064 nm laser with 500 mw
maximum power to reduce background fluorescence of the AEOs and
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its wavenumber range is 200-2200 cm™" with a spectral resolution of
10cm™. 7890a/5975¢ gas chromatography-mass spectrometer
(Agilent Technology Co., Ltd.), and hp-5ms capillary column
(30 x 0.25 x 0.25 m) were used to analyze the samples for comparison.

2.4 Raman spectroscopy measurements
Raman spectra of 30 AEO samples were collected through a

cuvette filled with 600 pl of each sample. The signal acquisition
time was 15s with 10 averaging.

2.5 Data pre-processing

The classification of the samples based on their Raman
the
10.4 software. Several common techniques such as standard

spectra were analyzed by using Unscramabler

normal variable correction (SNV), baseline correction, data
(first
derivation) were used to pretreat Raman spectra. Before

smoothing, derivative method and second order
chemometric analysis, a preprocessing method of obtain the
derivative first, and then do SNV standardization processing

was used to preprocess the data (Omar et al., 2012).

2.6 Chemometric analysis

2.6.1 Unsupervised pattern anlysis method
of PCA

SIMCA-P software was used for PCA analysis in the region
of 1850-246 cm™ for the AEO samples to analyze the
distribution of samples in the whole response surface. Two
new matrices, scores and loadings, were used to represent the
linear combination of the original variables. In the response
surface, the tighter the two samples fit, the smaller the
difference between individuals. On the contrary, the farther
the difference is, the larger the individual difference is. By
analyzing the position of the data on the response surface,
circle a certain area to achieve the purpose of classification
between samples.

2.6.2 Supervised pattern anlysis method of
PLS-DA

The Unscramabler 10.4 software was used for PLS-DA
analysis. The collected 30 AEO samples were randomly
divided into a calibration and a validation data subset,
and PLS-DA model was established and validated. The
spectral data of the calibration data subset was used as the
input variable x, and the classification of samples was
assigned in different extraction methods and different
origins and used as the output variable y. The established
model was tested with the Raman data of AEOs in the
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validation data subset as the unknown sample. The
spectral data was imported into the PLS-DA model as an
input variable, and the predictive value was calculated and
compared with the assigned value, so as to distinguish the
origin and extraction method of unknown samples. Finally,
the accuracy of the discriminant model was evaluated
according to the accuracy of the discriminant and the
discrete degree of the predictive values.

2.7 GC-MS analysis

GC-MS was used to check the quality of the samples. The gas
chromatographic conditions were as follows: Agilent HP-5MS
(30 x 250 um x 0.25 um) capillary column was used, the carrier
gas was high purity He (99.999%), the sample volume was I l, the
shunt ratio was 10:1, and the flow rate was 1 ml/min. The
temperature rising program was controlled as follows: an
initial temperature of 60 C (held for 2 min), increased by
10 C/min up to 140 C, increased by 1 C/min up to 180C
(held for 2 min), and then increased by 20 C/min up to 300 C
(held for 10 min). The mass spectrometry conditions were as
follows: an EI ion source, the electron energy was 70 eV, the ion
source temperature was 230 C, the MS quadrupole temperature
was 150 C, the interface temperature was 250 C, the solvent delay
was 3.0 min, the quality scan pattern was full scan, and the scan
range was 30-650 amu. The NIST 17.0 mass spectrum database,
standards of characteristic components and C7-C40 n-alkanes
were used to comprehensively identify the components. The
retention index (relative to C7-C40 n-alkanes, under the same
gas chromatographic conditions) of each compound was
calculated and compared with literatures’ values.

3 Results
3.1 Results of GC-MS

The batches of AEOs were firstly analyzed by GC-MS, and
the results showed that different extraction methods had a great
influence on the compositions of AEO samples. Among the
30 AEO samples, S17 and S10 are representative samples of
SDF and SFE extraction methods, respectively (Figures 2B,C). As
shown in the chromatograms (Figure 2C), the 17 AEO samples
extracted by SDE mainly contain sesquiterpenoids and aromatic
compounds. Other components mainly include agarospirol
(19.63 min) and dehydrofukinone (27.93 min), and a few SDE
samples contain 2- (2-phenylethyl) chromone derivatives (S19,
S20, S21, S22). GC-MS chromatograms of representative AEO
samples and comparison with four characteristic component
standards were shown in Figure 3.

Based on the analysis of chromatographic results, it is
speculated that the differences in the components of 30 AEO
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GC-MS chromatograms of representative AEO samples: (A) S2 (adulterated sample), (B) S10 (extracted by SFE), (C) S17 (extracted by SDE). (1)-(3)
represents the GC-MS chromatograms of the same AEO sample, and three times GC-MS analysis were carried out to show the repeatability. The
26 components identified are numbered in the figure, which matches the serial numbers of each component in Table 2.

TABLE 2 The components of three representative AEO samples.

Peak no.  Identification

1 Dipropylene Glycol

2 DL-Menthol

3 Benzylacetone

4 Cyperene

5 (-)-a-gurjunene

6 (-)-Alloaromadendrene

7 (+)-y-Gurjunene

8 2,10,10-Trimethyltricyclo [7.1.1.0 (2,7)]undec-6-en-8-one
9 Diethyl phthalate

10 (+)-y-Eudesmol

11 y-Eudesmol

12 Agarospirol

13 8,8,9,9-Tetramethyl-3,4,5,6,7,8-hexahydro-2H-2,4a-methanonaphthalene
14 Alloaromadendrene

15 2,3,4,5-Tetramethyltricyclo [3.2.1.02,7] oct-3-ene
16 Tetradecanoic acid

17 Dehydrofukinone

18 Palmitic acid

19 10(E),12(Z)-Conjugated linoleic acid

20 Oleic acid

21 1-Penten-3-one,1,5-diphenyl

22 2-(2-Phenylethyl)chromone

23 Methyl dehydroabietate

24 Diethylhexyl phthalate

25 6-Methoxy-2-(2-phenylethyl) chromen-4-one
26 2-[2-(4-Methoxyphenyl)ethyl] chromen-4-one
27 6,7-Dimethoxy-2-(2-phenylethyl)chromen-4-one

RI, retention indices; Ry, retention time.
RIY, calculated from Ry s, in relation to those of a series C;-Cyg of n-alkanes.

Ry (min) Rla
6.4618 997

8.9474 1,149
10.0329 1,217
13.0366 1,378
13.2467 1,388
14.542 1,437
14.8221 1,447
15.4944 1,470
19.0653 1,570
20.0037 1,595
20.4938 1,606
20.6688 1,609
21.0609 1,617
21.4531 1,625
22.3493 1,643
27.2017 1732
29.4563 1769
414717 1940
53.4591 2,104
53.7251 2,116
53.9072 2,125
56.3929 2,538
56.5048 2,546
58.0383 2,640
58.3955 2,824
58.4375 2,826
60.16 3,004

RIb

1,030
1,174
1,252
1,396
1,406
1,467
1,473
1,597.82
1,629
1,635.65
1,639.53
1,679
1,649.01
1764
1774.3
1962.97
2,129
2,137.02
2,613
2,477
2,540.09

2,959.2

Relative percentage
content of components in
the three representative
samples (%)

S2 S10 S17
0.4261 0 0
0.274 0 0

0 0 0.6022
0.5639 0 0
12.2664 0 0
4.3142 0 0
1.5659 0 0

0 0 1.0716
45.3589 0 0

0 0 2.8209
0 0 5.9918
0 0 2.2136
0 0 4.1261
0 0 12.2096
0 0 3.0516
0 0 1.9146
0 4.1162 6.9797
0 0 13.8876
0 0 2.7563
0 0 9.5565
0 0 1.7956
0 17.9741 0.8581
2.4296 0 0
5.8284 0 0

0 6.2816 0

0 16.5532 0
3.2934 8.8895 0

RI®, from the literatures (Jerkovi¢ et al., 2011; Su et al., 2012; Chen et al.,, 2017; Han et al., 2019; Heidary Jamebozorgi et al., 2019; Ben Hassine et al., 2021; Camele et al., 2021; Geng, 2021; Li

et al., 2021; Abu-Darwish et al., 2022; Chen et al., 2022; Costa et al., 2022; Jaradat et al., 2022; Yao et al., 2022).
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samples may be related to the differences in the process principles
of the two extraction methods. SFE mainly uses some
supercritical fluids, which have the dual properties of gas and
liquid when the temperature and pressure are above the critical
point, to penetrate deeper into the aromatic herbs, so as to extract
volatile components with high boiling point and high molecular
weight (Yousefl et al., 2019). In addition, the mild conditions in
the SFE process can alleviate the problems related to the thermal
decomposition of components. SDE is the most used and classic
method for extracting volatile components. Its principle is to
distill the volatile components with steam, which is suitable for
extracting volatile components that are stable in water and
difficult to dissolve in water (Rebi¢kové et al., 2020). However,
long-term and high-temperature extraction is easy to cause
component hydrolysis and thermal degradation, and heat
sensitive compounds are easy to be damaged (Pourmortazavi
and Hajimirsadeghi, 2007). Therefore, from the point of view of
the difference in principle between the two extraction processes,
there may be two main reasons for the great difference in the
AEO components extracted by the two methods. On the one
hand, it is the influence of thermal stability. Steam distillation
requires long-time azeotropy, which may lead to thermal
decomposition of volatile components, resulting in low
content of chromones in AEO samples (Yang, 2021). On the
other hand, it is the influence of the difference in boiling points of
components. The boiling points of 2- (2-phenylethyl) chromones
are generally higher than those of sesquiterpenoids (Tian et al.,
2019). Compared with SDE, SFE is easier to extract volatile
components with high boiling points, which may be the reason
that the content of chromones in AEO samples extracted by
steam distillation is low, while that in AEO samples extracted by
supercritical fluid is the opposite.

In addition, we found two peaks of plasticizer components in
the chromatogram of S2 (Figure 2A). They were identified as
diethyl phthalate (42.01%) and diethylhexyl phthalate (5.33%). 2-
(2-phenylethyl) chromone derivatives and sesquiterpenes are the
main characteristic components of AEOs, but the high content
(about 5% and 42%, respectively) of the plasticizers should not
exist. According to literatures (Wang et al., 2018), it is found that
diethyl phthalate and diethylhexyl phthalate are not the proper
components in AEOs. Phthalates is a kind of plasticizers often
used in plastic products (Pecht et al., 2017; Luo et al., 2020). It is
also common for illegal businesses to adulterate DEHP and other
plasticizers into foods or essential oils to reduce the cost of
products (Li and Chow, 2017). Studies (Mariana et al., 2016;
Benjamin et al., 2017; Luo et al., 2020) have shown that excessive
intake of these plasticizers will have adverse effects on human
reproduction, development and cardiovascular system. Except
for sample 2, AEO samples 3, 4, 5, 8, 14, 21, 22 and 23 also
contain different contents of DEHP and diethyl phthalate. The
samples with a plasticizer content of less than 1% may be due to
be exposed to some plastic products during storage and
packaging. According to literature (Pecht et al, 2017; Luo
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et al, 2020), the plasticizers may migrate from plastic
containers to the loaded products as components in packaging
materials. However, the plasticizer content in S2 accounts for
about 47.34%, the most likely is the artificial addition of
plasticizer for adulteration. Therefore, according to GC-MS
analysis, it is considered that other AEO samples can be
regarded as “authentic”, while S2 is adulterated. These
information is very useful for evaluating the quality of AEOs
the practicality of
distinguishing AEOs.

and Raman  spectroscopy  for

3.2 Raman spectrum analysis of AEOs

AEOs contain a wide variety of sesquiterpenoids and 2-(2-
phenylethyl) chromones, and each component displays its own
characteristic bands in its Raman spectrum, which can be
assigned to contributions of the oil components to distinguish
authentic AEOs from adulterated AEOs, and to classify different
types of AEOs which may be related to their geographical origins
or extraction methods. These “anomalies” can be observed by
visual inspection of the spectrum and the application of
multivariate analysis. By analyzing the Raman spectra of
30 AEOs, the Raman spectra of three samples (S2, S10 and
S17) are shown as the representative Raman spectra of the
samples in Figure 4. The Raman spectra of all 30 AEOs are
shown in Supplementary Figures S1-S30 in Supplementary
Material. Through Figure 4 and Supplementary Figures
S1-830, it can be found that the Raman spectra of 30 AEOs
show some common bands, while different types of samples also
show their own characteristic bands.

Since the Raman spectrum derives from the composition of
the analyzed AEO samples, its important bands should be
assigned in order to distinguish adulteration and category. All
samples show similar peak intensities at the bands at 1,438 and
1,644 cm ™" although the sample two is weaker at these two bands.
However, some significant differences among these Raman
spectra were observed. For example, all the AEO samples
extracted by SFE include characteristic Raman peaks at 1,574,
1,025 and 1,000 cm™', while those extracted by SDE include a
characteristic band at 1,300 cm™'. These unique Raman bands
can be used to distinguish AEO samples made by different
extraction methods. The common band at 1,644cm™ is
attribute to C=C stretching mode (Schulz et al., 2002; Schulz
and Baranska, 2007; Vargas Jentzsch et al., 2015; Vargas Jentzsch
etal., 2018), and that at 1,438 cm™" corrresponds to the CH;/CH,
bending modes (Vargas Jentzsch et al., 2015; Vargas Jentzsch
et al., 2018; Cebi et al., 2021). The bands of 30 AEO samples at
1,644 and 1438cm™" are some stronger and some weaker, which
may be determined by the number of CH; and CH, groups and
C=C bonds in the chemical components of different AEOs. And
this is a reason that the two bands are not easy to be attributed to
specific components, because most chemical components have
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GC-MS chromatograms of representative AEO samples and
comparison with four characteristic component standards.
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Raman spectrums of representative AEO samples: S2
(adulterated sample), S10 (extracted by SFE), S17 (extracted
by SDE).

such groups in their structures (Vargas Jentzsch et al., 2015).
From the assignment of these two common bands, they may be
contributed to the common components in authentic AEOs, such
as agarospirol, benzylacetone, etc. The characteristic bands and
assignment in the Raman spectra of the AEOs and standard
reference materials are show in Table 3.

The AEOs obtained by SFE contain common characteristic
bands at 1,574, 1025 and 1000 cm™'. The 1574 cm™' band is
assigned to the carbon-carbon double bond ring quadrant
stretching mode of monosubstituted benzene (Junior et al,
20165 Si et al,, 2019), which is the characteristic group of 2-
(2-phenylethyl) chromone derivatives (Figure 5), the iconic
compounds in AEO. Therefore, this band is mainly attributed
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to chromone derivatives such as 2-(2-Phenylethyl) chromone, 6-
methoxy-2 - (2-phenylethyl) chromone, 6,7-dimethoxy-2-(2-
phenylethyl) chromone. The 1025 cm™ band can be attributed
to the out-of-phase C-C-O and C-O-C stretching mode (Lin-
Vien et al., 1991; Schulz and Baranska, 2007; Chain et al., 2014),
and the band of 1000 cm™ is assigned to ring breathing vibration
(Si et al.,, 2019). These two bands are considered as the most
valuable Raman bands for identifying monosubstituted benzene.
By analyzing the common features of the molecular structure
formula of chromone derivatives in Figure 5, we can further
confirm that these characteristic bands are contributed by
chromone derivatives common to SFE samples. The AEO
samples extracted by SDE contain a common strong band at
1300 cm ™, which may be attributed to C-H bending (twisting)
(Janior et al., 2016; Lee et al., 2018; Portarena et al., 2019) and
mainly belongs to the structural characteristics of sesquiterpenes
in AEOs.

In order to further verify the correlation between the
of AEO
extracted by SFE and their characteristic components, their

common Raman characteristic peaks samples
common component 2- (2-phenylethyl) chromone was used
as the reference material for Raman detection. It can be
observed in Figure 6 that there are three characteristic bands
with high intensity, 1574cm™, 1025, 1000 cm™', which are
consistent with the characteristic bands in the 13 AEO
samples extracted by SFE. Therefore, through the comparison
of standard component, it can be almost confirmed that 1574,
1024c, 1000 cm™ are the Raman characteristic bands of 2- (2-
phenylethyl) chromone derivatives, which can be used for the
identification of AEO samples extracted by SFE.

It was found in the previous GC-MS analysis that
S2 contained a high content of diethyl phthalate and
diethylhexyl phthalate. It can be seen from Figure 7 that the
main bands in the Raman spectrum of S2 include 1451,
1300,1276, 1038, 846 cm™' and other bands. However, the
characteristic bands of authentic AEOs such as 1,644 and
1574 cm™ did not appear, so it is speculated that the above
Raman bands in S2 are related to the adulterated components.
Therefore, the reference materials of plasticizer components
diethyl phthalate and diethylhexyl phthalate were used for
Raman spectrum detection (Figure 7). The bands of 1,451,
1,276, 1,038 and 846 cm™' in S2 also appeared in the standard
of diethyl phthalate, and bands of 1,451 and 1,038 cm ™' appeared
in the standard of diethylhexyl phthalate. These bands in the
plasticizers are highly consistent with the Raman spectrum of S2,
which further confirmed that Raman spectrum detection can
characterize the adulteration of plasticizer in AEOs through
rapid detection and characteristic spectrum, and the results
are basically consistent with GC-MS analysis. The Raman
spectra of the three reference materials in the spectral range
of 1800-400 cm™" are shown in Supplementary Figures S31-S33
in Supplementary Material.
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TABLE 3 The characteristic bands (cm™) and assignment in the Raman spectra of the AEOs and their comparison with the Raman characteristics of

standards and adulterants.

Wavenumbers of bands (cm-1)

Samplel7  Samplel8 Sample2 2- (2-Phenylethyl) Diethyl
chromone phthalate

1646 cm™' 1641 cm™ — 1641 cm™ —

— 1576 cm™ — 1574 cm™ 1578 cm™

1438 cm™ 1440 cm™ — — —

1300 cm™ 1300 cm™! 1300cm™! — —

(weak) (weak)
— 1024 cm™ — 1024 cm™ —
— 1000 cm™ — 1000 cm™ —

6-methoxy-2 - (2-phenylethyl)
chromone

FIGURE 5
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1578 cm™ carbon-carbon double bond ring quadrant stretching

— 8(C-H) scissoring (Portarena et al.,, 2017; Portarena et al.,
2019)

— 8(C-H) twisting (Portarena et al., 2017; Portarena et al,,
2019)

— C-C-0O and C-O-C stretching mode (Lin-Vien et al., 1991;
Schulz and Baranska, 2007)

— Ring breathing (Si et al., 2019)

?) O O
T (1)
o W

6,7-dimethoxy-2 - (2-phenylethyl)
chromone

2-(2-Phenylethyl)chromone

Molecular structure of three representative chromone derivatives. (A) 2-(2-Phenylethyl) chromone; (B) 6-methoxy-2 - (2-phenylethyl)

chromone; (C) 6,7-dimethoxy-2 - (2-phenylethyl) chromone.

3.3 ldentification of classification and
adulteration of AEOs by chemometrics

3.3.1 Unsupervised pattern anlysis method
of PCA
3.3.1.1 Analysis of variance contribution rate and scores
of AEO samples

PCA was performed on the Raman spectral data of 30 AEO
samples, and then the obtained principal component scores were
used to draw the scatter distribution diagram, so as to directly
observe the distribution and aggregation of different data points
in the two-dimensional diagram. The seven principal component
scores with the highest values contributed 41.43%, 13.91%,
12.25%, 6.22%, 5.94%, 5.01%, 3.50% the
information, respectively, and the cumulative contribution rate

to spectral
was 88.26%. A two-dimensional scatter plot was drawn with
PCl and PC2 as the x and y axes respectively, as shown in
Figure 8. It is easier to classify the AEOs made by different
processes by using PCA analysis, a typical chemometric method.
The clustering formed by the samples can be observed by PCA
analysis chart. The PCA scattering diagram of Raman spectrum
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data of all 30 AEOs is shown in Figure 8 with two groups clearly
observed. Along the X-axis direction, on the scatter diagram of
PCI, the AEOs extracted by SDE gather on the negative side,
while the AEOs extracted by SFE gather on the positive side. It is
worth noting that this clustering of Raman spectral data is based
on differences in Raman spectral characteristics associated with
the composition of biological components present in each AEO
sample. The samples on the same side show that these samples
have some common components, and some samples on the same
side are far away from each other because there are some different
components. It is also noted that among these samples, S27 is a
SEE sample, but it is almost divided into the SDE group. We
speculate that it may be the deviation of individual samples. In
addition, since the origin and extraction method of the samples
are provided by the supplier, it is also possible that the extraction
method information of the sample is wrong, resulting in it not
being correctly classified.

PCA results further proved the above differences in the
Raman spectra of AEOs obtained from different geographical
areas. In Figure 8, along the X-axis direction, on the scatter
diagram of PCI, most of the AEOs from Guangdong gather on
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Comparison of Raman spectrums of S10 (representative sample of SFE) and 2-(2-Phenylethyl) chromone (standard reference material).

the positive side, while the AEOs from Hainan gather on the
negative side. Along the Y axis, on the scatter plot of PC2, most of
the AEOs from Hainan and Guangdong were concentrated in the
central position or negative side, while the AEOs from southeast
Asian countries such as Laos and Indonesia are scattered. There
are differences in botanical origins between agarwood from
China and Southeast Asian countries. Therefore, we speculate
that this may be an important reason for the different in Raman
spectral characteristics between these two types of AEOs. In
addition, during the classification of geographical origins, we also
found that one sample from Hainan (S10) and two samples from
Guangdong (S16, S17) as outliers were not divided into the
region of their geographical origin, but far away from other
samples. We speculate that one of the reasons is that the number
of tested samples is not rich enough, which may lead to individual
errors. The second reason is that the same origin also contains a
large area. For example, the underground of Guangdong also
contains many refined small areas. The samples with large
deviations in classification may be far away from other
samples from the same origin in the refined area.

According to the analysis results, Raman spectroscopy can
well distinguish the extraction methods of samples, and the main
difference bands of the two extraction methods are obtained, and
the analysis results are similar to those of GC-MS. However, in
terms of geographical origin classification, due to the complex
geographical areas and the samples obtained under two different
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extraction processes, the classification effect is relatively not good
enough, and there are some deviations in individual samples.
Among the 30 samples, Guangzhou, Hainan and Guangxi are the
three largest geographical areas, and other origins mainly include
Southeast Asian countries such as Malaysia and Laos. From the
results of PCA analysis, most samples from Guangzhou, Hainan
and Guangxi can basically be clearly divided from the position of
the response surface, but several points are relatively abnormal
data, which are obviously far away from other samples from the
same origin. According to our analysis, there may be a variety of
reasons leading to the deviation in the results of origin
classification. The first reason is the number of samples.
Although a total of 30 samples were selected for this test, the
number of samples in each geographical area is relatively small,
which may lead to individual deviations. The second reason is the
classification deviation caused by different extraction methods,
which may lead to some changes in the main components of
essential oils due to their different extraction methods, and finally
make the a SDE sample from Guangzhou more like the SFE
sample in Hainan.

Among the 30 batches of collected AEO samples, it is
identified by GC-MS detection that S2, S3, S4, S5, S8, S14,
S21, S22 and S23 were added with different contents of
plasticizer, namely “diethyl phthalate” and “diethylhexyl
phthalate”. For those with a content of less than 1%, we
speculate that some plastic products may be contacted during
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Comparison of Raman spectrums of S2 (adulterated sample) and diethyl phthalate, diethylhexyl phthalate (standard reference material of

plasticizers).

sample storage and processing, resulting in the residual
plasticizer in the essential oil, but the plasticizer content in
Sample two is as high as 5% and 42%, which is likely to be
artificially added. PCA analysis of Raman data (Figure 8) shows
that S2 is obviously separated from other samples and excluded
from the region. In the original band of Raman spectrum
(Supplementary Figures S1-S30), we can also clearly see that
the Raman spectrum of S2 is significantly different from other
samples, especially in the range of bands from 1000 to 400 cm ™.
It shows that Raman spectroscopy can be used as a quality
evaluation method for rapid identification of adulterated AEO
samples.

3.3.1.2 Loading diagram of principal components

It can be inferred from the loading diagram (Figure 9) that it
is not a single spectral band that affects the quality difference of
AEOs, but the synergy of each characteristic spectral band in the
Raman spectrum. In the loading diagram, the farther the spectral
band is from the zero value of the ordinate, the greater the impact
on the classification in the principal component analysis. It can
be seen from the figure that the information of the first principal
component is mainly from the characteristic spectral bands
around 1007°' and 10317", and the information of the second
principal component is mainly from the characteristic spectral
bands around 16437!, 1608~' and 14277'. It shows that the
classification and authentication of AEO samples by principal
component analysis is mainly affected by these characteristic
bands.
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3.3.2 Supervised pattern anlysis method of
PLS-DA
3.3.2.1 Establishment of classification and discrimination
model

In order to identify AEO samples more accurately,
PLS  was establish  the
discrimination model to distinguish the origins and extraction
methods of AEO.

In the discrimination model of origins, spectral data was

used to classification  and

taken as the input variable x, and the origin classification of
Southeast Asia, Hainan, Guangdong and Guangxi was
assigned as 1, 2, 3 and 4 respectively as the output variable
y1, the score graph, loadings diagram, explained variance
of factors, and comparison of predicted values and reference
values were shown in Figures 10A-D. In order to select
the appropriate quantity of principal components for
modeling, the principal components were taken as the
abscissa and the explained variance as the ordinate, as
shown in Figure 10C. It can be seen from the figure that
when the principal components reach 7, more than 80% of
the variable data can be explained, so the seven principal
components was selected for modeling. The origin of
AEOs was predicted by PLS-DA, and the results are shown
in Figure 10D. The predicted values of Southeast Asia
samples were 0.75-2.17, Hainan samples were 1.68-2.60,
Guangdong samples were 2.38-3.36, and Guangxi samples
were 3.12-4.21, showing a relatively obvious clustering
trend. Scatter diagram of predictive value and reference
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value of PLS-DA model is shown in Figure 10D. The
correlation coefficient of the model is 0.802, indicating
that the prediction results of the model can be used to
distinguish the origins of AEOs. However, we also found
that there were several samples that could not be accurately
judged, indicating that the accuracy of the model still needs to
be improved.

In the
methods, SFE and SDE were assigned as 1 and -1 as the
output variable y2, respectively. Seven principal components

discrimination model of different extraction

were used for modeling, and the score graph, loadings
diagram, explained variance of factors, and comparison of
predicted values and reference values of AEOs were shown in
Figures 11A-D. The predictive value of SFE samples was
0.61-1.19, and that of SDE samples was —1.24 to —0.57,
showing a obvious clustering trend. Figure 11D is a scatter
plot of the predictive value and reference value of the
extraction method discrimination model. The correlation
coefficient of the model is 0.913, which indicates that the
model has high accuracy and can make good judgments on
samples with different extraction methods.

3.3.2.2 Model validation

The applicability of the model for origin discrimination
was verified through unknown samples in the validation
data subset (2 samples for each origin, eight samples in
total). The comparison between the predicted values and
the assigned values was shown in Table 4. Among them,
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the actual origin of S3 and S5 is Southeast Asia, and the
predicted value range of the model is 0.81-1.10, which
conforms to the assigned value range of 1 + 0.5. The origin
of S20 and S21 samples is Hainan, and the predicted value
range of the model is 2.17-2.18, which is within the assigned
0.5. The origin of S9 and S25 is
Guangdong, and the predicted value ranges from 2.88 to

value range of 2 =+

3.09, which conforms to the assigned value of 3 + 0.5.
The origin of $26 and S27 is Guangxi, and the predicted
value range is 3.87-4.12, which is within the assigned value
range of 4 + 0.5. From the prediction results, it can be seen
that the origin of the eight samples from validation set can
be correctly identified, which proves that Raman spectroscopy
combined with PLS-DA method can be used to identify AEOs
from fdifferent origins.

To verify the applicability of the model for the identification
of extraction methods, the unknown samples in the validation
data subset (2 samples for each extraction method, four samples
in total) were verified. The comparison between the predicted
values and the assigned values is shown in Table 4. The extraction
method of S14 and S20 is SFE, and the predictive value range
is —1.18 to —0.99, which conforms to the assignment interval of -
1+0.5. S13 and S15 is extracted by SDE, and the predictive value
range is 0.92-0.96, which is within the assigned value of 1 + 0.5.
The extraction methods of four unknown AEO samples can be
correctly identified, which proves that Raman spectroscopy
combined with PLS-DA can identify the extraction methods
of AEOs.
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4 Discussion

As a valuable aromatic traditional Chinese medicine, AEO
has many geographical origins, various extraction methods
and serious adulteration in the market. Its quality evaluation
and authenticity identification have been widely concerned.
Therefore, Raman spectroscopy combined with GC-MS and
PCA were used to evaluate the quality of AEOs. The aim of this
study is to provide a novel and convenient method for the
rapid analysis and discrimination of AEOs. The results of GC-
MS analysis showed that the content and composition of
AEOs were greatly affected by the extraction method, and
the results of Raman spectroscopy combined with PCA
analysis were consistent with those of GC-MS. Raman
characteristic spectrum can completely distinguish the
extraction methods of 30 AEO samples, but in terms of
origin classification, due to the complexity of geographical
areas and the two different extraction processes, the
classification effect is relatively general, and individual
samples have deviation.

In terms of extraction methods, the 30 samples are mainly
divided into SDE and SFE. Those AEO samples using SFE
S1, S8-S13, S15, S18, S25, S26, S27 and S30.
According to the PCA classification results, the Raman spectra

include

of the studied 30 AEOs can be divided into two groups according
to their differences, and the two parts are clearly separated.
However, among the 13 SFE samples, S27 is an exception.
Although it is a sample extracted by SFE, it is similar to the
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sample extracted by SDE. We further analyzed the original
spectrum of S27 (Supplementary Material, Figure S27) and
found that the main bands with high intensity were at 1653,
1622 1438 1300 and 1000 cm™'. As we analyzed in the part of
characteristic band assignment, the main characteristic bands of
AEOs extracted by SFE are located at 1574, 1025 and 1000 cm,
while the SDE samples generally have high intensity peaks at
1300 cm ™. S27 has a high intensity peak at 1300 cm™', which is
the biggest difference between it and other SFE samples. This
may be the main reason for its deviation in PCA classification
and being mixed in SDE samples.

In terms of geographical origin, 30 samples were divided into
four main geographical areas including Guangdong (China),
Hainan (China), Guangxi (China) and Southeast Asian
In the

scores

countries (Cambodia, Indonesia, Laos, Thailand).
scatter chart composed of principal component
PCl and PC2, the scatter points representing Hainan and
Guangdong were gathered together, closely distributed and
occupying a relatively small space, which reflects the high
similarity of components between different batches of AEOs
from the same origin in the above two types. However, the data
points representing Guangxi and Southeast Asia were scattered
in a large range, indicating that the composition of different
batches of AEOs from these two types of origins is quite different.
The samples from Guangdong include S8, S9, S11-13, S15-S18
and S25. These samples are roughly divided into two regions,
most of which are concentrated on the right side of the X-axis of
PCA analysis, but S16 and S17 are significantly different from
other samples and are divided on the left side of the X-axis in
PCA analysis. In order to clarify the reasons for this difference,
we analyzed the detailed information of these two samples, and it
is found that they were extracted by SDE, while other AEO
samples from Guangdong were extracted by SFE. This indicates
that different extraction methods lead to obvious differences
between these two samples and other samples from the same
origin. Further analysis of the original spectra of S16 and
S17 shows that the main bands with high intensity located at
1300cm ™', which is the characteristic bands of SDE samples,
while the high intensity bands of other Guangdong AEO samples
mainly include SFE characteristic bands of 1574m™ and
1000 cm™". The samples from Hainan include S6-S7, S10, S14,
$20-S21 and S23-S24. Most of these samples are concentrated on
the left side of the X-axis of PCA analysis, but S10 is obviously
different from other samples and is divided on the right side. This
may be because it is a sample extracted by SFE. The samples from
Guangxi include S19 and S26-S30. These samples are roughly
divided into two regions, most of which are concentrated on the
left side of the X-axis of PCA analysis, but S26 and S30 are
significantly different from other samples and are divided on the
right side. Through the analysis of the classification results of
Guangxi samples, it is found that the AEO samples in Guangxi
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have a large degree of deviation from each other, unlike Hainan
samples, which have a high degree of aggregation in
classification. This indicates that the AEOs from Guangxi
have relatively large differences in composition. Other samples
(S1-S5 and S22) are mainly come from Southeast Asian
countries. We found that the samples from such countries are
also far apart from each other, indicating that there are large
differences in their compositions. To a certain degree, this result
reflects that Guangdong and Hainan, as the main production
areas of AEOs, have more systematic and standardized
cultivation, production and processing technologies for this
product, which leads to the high similarity of chemical
components contained in different batches of samples. On the
contrary, the quality uniformity of AEOs from Southeast Asia
and Guangxi is slightly inferior.

From the perspective of authenticity identification, the
Raman spectrum of adulterated sample two is obviously
different from other samples and is separated on the PCA
analysis diagram. By analyzing the original spectrum of S2, it
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is found that the main bands with high intensity were at
1449 cm™'. Through the analysis of adulterated samples, it can
be confirmed that Raman spectrum has a good identification
degree for adulterated samples, which indicates that this
method can have a broad application prospect in the
identification of the authenticity of AEOs. In addition, one
of the most important highlights is that we have confirmed the
characteristic bands of the plasticizer diethyl phthalate and
diethylhexyl phthalate, including 1451, 1276, 1038, 846 and
647 cm™', which are not found in genuine AEOs. Therefore, if
these characteristic bands are found in the commercial AEOs
at the same time and have high intensity, we have reason to
quickly judge that they may be adulterated by adding
plasticizers.

In general, Raman spectroscopy can be used as an effective
method for the quality evaluation of AEOs. It will also provide a
reference for developing fast, economical and effective method of
Raman spectroscopy for qualitative and quantitative monitoring
of other essential oils.
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TABLE 4 Predicted results of the PLS discriminant model in validation samples.

No.

O 0 N N Ul ks W N

_ =
No= o

Classification information

Origin classification

Extraction method classification

Sample information Predicted values Assigned values

S3 (Southeast Asia) 1.102,308 1
S5 (Southeast Asia) 0.810,964 1
$20 (Hainan, China) 2.173,878 2
S21 (Hainan, China) 2.182,529 2
S9 (Guangdong, China) 3.091751 3
$25 (Guangdong, China) 2.882,586 3
$26 (Guangxi, China) 4.116,474 4
$27 (Guangxi, China) 3.875,032 4
S14 (SFE) —1.188,087 -1
S20 (SFE) —-0.9986625 -1
S13 (SDE) 0,956,342 1
S15 (SDE) 0.9255514 1
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5 Conclusion

The application of Raman spectroscopy to the determination of
chemical constituents of AEOs is helpful for the qualitative
monitoring of different extraction methods, different geographical
origins, adulterated samples and their chemical composition, so as to
lay a foundation for developing a fast, economical and effective
method for analyzing AEOs. Raman spectroscopy and PCA were
used to evaluate and characterize the 30 batches of AEOs. The
characteristic Raman spectra corresponding to each AEO sample
were obtained, and the characteristic component of AEOs, chromone
derivatives, and two commonly used adulterants were also detected
by Raman spectroscopy. This not only provides a basis and effective
method for the quality evaluation and authenticity identification of
AEOs in the market, but also provides a reference for developing
novel method for qualitative and quantitative monitoring of other
essential oils.
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