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Abstract Perilla frutescens was an annual herb considered as one of the ‘‘One Root of Medicine

and Food”, and it was used widely for food and medical treatment. Its main active ingredients were

volatile organic compounds (VOCs), but it was easily affected during drying and storage. The

leaves, seeds and stems had shown differences in therapeutic effects, but the underlying reason

remained unclear. In the present work, headspace-gas chromatography-ion mobility spectrometry
hinese
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Headspace solid phase

microextraction-gas

chromatography-mass spec-

trometry;

Perilla frutescens;

Volatile organic compounds
(HS-GC-IMS) and headspace solid phase microextraction-gas chromatography-mass spectrometry

(HS-SPME-GC–MS) were utilized to effectively and comprehensively analyze VOCs of fresh and

dried P. frutescens between the leaves, stems and seeds. Meanwhile, chemometric analysis was

applied to compare and identify characteristic volatile markers. As a result, 60 VOCs were identified

by HS-GC-IMS and 115 VOCs were identified by HS-SPME-GC–MS from P. frutescen. 25 poten-

tial volatile markers were selected based on a combination model of orthogonal partial least squares

discriminant analysis (OPLS-DA) and random forest (RF). The models could be used to analyze

the variation between fresh and dried P. frutescens and distinguish the differences in different parts

effectively and comprehensively. It was the first research regarding the method development of HS-

GC-IMS and HS-SPME-GC–MS that comprehensively analyzes the VOCs characterization of

fresh and dried P. frutescens in different parts and the findings obtained would evaluate the quality

and provide a reference for further exploration of the edible and medicinal effects of P. frutescens.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Perilla frutescens (L.) Britt. was a significant traditional Chinese med-

icine (TCM) with dual features of both nutrition and medical treat-

ment that belongs to the Lamiaceae family and was extensively

cultivated in East Asian countries such as Japan, India and China

(Bachheti et al., 2014). It was used as an ornamental plant in gardens

because of their specific leaf morphology and exceptional fragrance as

well as in skin care products owing to their biological activities(Ahmed

2018). It was also used as a kitchen herb in salads, sushi, and soups and

as a spice, garnish, or food colorant as well(Fujiwara et al., 2018,

Ahmad 2022). In addition, P. frutescens was also used as a functional

food which was considered an excellent alternative to fish oil nutri-

tional supplement and a good source of vitamins and minerals

(Ahmed 2018). It could even reduce the risk of cancer, cardiovascular

disease and metabolic disorders such as breast cancer, obesity, type 2

diabetes and so on (Wang et al., 2020, Ahmad 2022). In Chinese tradi-

tional medicinal system, dried parts such as P. frutescens leaves, P. fru-

tescens stems and P. frutescens seeds were considered as different drug

and have different treatment effects(Liu et al., 2013). The leaves were

introduced for treating respiratory and intestinal diseases such as

cough, vomiting in pregnancy, cold, fever, poisoning from fish and

crabs, and so on. The stems possessed the effect of curing vomiting

and belching, epigastric pain, as well as threatened miscarriage, while

the seeds were used to heal cough, wheezing, and constipation

(Ahmed 2018). Modern pharmacological researchers had proved that

P. frutescens possessed numerous effects of anti-bacterial, anti-

inflammatory, anti-depression, analgesia, anti-mutagenic, anti-

carcinogenic, preventing miscarriage, and so on(Dhyani et al., 2019,

Ahmad 2022).

P. frutescents had a lot of complicated volatile organic components

(VOCs). However, the variety and content of VOCs in processing,

stored procedures and plant growth situations would be affected to a

certain extent(Song et al., 2021). There were significant differences in

VOCs content due to geography, harvesting time, etc. According to

the chemotypes, it could be divided into ketone type, aldehyde type,

phenol type, etc.(Zhang et al., 2009). P. frutescens containing a large

amount of perilla ketone was reported to have potent acute toxicity

and cardio-pulmonary toxicity for experimental animals and live-

stock(Yu et al., 2017). Therefore, it is important to comprehensively

characterize VOCs in three different parts (seeds, leaves and stems)

of fresh and dried P. frutescens. Previous studies in VOCs identified

mostly used two-dimensional gas chromatography (GC � GC), gas

chromatography mass spectrometry (GC–MS), electronic noses (e-

nose) and gas chromatography–olfactometry-mass spectrometry

(GC-O-MS)(Franchina et al., 2019, Li et al., 2022). GC-O-MS could

screen the important aroma-active compounds of complex samples.

But it was difficult to satisfy the rapid detection of volatile compounds

because of the long sample pre-processing operation time(Song and
Liu 2018). Although e-nose was a relatively fast assessment detection

system that possesses simple sample pretreatment and non-

destructive features, the repeatability and stability were easily influ-

enced by environmental factors and low accuracy(Zhou et al., 2017).

GC � GC was a powerful precision analytical technique to study com-

plex samples(Aspromonte et al., 2019). Its high resolution was not easy

to achieve by GC–MS and GC–MS was applied more widely in prac-

tical applications. GC–MS was a detection technology applied to the

separation and identification of complex component. It was provided

with the advantages of safety, accuracy and high separation ability

(Yin et al., 2021). Furthermore, the introduction of headspace solid-

phase microextraction (HS-SPME) that integrates extraction, concen-

tration, desorption, and sampling had greatly improved the complex

procedures of GC–MS sample pretreatment (e.g., traditional essential

oil extraction), and achieved efficient determination of VOCs without

damaging the sample(Zanella et al., 2021). HS-GC-IMS was an emerg-

ing technique with high molecular specificity and sensitivity for detect-

ing in the field of small molecular weight VOCs based on the difference

in migration velocity of different gas phase ions in an electric field. The

technology had the advantages of easy operation, affordability, and

nondestructive analysis(He et al., 2020, Yin et al., 2021). HS-GC-

IMS detected smaller VOCs particles than HS-SPME-GC–MS. Com-

bining HS-SPME-GC–MS and HS-GC-IMS was able to promote

detection efficiency and implement the comprehensive characterization

of VOCs. To our knowledge, no research has been conducted to com-

pare and comprehensively analyze VOCs of the different parts of fresh

and dried P. frutescens combining HS-SPME-GC–MS and HS-GC-

IMS.

Therefore, the aim of this study was to explore the differences in

VOCs in different parts of P. frutescens and the effect of natural drying

on VOCs in order to better understand the characteristic VOCs in P.

frutescens.HS-GC-IMS and HS-SPME-GC–MS were used to establish

the characteristic volatile fingerprints and investigate the differences of

VOCs among three parts of fresh and dried P. frutescens. Multivariate

statistics were used to investigate the key substances in three different

parts of fresh and dried P. frutescens, which provided reference evi-

dence for the development of functional food and phytomedicines.

2. Materials and methods

2.1. Samples and reagents

P. frutescens samples were collected from the botanical gar-

dens of Tianjin University of Traditional Chinese Medicine
where the collection district was divided into five areas. The
samples were made an identification by Professor Lijuan

Zhang from Tianjin University of Traditional Chinese Medi-
cine. Then, each sample was immediately divided into two

http://creativecommons.org/licenses/by-nc-nd/4.0/
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parts. One part was placed in a refrigerator (Haier Co., Ltd,
Shandong, China) at � 4� C to maintain its freshness as fresh
P. frutescens samples. The other part was used as dried P. fru-

tescens sample after air-desiccated for six days in the shade,
and then were sealed and stored under normal temperature.
So, there were a total of 30 batches samples containing differ-

ent parts (stems, leaves, seed) of fresh and dried. All samples
were stored in the laboratory of Tianjin University of Tradi-
tional Chinese Medicine.

N-ketone C4-C9 standard mix for HS-GC-IMS was pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China). N-alkane C8-C20 standard was got from Sigma-
Aldrich Chemical Co., Ltd. (Missouri USA) as external refer-

ences for HS-SPME-GC–MS. Reference standards of perilla
ketone (CAS: 553–84-4), caryophyllene (CAS: 87–44-5),
caryophyllene oxide (CAS: 1139–30-6), linalool (CAS: 78–70-

6), 1-octen-3-ol (CAS: 3391–86-4), humulene (CAS: 6753–98-
6) and citral (CAS: 5392–40-5) were obtained from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Seven

standards were diluted with ethyl acetate to form a mixed stan-
dard (perilla keton:1.5 mg/ml, caryophyllene: 0.4 ll/mL,
caryophyllene oxide:0.112 mg/ml, linalool:1ll/mL, 1-octen-3-

ol: 1 ll/mL, humulene: 0.4 ll/mL and citral: 1 ll/mL).

2.2. HS-GC-IMS analysis

The experiment was analyzed on the HS-GC-IMS apparatus

(Flavourspec�, G.A.S, Dortmund, Germany) with an
autosampler (CTC Analytics AG, Zwingen, Switzerland) and
the GC was provided with a FS-SE-54-CB-1 (CS-

Chromatographie Service GmbH, Germany) capillary column
(15 m � 0.53 mm ID, 0.5 lm). The fresh samples were thinly
grated while the dried samples were pulverized into powder

(40-mesh sieve). First, 0.3 g of sample was weighed into a
20 mL headspace glass sampling bottle (Zhejiang HAMAG
technology, Ningbo, China). and incubated at 80 �C for

20 min with an incubation speed of 500 rpm. Subsequently,
headspace samples (500 ml) were automatically injected into
the injector (85 ℃) with splitless mode and then driven into
the FS-SE-54-CB-1 capillary column of 45 �C isothermal con-

ditions through nitrogen of 99.99% purity. And its pro-
grammed flow rate was started at 2 mL/min for 2 min, then
increased to 10 mL/min within 15 min, increased to 100 mL/

min over 25 min and increased to 120 mL/min over 30 min.
The flow rate of purified nitrogen (99.999% purity) was at
the rate of 150 mL/min as the drift gas. The analytes following

GC separation and elution at 75 ℃ were driven into the IMS
ionization chamber. Finally, the analytes were ionized by 3H
ionization source with 300 MBq activity under the positive
ion mode. The generating ions were transferred into the drift

tube of 9.8 cm in length. The IMS drift tube worked at an
electric-field of 5 kV and 45 �C isothermal conditions. All anal-
yses were taken thrice. N-ketone C4-C9 standard mix was used

to calculate the retention index (RI) of each compound as
external references.

2.3. HS-SPME-GC–MS analysis

HS-SPME-GC–MS analysis was implemented by an Agilent
7890B instrument (Agilent, CA, USA) equipped with an Agi-

lent 7000D mass spectrometry detector and GC autosampler
system. The GC was fitted with a HP-5MS elastic quartz cap-
illary column (30 m � 0.25 mm � 0.25 lm, 19091S-433, J&W
Scientific, Folsom, CA, USA). SPME (Polydimet-hylsiloxane/

Carboxen/divinylbenzene 50/30 lm phase thickness (PDMS/
CAR/DVB) fiber (supelco, Bellefonte, Penn.) was installed
on Multipurpose sampler (Gerstel, GER). The fresh samples

were thinly grated while the dried samples were pulverized into
powder (40-mesh sieve). Briefly, 0.3 g of sample was weighed
into a 20 mL headspace glass sampling bottle (Zhejiang

HAMAG technology, Ningbo, China) and incubated at 60
℃ incubation temperature for 5 min. Subsequently, the SPME
fiber needle inserted into the headspace glass sampling bottle
for extraction for 10 min at 60 ℃. Then, the fiber needle imme-

diately plugged into the heated injection port at desorption for
5 min (250 ℃, splitless mode). The flow rate of helium(＞
99.999%) as the carrier gas was 1 mL/min. The GC column

temperature was programmed temperature as follows: initially
programmed at 40 �C for 2 min, at 7 �C/min to 62.5 �C, at the
rate of 20 ℃/min to 72.5 ℃, at 2 �C/min to 85 �C, rose to

145 �C at rate of 5 �C/min, then at 2 �C/min to 150 �C, at
5 �C/min to 155 �C, at 7 �C/min to 170 �C, eventually, at
20 �C/min to 250 �C held for 5 min. The GC total running time

was 45.393 min. The MS was operated in electron ionization
(EI) mode at ionizing energy of 70 eV. The injection port
and ion source temperature were set at 250 ℃ and 230 ℃,
respectively. The quadrupole temperature was 150 ℃. The

mass spectra (MS1 full scan mode) was scanned from 50 to
600 m/z. All samples were performed in double. N-alkane
C8-C20 standard was used to calculate RI of each compound

as external references.

2.4. Data analysis

VOCs detected by HS-GC-IMS were identified by Laboratory
Analytical Viewer (LAV) according to RI and drift time (Dt)
and the fingerprint was established by Gallery Plot. VOCs

detected by HS-SPME-GC–MS were tentatively identi-
fied from the standard NIST17 (matching degree greater
than 700, RI) and reference compounds. Principal component
analysis (PCA) and hierarchical clustering analysis (HCA)

analyses were conducted by Origin 2021 software. SIMCA
14.1 was used to build the model of orthogonal partial least
squares discrimination analysis (OPLS-DA). The online web-

site MetaboAnalyst 5.0 was employed to build the Random
Forest (RF) model.

3. Results and discussions

3.1. The characteristic VOCs of fresh and dried P. frutescens

3.1.1. Differences of VOCs between fresh and dried P. frutescens

by HS-GC-IMS

HS-GC-IMS analysis was the latest non-targeted and rapid
analytical technique which had great potential for detecting
small-molecule(Chen et al., 2021). For exploring the differ-

ences of small-molecule VOCs among fresh and dried P. frutes-
cens, the small-molecule VOCs were detected by HS-GC-IMS.
In the present study, 60 small-molecule VOCs were identified

according to RI and Dt in all P. frutescens samples by HS-
GC-IMS (Supplementary Information, Table A.1 and Fig.
S1). Due to the adduct formation between partial molecules
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and reactant ions, a single VOCs with high concentration or
higher proton affinity than that of water could form multiple
signals presenting as dimer or polymer(Zhang et al., 2021).

Therefore, the identified components included both dimers
and monomers. However, the differences among fresh and
dried P. frutescens could not be quickly identified by table.

Therefore, the fingerprints were established between fresh sam-
ples and dried samples in the same part (Fig. 1A&B&C). The
color represented the peak intensity. The peak intensity

increased from blue to white and then to red. The composi-
tional differences were evident between fresh and dried sam-
ples in fingerprints. 22 small-molecule VOCs (heptan-2-ol,
vanillin, benzyl alcohol, etc.) only were identified in fresh stem

(Fig. 1A, a), Conversely, 10 small-molecule VOCs (e.g., 4-
methylguaiacol, coumarin, 4-ethylphenol, etc.) were recog-
nized only in dried stems (Fig. 1A, b). Compounds

‘‘Unknown” were unidentified compound. After comparing
fresh and dried P. frutescens stems, it was found that fresh
stems had many special components that dried stems do not

have. For example, benzothiazole of fresh stems had anti-
cancer, anti-inflammatory, analgesic antidiabetic, etc.(Das
et al., 2022), which suggested that future research could

develop related products for fresh P. frutescens stems. 18
small-molecule VOCs (p-cymen-7-ol, nerol, eugenol, etc.) were
only identified in fresh leaves (Fig. 1B, c). Nerol and eugenol
with antibacterial and antioxidant properties had long been

used in food and cosmetology(Wang et al., 2019, Ulanowska
and Olas 2021). 12 small-molecule VOCs were only identified
in dried leaves, such as neryl acetate, ethyl 3-

phenylpropanoate, and so on (Fig. 2B, d). Vanilla was detected
both in fresh and dried leaves, which was the world’s most
popular flavor in food, cosmetics, and medicine(Arya et al.,

2021). 5 small-molecule VOCs (a-terpineol, 2-acetylthiazole,
etc.) were identified exclusively in dried seeds (Fig. 1C, e),
while geraniol and phenyl ethyl alcohol were just recognized

in fresh seeds (Fig. 1C, f). Geraniol were regarded as good nat-
ural preservatives on account of antibacterial and antioxidant
(Lin et al., 2021). After drying, the components existing in the
fresh samples disappeared in the dried sample, and many new

components were produced in the dried samples
(Fig. 1A&B&C), especially in the stems and leaves samples,
which demonstrated those compounds were sensitive to drying

process and were decomposed or degraded. Besides, these
components may contribute to the corresponding aroma
between fresh and dried P. frutescens. The signal strength rep-

resented the concentration of flavor molecules (Fig. 1A&B&C)
of HS-GC-IMS, the white color indicated the lower concentra-
tion while the red color box showed higher and the darker the
color gets, the higher the concentration of fingerprint plots

(Chen et al., 2021). Compared to dried samples (seeds, leaves
and stems), fresh samples (seeds, leaves and stems) seemed to
have a stronger signal intensity. The changes of signal intensi-

ties of small-molecule VOCs were due to the chemical reac-
tions (Maillard reaction, interaction between different
molecules and degradation of macromolecules) during drying

(Guo et al., 2018). Fresh P. frutescens was more suitable as fla-
vorings or vegetables to use because it had a strong flavor con-
centration. Besides, the small-molecule VOCs that had been

identified were classified into six ingredient categories
(Fig. 1D). Alcohols (11 components) and others (7 compo-
nents) were most found in fresh P. frutescens leaves. Esters
(9 components) were most found in dried P. frutescens leaves.
Ketones (6 components) mainly focused on dried P. frutescens
seeds. Aldehydes (3 components) were relatively abundant in
fresh P. frutescens seeds. Thus, the aroma of P. frutescens were

more derived from alcohols and Esters. In the current study,
most of the small molecules contained in P. frutescens had
strong oxidative and antibacterial bioactivities, making it a

potential ingredient for functional food development. Unfor-
tunately, there were still many small-molecule VOCs of P. fru-
tescens that had not yet been identified. Therefore, the IMS

database needed to be further supplemented in future
researches.

3.1.2. Differences of VOCs between fresh and dried P. frutescens

by HS-SPME-GC–MS

HS-SPME-GC–MS was used widely and effectively for analyz-
ing VOCs. In order to explore comprehensively VOCs between

fresh and dried P. frutescens, HS-SPME-GC–MS was per-
formed. A total of 115 VOCs were identified by HS-SPME-
GC–MS (Supplementary Information, Table A.2). Seven com-
pounds had passed standard validation (Fig. 2A, a), and the

remaining components had been identified through literatures,
database, and RI. The components detected by HS-SPME-
GC–MS were more than HS-GC-IMS. The total ion chro-

matograms (TIC) of all P. frutescens samples were shown in
Supplementary Information (Supplementary Information,
Fig. S2). Elsholtzia ketone, cuminaldehyde, perilla ketone,

caryophyllene, and linalool with relatively high content
(Fig. 2A, b) possessed pharmacological activities for cardio-
vascular, respiratory systems and tumor cells(Ahmed 2018,

Chen et al., 2020). After natural shade drying, these VOCs dis-
played change to some extent. Compared to the fresh P. frutes-
cens stems, a significant increase in the content of elsholtzia
ketone, perilla ketone, caryophyllene, and linalool was found

in the dried P. frutescens stems. Compared with the fresh P.
frutescens leaves, the contents of perilla ketone, caryophyllene,
and linalool were increased in all samples of dried P. frutescens

leaves, but elsholtzia ketone and cuminaldehyde were
decreased in dried P. frutescens leaves excluding sample 4
which had a slight increase. Elsholtzia ketone and cuminalde-

hyde were decreased in sample 5 and increased in the remain-
ing dried P. frutescens seeds compared with the fresh P.
frutescens seeds, whereas caryophyllene was decreased except
for sample 5. Two other compounds (perilla ketone and lina-

lool) were both increased and decreased between different
batches of dried P. frutescens seeds. Interestingly, elsholtzia
ketone and cuminaldehyde content seemed to exhibit synergis-

tic effects after shade drying whether leaves and stems or seeds
of P. frutescens. The differences may be a factor of dried P.
frutescens as medicine. Some VOCs such as (R)-l-

perillaldehyde, a-farnesene and trans-2-hexenal were only
detected in dried stems. Conversely, some VOCs such as (R)-
cuparene, beta-elemene and citral were only identified in fresh

stems. Cis-linalool oxide, (R)-l-perillaldehyde and a-cubebene
were just detected from dried leaves while butylated hydroxy-
toluene, a-longipinene, and 2-methylbutyraldehyde were only
tested from fresh leaves. 1-(6,6-dimethylbicyclo[3.1.0]hex-2-e

n-2-yl)-ethanone and ylangenol were only found in the dried
seeds. Conversely, some ingredients (e.g. 3-carene, b-guaiene,
egomaketone, etc.) were only detected in the fresh seeds. The

VOCs formed after drying may be attributed to precursors in
fresh samples being degraded, isomeric species or oxidation



Fig. 1 Fingerprints and radar chart of the fresh and dried P. frutescens from HS-GC-IMS. (Each row stands for a selected signal peak in

one sample and each column stands for a signal peak of a compound in a different sample. Fst: fresh stems (a), FL: fresh leaves (b), FSe:

fresh seeds (c), DSt: dried stems (d), DL: dried leaves (e), DSe: dried seeds (f). (A) stems, (B) leaves, (C) seeds. (D) Component

classification identified by HS-GC-IMS.
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Fig. 2 The total ion chromatograms (TIC) (A) and radar chart (B) of the fresh and dried P. frutescens from HS-SPME-GC–MS. (A):

The total ion chromatograms of mixed standard chemicals (a) and dried P. frutescens leaves samples (b). 1: 1-Octen-3-ol; 2: Linalool; 3:

Perilla ketone; 4: Citral; 5: Caryophyllene; 6: Humulene, 7: Caryophyllene oxide. (B): Component classification identified by HS-GC-IMS

HS-SPME-GC–MS detected. Fst: fresh stems, FL: fresh leaves, FSe: fresh seeds, DSt: dried stems, DL: dried leaves, DSe: dried seeds.

6 J. Xie et al.
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reactions during the drying process(Song et al., 2021). Further-
more, small-molecule VOCs detected by HS-GC-IMS may be
involved in synthesis and conversion processes of the afore-

mentioned compounds detected by HS-SPME-GC–MS. For
example, limonene could produce a-terpineol by biotransfor-
mation(Molina et al., 2019). Terpenes were relatively abundant

in fresh and dried P. frutescens (Fig. 2D). Terpenes were a vital
member of the VOCs safeguarding plants against pests, dis-
eases, and weeds, and also offered a wide range of prospects

in the pharmaceutical, food, cosmetic, and flavoring indus-
tries(Ninkuu et al., 2021).
Fig. 3 Fingerprints among three different parts of P. frutescens from

sample and each column stands for a signal peak of a compound in a di

seeds (c), DSt: dried stems (d), DL: dried leaves (e), DSe: dried seeds (

dried P. frutescens.
3.2. The characteristic VOCs of three parts of fresh and dried P.
frutescens

3.2.1. Differences of VOCs in three parts of fresh or dried P.

frutescens by HS-GC-IMS

Dried parts such as leaves, stems and seed were regarded as
different drugs from ancient times to the present, but the
underlying reason remains unclear. The fingerprint profiles

form by HS-GC-IMS (Fig. 3) indicated there was distinct vari-
ability among different parts of P. frutescens. Among the dif-
ferent parts of fresh P. frutescens, the part with the largest
HS-GC-IMS. (Each row stands for a selected signal peak in one

fferent sample). Fst: fresh stems (a), FL: fresh leaves (b), FSe: fresh

f). (A) Different parts of fresh P. frutescens, (B) Different parts of



8 J. Xie et al.
amount and content of components was the fresh leaves
(Fig. 3A, b), and the least was the fresh seeds (Fig. 3A, c).
The flavor concentration of P. frutescens leaves was signifi-

cantly higher, making them one of the favorite vegetables.
The researches on different parts of fresh P. frutescens were
very meaningful and could promote the development from

multiple perspectives in the food field. Among the different
parts of dried P. frutescens, the part with the largest number
of components was the dried seeds (Fig. 3B, f), and the least

was the dried stems (Fig. 3B, d). The differences in the amount
and content of components in different parts of dried P. frutes-
cens may be one of the reasons why different parts (seeds,
leaves and stems) of P. frutescens as different drugs from the

results (Fig. 3B). After the dataset was reduced dimensionality,
principal component analysis and hierarchical cluster analysis
(HCA: Fig. 4A&B) and (PCA: Fig. 4C&D) were carried out

for chemometric analysis. Linkage method of HCA was
average-link. Correlation was selected as type of distance. As
displayed by the results of HCA (Fig. 4A&B), all fresh samples

could be divided into three groups (I, II and IV) which corre-
spond to the seeds, leaves and stems except for two of the sam-
ples (stem 5 and leaves 4) was misassigned (Fig. 4A).

Meanwhile, other dried samples were clustered into three
major clusters (I, II and IV) according to three medicinal parts
(seeds, leaves and stems) although three samples of stem 4,
leaves 4 and leaves 5 were not clustered into corresponding

clusters (Fig. 4B). The result of PCA (Fig. 5C: PC1:50.9%,
PC2:20.3%, PC3:9.6%; Fig. 4d: PC1:40 %, PC2:25.9%,
Fig. 4 (A)&(B): Dendrograms of different parts resulting from HC

PCA analysis. FSt: fresh stems; FSe: fresh seeds; FL: fresh leaves; DS
PC3:16.5%) was similar to HCA, but HCA relatively achieved
better results. Overall, fingerprint profiles, PCA and HCA
indicated that VOCs of small molecules in P. frutescens from

different parts (leaves, stems and seeds) showed apparent dif-
ferences. At present, some small-molecule VOCs had been
reported to contribute to anti-cancer, such as geraniol, ben-

zothiazole, geranyl acetate, and so on(e Silva et al., 2022).
These small-molecule VOCs differences may be associated
with the treatment of different kinds of diseases. Thus, the

small-molecule VOCs of P. frutescens in pharmacological stud-
ies deserved further investigation. Interestingly, although all
samples came from the botanical gardens, there were certain
differences between batches indicating that using HS-GC-

IMS was able to detect subtle differences, which the instrument
provided a reference for quality control of P. frutescens. Mean-
while, P. frutescens had genetic instability and easily mated

with closely related species to form similar morphology, but
there were obvious differences in chemical composition(Hu
et al., 2010). Thus, it also suggested more samples were neces-

sary to explore the cultivation conditions, harvesting time, and
processing conditions of high-quality P. frutescens to guaran-
tee stable quality.

3.2.2. Differences of VOCs of three parts in fresh or dried P.
frutescens by HS-SPME-GC–MS

Although there were no significant differences in the types of

VOCs identified by HS-SPME-GC–MS, differences in content
of components of different parts were observed (Supplemen-
A. (C)&(D): Classification of different parts analyzed samples by

t: dried stems; DSe: dried seeds; DL: dried leaves.



Fig. 5 OPLS-DA and RF of different parts of P. frutescens (blue: seeds, green: stems, red: leaves). FSt: fresh stems; FSe: fresh seeds; FL:

fresh leaves; DSt: dried stems; DSe: dried seeds; DL: dried leaves. (A)&(B) Discriminatory classification map. (C)&(D) The variable

importance for the projection (VIP) predictive of the VOCs (a&b were VIP value greater than 1). (E) significant features of different parts

of the fresh. (F) significant features of different parts of the dried. Additionally, (1R,4R,5S): (1R,4R,5S)-1,8-dimethyl-4-(prop-1-en-2-yl)

spiro[4.5]dec-7-ene. (1S,4S,4aS): (1S,4S,4aS)-1-isopropyl-4,7-dimethyl-1,2,3,4,4a,5-hexahydronaphthalene. (2R,3S,5S,6R): (2R,3S,5S,6R)-

2,5-bis(4-Methoxyphenyl)-3,6-dimethyl-1,4-dioxane-rel- 1,1,4,7-Tetramethyl: 1,1,4,7-Tetramethyl-1a,2,3,4,6,7,7a,7b-octahydro-1H-cyclo-

propa[e]azulene.
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tary Information, Fig.S2 and TableA2). Since there was

genetic diversification and varied the content of components
in VOCs, previous studies based on the main component con-
tent of essential oil divided into the following chemotypes: per-

illaketone (PK), perillaldehyde (PA), elsholtziaketone (EK),
citral (C), phenylpropanoids (myristicin, dillapiole, elemicin)
(PP), D-limonene and piperitone (DLP), b-caryophyllene
myristicine (MT), perillene (PL) and piperitenone types (PT)

(Kimura and Ito 2020). In this study, cuminaldehyde, elsholt-
zia ketone, perilla ketone and caryophyllene were mainly
detected. The content of these components was ranked in the

top five of the total VOCs in most of the samples either fresh
or dried P. frutescens. Thus, there were two chemotypes iden-
tified, including PK-type and EK-type according to the main

VOCs in the HS-SPME-GC–MS data. Besides, cuminaldehyde
made up the largest content of component in some samples,
which had been reported that according to a new classification

of five essential oils based on cluster analysis of Euclidean dis-
tance, it was divided into fifth categories (EK chemotypes)(Wei
et al., 2007). Therefore, the results of the current study sup-

ported with classification finding of Euclidean distance analy-
sis and provided a scientific reference for EK chemotypes.
Chemotypes of P. frutescens were related to the harvest period,

sowing period and growing environment(Ghimire et al., 2017).
Therefore, the result appeared variations of these VOCs
between batches and had two chemotypes in the collection
place.

Different parts of P. frutescens had been used in different
medicine clinically. In order to further explore the different
VOCs among different parts and screen out suitable volatile

markers, the study combined orthogonal partial least squares
discriminant analysis (OPLS-DA) and the Random Forest
(RF) for analysis. The RF was a supervised method to handle

high-dimensional data. The model displayed the best overall
performance on volatile markers-selected (Chen et al., 2013).
OPLS-DA was commonly used for visualizing high dimen-

sional data and discriminant analysis of latent metabolites
related to metabolic changes(Qi et al., 2020), which proved
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to be powerful tools in qualitative data analysis. Moreover, the
variable importance of the projection (VIP) in OPLS-DA was
formed by measuring variables with scores. VIP � 1 was used

to identify the variables important to the model and were gen-
erally considered to be important variables. The larger the VIP
value, the more important the variable to the divergence was

between different parts. Meanwhile, VIP � 1 was considered
to be a significant factor for samples classification(Galindo-
Prieto et al., 2014). In the study, two HS-SPME-GC–MS data-

sets (different parts of fresh P. frutescens and different parts of
dried P. frutescens) were calculated by SIMCA 14.1 software
based on the OPLS-DA model respectively (Fig. 5). All P. fru-
tescens samples could be divided into three groups according

to the different medicinal parts (seeds, leaves and stems)
whether fresh (Fig. 5A) or dried P. frutescens (Fig. 5B), which
indicated that differences existed among three parts. The

explanatory and predictive abilities of the models were evalu-
ated from R2 and Q2. And the closer R2 and Q2 were to 1,
the better fitness of the model was (Wang et al., 2019). The

R2 and Q2 of the two OPLS-DA models were greater than
0.9 (R2 = 0.978, Q2 = 0.915 and R2 = 0.965, Q2 = 0.92),
which indicated excellent explanatory and predictive effects

of the OPLS-DA model for the classification of different parts
of P. frutescens. Based on the criteria of VIP � 1, 56 (a) and 60
(b) important variables were selected in different parts of fresh
and dried P. frutescens respectively from the VIP plot of

OPLS-DA (Fig. 5C&D). To further explore favorable volatile
markers from these essential variables, a RF algorithm was
used to build RF model. The classification trees of RF model

were set as 1000. During trees building, one-third of the sam-
ples were used as training data and the remaining samples were
used as test data to get a judicial assessment of the out-of-bag

(OOB) error. Theoretically, the cross-verification was con-
ducted internally in the RF algorithm between the operation
by the OOB dataset. The lower OOB error was a criterion of

classifier quality(Bulgarevich et al., 2018). After several trees,
the cumulative OOB error rates decreased to 0.0667 in differ-
ent parts of fresh P. frutescens and to 0 in different parts of
dried P. frutescens. Fig. 5E&F showed the first fifteen signifi-

cant features in the ranking through the RF model. c-
muurolene, a-cubebene, 4-cadinene, copaene, b-guaiene and
germacrene D were more abundant in fresh seeds (Fig. 5E)

with antibacterial and antioxidant, which were suitable for
exploitation in various skin-care products(Bahadori et al.,
2017, Falleh et al., 2020). (R)-cuparene, c-terpinene, dibutyl
phthalate, p-cymene, 2-nonen-1-ol, 1,2-epoxy-5-
methylhexane, butylated hydroxytoluene and toluene were
identified as significant volatile markers in fresh stems
(Fig. 5E), in which c-terpinene and p-cymene with anti-

inflammatory and antioxidant effects had synergistic antibac-
terial effect(Sousa et al., 2022). Only 2-methoxyethanol was
screened as volatile marker of the fresh leaves (Fig. 5E). Most

of the volatile markers of fresh P. frutescens had antibacterial
effects, which may be beneficial for the development of func-
tional food related to oral cavity. Meanwhile, dried leaves

had volatile markers of 3-hexen-1-ol, benzaldehyde and trans-
2-hexenal, dried seeds had b-copaene, copaene, eudesma-4
(14),11-diene and (1S,4S,4aS)-1-isopropyl-4,7-dimethyl-1,2,3,

4,4a,5-hexahydronaphthalene, and dried stems had 2-nonen-
1-ol, cis-4-thujanol, (1R,4R,5S)-1,8-dimethyl-4-(prop-1-en-2-y
l)spiro[4.5]dec-7-ene, p-cymene, 1,2-epoxy-5-methylhexane,
tetradecane, 3-octanol and 2-methoxyethano(Fig. 5F). P-
cymene exhibited remarkable antiproliferative potential
against several cancer cell lines such as human cervical cancer,

human non-small cell lung cancer (NSCLC) A549 and A427
cell lines(Balahbib et al., 2021). These potential volatile mark-
ers provided the reference for studying differences in therapeu-

tic effect.

4. Conclusion

In the present study, the experiment analyzed qualitatively and rela-

tively quantitatively VOCs of fresh and dried P. frutescent accessing

to HS-GC-IMS and HS-SPME-GC–MS, as well as using multivariate

statistics screened for related volatile markers in different parts. The

results demonstrated that the differences of VOCs in the stems, the

leaves and the seeds of fresh and dried P. frutescens were obviously

observed according to HS-GC-IMS and HS-SPME-GC–MS. Thus,

attention should be paid to distinguishing different parts of P. frutes-

cens, which provided a scientific reference for the different applications

of different parts of P. frutescens in clinical treatment. In small-

molecule flavor, there were fewer shared VOCs between dried and

fresh P. frutescens and the content of VOCs was reduced in dried sam-

ples. Many characteristic VOCs were detected in fresh and dried P. fru-

tescens. These results were helpful for the development of unique

functional food. In VOCs detected by HS-SPME-GC–MS, the content

of most of the components was increased during the process of drying.

Comprehensive analysis of fresh and dried P. frutescens could acquire

more information which was beneficial for future development and

application. In addition, the RF model screened out 25 important

volatile markers such as trans-2-hexenal, p-cymene and a-cubebene,
etc. Therefore, the current study could provide a reference for further

exploration in the field of the food and TCM of P. frutescens.
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