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ABSTRACT: Fructus Ligustri Lucidi (FLL) refers to the dried mature fruit of Ligustrum lucidum Ait., a species from

the Oleaceae family, widely distributed across East Asia and India. 
is study aimed to optimize the extraction process

for Fructus Ligustri Lucidi essential oil (FLLO) to develop an e�cient and practical extraction method. Additionally,

the chemical composition of FLLO was analyzed, and its antioxidant, antimicrobial, and cytotoxic activities were

evaluated. FLLO was extracted using supercritical CO2 extraction, and response surface methodology was applied to

optimize the extraction parameters: pressure of 16 MPa, temperature of 40○C, and extraction time of 40 min.
emain

components of the essential oil were identi
ed throughGC-MS analysis. Antioxidant activity was assessed using DPPH

and ABTS assays, demonstrating that FLLO exhibited strong antioxidant properties, with a DPPH radical scavenging

rate exceeding 80%. In antimicrobial tests, FLLO exhibited signi
cant inhibitory e�ects on both Gram-positive and

Gram-negative bacteria at concentrations greater than 25 mg/mL. Additionally, cytotoxicity assays revealed that FLLO

enhanced the proliferation of LO2 cells. In conclusion, FLLO, extracted using supercritical CO2, demonstrates excellent

antioxidant and antimicrobial properties, as well as favorable cell safety, supporting its potential for further development

and application of Ligustrum lucidum.

KEYWORDS: Fructus ligustri lucidi; supercritical extraction; essential oils; safety; antibacterial activity; antioxidant

activity

1 Introduction

Microbial contamination of food is a signi
cant cause of human diseases [1]. Various antimicrobial
agents have been incorporated into food products to inhibit microbial growth, including antibiotics,
biological products, antibacterial plastics [2], 
bers [3], ceramics [4,5], and metal particles [6,7]. Although
antibiotics exhibit strong antibacterial activity and a broad antimicrobial spectrum, their extensive use
has led to the emergence of antibiotic-resistant bacteria [8,9]. Biological products, primarily antimicrobial
peptides, are costly to produce and pose concerns regarding safety and potential drug resistance [10–14].
Furthermore, the use of certain antimicrobial materials presents challenges; for instance, heavy metal ions
released as antimicrobial agents can adversely a�ect health if improperly managed [15,16]. Consequently,
natural antimicrobial substances have garnered increasing attention from researchers.
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Antibacterial essential oils (EOs) are derived fromnatural plants and are considered preferable to antibi-
otics because they do not promote the development of bacterial resistance. Plant EOs have a broad range
of applications and are known for their high biological safety [17], as well as the absence of residual heavy
metal ions [18–21]. As a result, plant EOs have garnered signi
cant attention from researchers in recent years.
Literature reports highlight the e�ectiveness of EOs, such as peppermint [22], Erigeronmucronatus [23], and
sugarcanemolasses [24], which exhibit strong antibacterial activity against Staphylococcus aureus (S. aureus),
Escherichia coli (E. coli), Streptococcus pyogenes (S. pyogenes), Klebsiella pneumoniae (K. pneumoniae), and
other bacteria [25,26].


e extraction of plant essential oils (EOs) can be categorized into several methods: microwave-
assisted extraction [27,28], steam distillation [29,30], water extraction, and alcohol extraction. While these
methods are straightforward and convenient, they have certain limitations. For instance, steam distillation
can only extract volatile components, while alcohol extraction may leave solvent residues. Supercritical
�uid extraction (SFE) uses supercritical �uids, near their critical points, as solvents to extract the desired
components from liquid or solid sources. SFE is considered a green, pollution-free, and e�cient extraction
method [31,32], and is particularly e�ective for extracting plant EOs [33,34]. Typically performed at room
temperature, SFE preserves the chemical integrity of the extract. Moreover, it o�ers a wide extraction range
with no residual solvents [35]. By adjusting di�erent SFE conditions, high oil yields can be achieved [36,37].
EOs produced by SFE generally exhibit high biological activity [38,39].

Fructus Ligustri Lucid (FLL) is the fruit of the Oleaceae plant Ligustrum Lucidum, which is known
for its various e�ects, including increasing bone mineral density [40,41], exhibiting anti-in�ammatory
properties [42], and protecting the liver [43,44]. However, relatively few studies have focused on the antimi-
crobial activities of FLL oil (FLLO). 
e extraction of essential oils (EOs) from FLL is typically carried out
through steamdistillation, water extraction, and alcohol extraction [45,46]. Supercritical CO2 extractionwas
employed to obtain FLLO, and response surface methodology (RSM) was applied for process optimization
to identify the optimal extraction conditions and analyze the product components.
e antibacterial activity
of FLLO was then tested. Finally, the biological safety of FLLO was evaluated by assessing its e�ects on liver
cells (LO2).
ese 
ndings provide a theoretical foundation for the development and application of FLLO in
the food and pharmaceutical industries.

2 Materials and Methods

2.1 Materials


eFructus Ligustri Lucid (FLL) used in this experiment were sourced fromTai’an, Shandong Province,
China.
e DPPH kit was supplied by Fuzhou Phygene Biotechnology Co., Ltd. (Fuzhou, China).
e ABTS
kit was obtained from Elabscience Biotechnology Co., Ltd. (Wuhan, China). And the Cell Activity Assay
Kit was purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China); LO2 cells were provided by
Shanghai Biowing Applied Biotechnology Co., Ltd. (Shanghai, China).

2.2 Supercritical Extraction Operations


e SFE apparatus (HA21-50-01) was used to extract FLLO. 
e procedure followed these steps: 
e
Fructus Ligustri Lucid were crushed, sieved through a 30-mesh screen, and mixed with an equal volume of
absolute ethanol;
emixture was then sealed and kept overnight. Next, 100 g of this mixture was transferred
into the SFE kettle, the temperature was adjusted to the pre-set value, the carbon dioxide pumpwas activated,
and the gas was introduced into the kettle. 
e pressure valve was adjusted to reach the pre-set value, and
the extraction time was initiated. When the pre-set extraction time was reached, the product was collected.
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2.3 Process Optimization

To optimize the yield of FLL, it is essential to determine the best extraction conditions for FLLO
through the application of response surface methodology. Based on the results of preliminary experiments,
the relationship between the independent variables—pressure (X1; 8–24 MPa), temperature (X2; 30–50

○C),
and time (X3; 30–90 min)—was evaluated, with the highest extraction e�ciency of FLLO (Y) as the
dependent variable.

2.4 GC-MS Analysis of FLLO

For GC-MS analysis, Fructus Ligustri Lucidi essential oil was 
rst completely dissolved in absolute
ethanol, and the solution was then passed through a 0.22 μmmicroporous membrane before being analyzed
using an Agilent 8890–7000E triple quadrupole gas chromatograph.


e analytical conditions were as follows: a column of Agilent HP-5MS, a quartz capillary column (30
mm × 250 mm × 0.25 μm); helium (He) was used as the carrier gas at a �ow rate of 1.2 mL/min.
e injector
temperature was set to 250○C, and 1 μL of the sample was injected in split mode with a split ratio of 20:1.

e temperature program started at 50○C for 2 min, then increased at a rate of 20○C/min to 220○C, held for
3 min, followed by a further increase at 30○C/min to 280○C, where it was maintained for 20 min. 
e total
run time was 35.5 min.

For mass spectrometry, the conditions included electron impact (EI) ionization with an electron energy
of 70 eV. 
e transmission line temperature was 250○C, and the ion source temperature was 230○C. 
e
activation voltage was set to 15 V, and the mass scan range was from 50 m/z to 500 m/z. 
e solvent delay
time was 3 min.

2.5 Antioxidant Activity

2.5.1 DPPH Method

DPPH accepts electrons from antioxidants, forming a stabilized purple free radical, which is then
scavenged, resulting in a decrease in absorbance at 517 nm. 
erefore, the free radical scavenging activity
can be quanti
ed by measuring the change in absorbance. A 3 mg sample of DPPH was dissolved in
100 mL of anhydrous ethanol. FLLO was then dissolved in anhydrous ethanol to obtain 
nal concen-
trations of 6.25, 12.5, 25, and 50 mg/mL. Next, 100 μL of the essential oil solution was mixed with
900 μL of aDPPH-ethanol solution, and the reactionwas allowed to proceed for 30min at room temperature,
shielded from light. 
e absorbance was then measured at 517 nm. For the control, 100 μL of pure ethanol
was added to 900 μL of the DPPH-ethanol solution. 
e free radical scavenging activity was determined
using the equation below Eq. (1):

DPPH scavenging activity (%) =
AControl −ASample

AControl
(1)

2.5.2 Total Antioxidant Capacity (ABTS Method)


e ABTS method is a widely used technique to assess the antioxidant capacity of a substance in vitro.
ABTS reacts with K2S2O8 to form the stable free radical ABTS+, which exhibits a maximum absorption at
734 nm and a blue-green color. When the free radicals are scavenged and reduced, the color of the solution
lightens, resulting in a decrease in absorbance at 734 nm.
is change can be used to determine the sample’s
ability to scavenge ABTS+.
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To prepare the ABTS working solution, ABTS solution and oxidant solution were mixed in a 1:1 ratio.
FLLO was dissolved in anhydrous ethanol to prepare 
nal concentrations of 6.25, 12.5, 25, and 50 mg/mL.

en, 200 μL of the ABTS working solution and 10 μL of FLLO were added to each well, gently mixed,
and the reaction was incubated at room temperature for 2–6 min. 
e absorbance at 734 nm (A734) was
subsequently measured and control absorbance was determined by adding distilled water to the blank wells.

e total antioxidant capacity was calculated using the standard curve.

2.6 Antibacterial Activity

In this study, S. aureus, MRSA, E. coli, and Salmonella were used as test bacteria. Single colonies were
inoculated into LB medium and incubated in a shaking incubator for 15 h to obtain an activated bacterial
solution. Next, 50 μL of the activated bacterial solution was added to 4950 μL of LB liquid medium and
cultured at 37○C and 180 rpm for 3 h until the optical density (OD600) reached 0.7, thereby preparing the
bacterial inoculation solution. Subsequently, 900 μL of 1% Tween-80 aqueous solution was added to 100 μL
of the bacterial inoculation solution to serve as the control group.
e experimental group consisted of 
nal
FLLO concentrations of 5, 10, 25, and 50 mg/mL. A�er exposing the bacterial solution to di�erent FLLO
concentrations at 37○C for 24 h, 10 μL of the solution was plated onto a Petri dish. Finally, the colony-forming
units (CFU/mL) of the bacteria were counted a�er 12 h [47].

2.7 Biosafety of FLLO

2.7.1 Apoptosis Assay

Liver LO2 cells were initially cultured in a six-well plate (1 × 106 cells per well) for 24 h; FLLOwasmixed
with 1% Tween-80 aqueous solution, passed through a 0.22 μmmicroporous membrane, and added to six-
well plate to make the 
nal concentration of the system at 50 μg/mL, 100 mg/mL. A�er a 24 h incubation,
the cells were treated with 1 mL of trypsin, followed by the addition of 1 mL of PBS bu�er.
e cells were then
collected, transferred into a 5 mL centrifuge tube, and centrifuged at 800 rpm for 4 min. 
e supernatant
was discarded, and the cell pellet was resuspended in 100 μL of resuspension solution. Next, 5 μL of Annexin
V-FITC and 10 μL of PI staining solution were added, and the mixture was incubated at room temperature
for 15 min, protected from light. Following incubation, the cells were resuspended with an additional
400 μL of resuspension solution. 
e samples were 
ltered through a copper mesh and analyzed using �ow
cytometry (BD FACSCalibur, Franklin Lake, NJ, USA), the instrument was purchased from Jiangsu New
Haitian International Trading Co., Nanjing, Jiangsu Province, China. Data analysis was performed with
FlowJo V10 so�ware.

2.7.2 Cell Viability Assay

Cell cultures were performed in 96-well plates (5 × 104 cells per well). FLLO was added to the
experimental group at concentrations of 12.5, 25, 50, and 100 μg/mL, while the control group wasmaintained
without FLLO. A�er 24 h of incubation, cell viability was evaluated using the CCK-8 assay. In this method,
10 μL of CCK-8 reagent was added to each well., and the culture was continued for 2 h. Absorbance was
measured at 450 nm [48], and cell viability was calculated using the following equation Eq. (2):

Cell viability (%) =
(ODexperiment −ODblank)
(ODcontrol −ODblank)

× 100 (2)
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2.8 Statistical Methods


e 
nal results of the experiment were expressed as the mean of three replicates. 
e data are
expressed as mean ± standard deviation (SD) and were analyzed for statistical signi
cance using SPSS
version 26 so�ware. Statistical signi
cance was assessed using one-way ANOVA to compare results between
di�erent groups.

3 Results and Discussions

3.1 Optimization Results for FLLO Extraction and Its Chemical Pro
le

To achieve higher extraction e�ciency, the Box-Behnken Design (BBD) was used for process optimiza-
tion. A�er 17 experimental runs designed by BBD, the FLLO yield was determined, as shown in (Table 1).

e corresponding surface and contour plots are also shown in (Fig. 1). Under the conditions of constant
extraction time and temperature, the extraction yield of FLLO had a maximum value with the increase of
pressure (Fig. 1A). When the extraction pressure and extraction time were held constant, the FLLO yield
increased with higher extraction temperatures. However, once the temperature rose to 40○C, the yield
increased more slowly. Under constant extraction pressure and temperature, the yield of FLLO increased as
the extraction time was extended, but remained relatively unchanged when the extraction time exceeded
60 min.

Table 1: Experimental responses for supercritical extraction of FLLO

Experiment No. X1 X2 X3 Response (Y)

Pressure (MPa) Temperature (○C) Time (min) Yield (%)

1 24 40 30 0.15
2 16 30 90 0.14
3 24 40 90 2.54
4 8 30 60 0.12
5 16 50 30 4.25
6 16 40 60 6.35
7 16 40 60 6.12
8 16 50 90 6.37
9 16 40 60 5.98
10 8 40 90 0.59
11 16 40 60 6.25
12 24 50 60 4.38
13 8 50 60 0.64
14 16 30 30 0.22
15 24 30 60 0.19
16 16 40 60 6.37
17 8 40 30 0.11

Final quadratic regression equation in terms of actual factors was obtained as below; also, ANOVA for
quadratic model has been shown in Table 2.

Y = − 35.64 + 1.21X1 + 1.09X2 + 0.18X3 + 0.01X1 ×X2 + 0.01X1 ×X3 + 0.01X2 ×X3 − 0.05X1
2 − 0.02X2

2

− 0.01X3
2
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Figure 1: 3D response surface plots and 2D contour plots: 
e e�ects of extraction pressure and temperature (A),
extraction pressure and time (B), and extraction temperature and time (C) on the yield of FLLO are shown



Phyton-Int J Exp Bot. 2025;94(2) 447

Table 2: Analysis of variance (ANOVA) for the 
tted quadratic model

Source Sum of squares DF Mean square F-value p-value Signi�cance

Model 122.28 9 13.59 21.33 0.0003 **
X1-Pressure 4.21 1 4.21 6.60 0.0370

X2-Temperature 28.01 1 28.01 43.98 0.0003 **
X3-Time 3.01 1 3.01 4.73 0.0661
X1X2 3.37 1 3.37 5.29 0.0550
X1X3 0.9120 1 0.9120 1.43 0.2704
X2X3 1.21 1 1.21 1.90 0.2105
X12 48.37 1 48.37 75.95 < 0.0001 **
X22 9.37 1 9.37 14.72 0.0064 **
X32 16.46 1 16.46 25.84 0.0014 **

Residual 4.46 7 0.6369
Lack of 
t 4.35 3 1.45 53.85 0.0011 **
Pure error 0.1077 4 0.0269
Cor total 126.74 16

Note: Response 1: Yield. DF: Degree of freedom. * indicates signi
cant (p < 0.05), ** indicates highly
signi
cant (p < 0.01).


e optimal conditions for supercritical extraction of FLLO were determined as: 
e extraction was
conducted at a pressure of 16 MPa, a temperature of 50○C, and an extraction time of 90 min, resulting in a
yield of 6.37%. However, considering cost and safety factors, the optimal process was adjusted to: extraction
pressure 16MPa, extraction temperature 40○C, and extraction time 60min, the extraction yieldwas predicted
to be 6.21%.
eprocesswas then veri
ed experimentally, and the average extraction yield of FLLO,measured
across three trials, was 6.14%. 
erefore, the RSM optimization for supercritical extraction of FLLO was
found to be stable and feasible.


e analytical results of GC-MS are shown in (Table 3). 
e analysis identi
ed 15 compounds in the
essential oil of Fructus Ligustri Lucidi. Among these, terpenoids such as α-Cadinol (2.67%), β-Sitosterol
(4.65%), and Lupeol (4.88%) exhibited notable biological activities and were present in higher concentra-
tions. Additionally, fatty acids like Palmitic Acid and Elaidic Acid, along with some alcohols, ole
ns, and
alkanes, were detected, though in relatively lower amounts.

Table 3:
e chemical composition of FLLO

No. Retention

time

CAS No. Component Relative content

(% area)

1 8.398 501-94-0 4-Hydroxyphenethyl
alcohol

1.23

2 9.992 481-34-5 α-Cadinol 2.67
3 11.807 57-10-3 Palmitic Acid 3.59
4 13.574 112-79-8 Elaidic Acid 3.94
5 14.895 7098-21-7 Tritetracontane 0.21
6 15.348 301-02-0 Oleamide 0.66
7 16.084 112-95-8 Icosane 0.49

(Continued)
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Table 3 (continued)

No. Retention

time

CAS No. Component Relative content

(% area)

8 16.934 53057-53-7 1,21-Docosadiene 3.04
9 17.352 297-03-0 Cyclotetracosane 2.14
10 18.473 506-42-3 Elaidyl Alcohol 3.71
11 22.171 59-02-9 Vitamin E 0.12
12 25.695 83-46-5 β-Sitosterol 4.65
13 27.591 545-47-1 Lupeol 4.88
14 30.382 1617-68-1 Lupeol acetate 1.06
15 32.588 5989-08-2 α-Longipinene 5.12

3.2 Antioxidant Activity

Plant essential oils, as natural products, generally exhibit strong antioxidant activity. 
eir antioxidant
capacity is a�ected by factors such as the type, composition, and concentration of the essential oil, making
them widely applicable in 
elds such as medicine and food. Fig. 2 below illustrates the antioxidant activity
of FLLO measured using two methods. Both methods showed the same trend, the antioxidant capacity
increasedwith higher concentrations of essential oil concentration, and theDPPH radical scavenging activity
exceeded 80%. 
is suggests that FLLO has excellent antioxidant activity, likely attributed to the high
concentrations of β-Sitosterol and Lupeol, as indicated by the GC-MS data in Table 3. 
ese 
ndings are
consistent with the work of Parvez et al. [49].

Figure 2: DPPH scavenging activity of FLLO (A); Total antioxidant capacity of FLLO (B). ** indicates highly
signi
cant (p < 0.01)

3.3 Antibacterial Activity

In the next step, the antibacterial activity of the optimum FLLO was evaluated against four di�erent
bacteria: S. aureus, MRSA, E. coli, and Salmonella. 
e results revealed that FLLO exhibited signi
cant
antibacterial activity against these target bacteria (Fig. 3), with no major di�erences in activity among the
four bacteria. At 
nal FLLO concentrations of 5 and 10 mg/mL, bacterial numbers were slightly reduced
compared to the control group. However, at a concentration of 25mg/mL, a signi
cant reduction in bacterial
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numbers was observed (p < 0.05). Finally, at a concentration of 50 mg/mL, no bacterial growth was detected
(Fig. 3). 
ese 
ndings suggest that FLLO has a strong antibacterial e�ect against the tested bacteria, likely
due to the high concentration of α-Cadinol in FLLO. A study by Su et al. also reported strong antibacterial
activity of α-Cadinol derived from the fruit essential oil of Eucalyptus citriodora [50].

Figure 3: Bacterial growth a�er treatment with various concentrations of FLLO (A); 
e inhibitory e�ect of FLLO
against di�erent bacteria (B). ** indicates highly signi
cant (p < 0.01)
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3.4 In Vitro Cytotoxicity of FLLO

Based on the results of the study, it was found that FLLO exhibits good antimicrobial and antioxidant
activities, indicating its great potential for future applications in both pharmaceutical and food 
elds.
To ensure the biosafety of FLLO, hepatocytes (LO2) were chosen to investigate the e�ects of di�erent
concentrations of FLLO on cell viability and apoptosis.

3.4.1 Apoptosis Results

Annexin V-FITC/PI staining was employed to evaluate the e�ect of FLLO on apoptosis in LO2 cells [51].

e results demonstrated that FLLO e�ectively inhibited both early and late apoptosis in LO2 cells. At a
concentration of 50 μg/mL, the early and late apoptosis rates were 4.12% and 1.75%, respectively. When
the FLLO concentration was increased to 100 μg/mL, the early and late apoptosis rates were 3.89% and
1.63%, respectively. In contrast, the early and late apoptosis rates in the control group were 6.41% and 2.51%,
respectively.
ese 
ndings suggest that FLLO e�ectively protects hepatocyte growth and demonstrates good
biosafety while maintaining its potent antibacterial activity.

3.4.2 Viability Results

As a potential antimicrobial additive, the safety of FLLO is crucial. Cytotoxicity serves as an important
indicator for evaluating the biological safety of antimicrobial compounds. As shown in (Fig. 4), a�er 24 h of
FLLO treatment, the cell survival rate at a concentration of 12.5 μg/mL was ≥80%, and at concentrations of
25 μg/mL or higher, the cell survival rate increased to ≥100%. 
e results demonstrate exhibits good safety
in LO2 cells. 
is may be related to the presence of ursolic acid in FLLO, which was shown by Zhou et al. to
have the potential to promote the proliferation and di�erentiation of LO2 cells [4,52].

Figure 4: (Continued)
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Figure 4: 
e e�ect of FLLO on LO2 cell apoptosis in di�erent concentrations (A); and di�erent phase
(B); Cell viability of LO2 cells a�er treatment with FLLO for 24 h (C). ** indicates highly signi
cant
(p < 0.01)

4 Conclusions


ese 
ndings demonstrate that FLLO is a naturally derived compound with excellent antioxidant and
antibacterial properties, coupled with a high safety pro
le in LO2 cells. As such, FLLO holds signi
cant
potential as an additive in food, pharmaceutical, and cosmetic applications.Moreover, the extraction process
was optimized using supercritical carbon dioxide extraction to enhance e�ciency. However, to fully realize
the bene
ts and broader applicability of FLLO, further research is needed. 
is should include in vivo

studies and evaluations against a broader range of bacterial and fungal strains, facilitating the development
of more e�ective and safer antimicrobial agents. Additionally, future studies should focus on comprehensive
chemical analyses of FLLO to identify its active components with antioxidant and antimicrobial properties
and elucidate their mechanisms of action.
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