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Litsea cubeba essential oil (LCEO) has garnered widespread attention due to its robust biological activity.
However, challenges such as high volatility, limited water solubility, and low bioavailability impede its appli-
cation. Nano-emulsion encapsulation technology offers an effective solution to these issues. In this study, we
prepared litsea cubeba essential oil nano-emulsion (LCEO-NE) for the first time using whey protein (WP) as the
emulsifier through an ultrasonic-assisted method, achieving high efficiency with minimal energy consumption.
Transmission electron microscopy and dynamic light scattering analyses revealed that the nanoparticles were
uniformly spherical, with a particle size of 183.5 & 1.19 nm and a zeta potential of —35.5 & 0.95 mV. Stability
studies revealed that LCEO-NE exhibited excellent thermal and salt stability, maintaining its integrity for up to
four weeks when stored at 4 °C and 25 °C. In vitro digestion assays confirmed the digestibility of LCEO-NE.
Furthermore, evaluation of the DPPH, ABTS, and antimicrobial activities revealed that LCEO-NE displayed su-
perior bacteriostatic and antioxidant properties compared to LCEO. Scanning electron microscopy elucidated
that its bacteriostatic effect involved the disruption of bacterial microstructure. Hemocompatibility and cyto-
toxicity assays demonstrated the safety of LCEO-NE within the effective concentration range. This research
supports the utilization of nanoparticles for encapsulating LCEO, thereby enhancing its stability and bioactivity,
and consequently expanding its applications in the food and pharmaceutical industries.

1. Introduction

Litsea cubeba (LC), commonly known as mountain pepper, wild
pepper, or wood ginger, belongs to the Lauraceae family, mainly
distributed in tropical and subtropical regions [1]. Litsea cubeba
essential oil (LCEO) is traditionally utilized in China as a culinary spice
oil, lending a fresh lemony and spicy aroma to dishes [2]. Additionally,
LCEO contains a wide range of pharmacologically active components,
including citral, limonene, linalool, lauric acid, citronellal, and pinene
[3]. These compounds contribute to its diverse pharmacological activ-
ities, such as antioxidant, antimicrobial, anti-inflammatory, antidia-
betic, anticarcinogenic, insecticidal, and antiallergic effects [4].

However, the practical application of LCEO is often limited by
challenges like poor solubility, rapid volatilization, environmental
degradation, and photosensitivity [5]. Nano-emulsification technique,
with water acting as the continuous phase facilitating the dispersion of
oil into minuscule droplets, has been effective in addressing these
challenges [6]. Several researchers have reported applications of this
technology in essential oils. For instance, Christaki et al. prepared
oregano oil nano-emulsion with uniform taste and texture, mitigating
potential irritation from the volatile oil [7]. Garzoli et al. found that
lavender essential oil, after nano-emulsified, exhibited stabilized and
slow release, extending its applications in food and pharmaceuticals [8].
Furthermore, Liang et al. observed that formulating cinnamon essential
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oil into nano-emulsion heightened its interaction with biological sys-
tems, resulting in enhanced antioxidant and antimicrobial activities [9].
Recent trends have favored food-grade proteins in nano-emulsion
preparation. Among these, whey protein (WP) is prominent due to its
excellent emulsification properties, amphiphilicity, and water solubility,
surpassing traditional inorganic emulsifiers in biocompatibility and
biosafety [10]. Zhang et al. reported that sea buckthorn fruit oil nano-
emulsion prepared using WP as an emulsifier was exceptionally safe
and stable [11]. Therefore, it can be hypothesized that encapsulating
LCEO in nano-emulsion could enhance its stability, bioactivity, and
safety. Nonetheless, only a few studies have evaluated the activity and
safety of LCEO after nano-emulsification.

Ultrasound-assisted preparation is a widely used high-energy
method for nano-emulsion production [12]. This technique utilizes the
mechanical vibration and cavitation effects of ultrasound to generate
and collapse bubbles in the liquid medium, effectively shearing the
phase-soluble liquid into fine droplets [13]. Emulsifiers like WP rapidly
adsorb at the droplet interface to prevent recoalescence [14]. In com-
parison to high-pressure homogenization (HPH), ultrasound-assisted
preparation offers greater adaptability, simplicity, and significant en-
ergy efficiency [15].

In this research, we utilized the ultrasound-assisted method with WP
as an emulsifier to prepare LCEO nano-emulsion. Our investigation
aimed to determine the optimum conditions for preparing LCEO-NE,
analyze its morphology using characterization techniques, and assess
digestion through in vitro experiments. Additionally, we conducted
evaluations on the temperature, pH, salinity, storage stability, and safety
of the emulsion. Furthermore, we determined its antioxidant and anti-
microbial capacities while thoroughly investigating the antimicrobial
mechanism.

2. Materials and methods
2.1. Materials and chemicals

LCEO was obtained from Yuanye Biotechnology Co., Ltd. (Shanghai,
China). Whey Protein (WP), with a certified purity of 80%, was pur-
chased from Macklin Biochemical Co., Ltd. (Shanghai, China). LO2 liver
cells were sourced from the Shanghai Cell Bank of the Chinese Academy
of Sciences (China). DPPH and ABTS were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Fuzhou Phygene
Biotechnology Co., Ltd. (Fujian, China) provided Simulated Salivary
Fluid (SSF), Simulated Gastric Fluid (SGF), and Simulated Intestinal
Fluid (SIF). (Staphylococcus aureus (S. aureus) CMCC 26003, Escherichia
coli (E. coli) CMCC 44102, Pseudomonas aeruginosa (P. aeruginosa) CMCC
10104, Bacillus subtilis (B. subtilis) CMCC (B) 63501, Salmonella typhi-
murium (S. typhimurium) CMCC 50094) were obtained from the Guang-
dong Institute of Microbiology (Guangzhou, China). All other chemical
reagents used in this study were of analytical grade and deionized water
was used throughout the experiments.

2.2. Chemical analysis of LCEO

Slightly modified from a previous study [16], GC-MS (Agilent 7890B
gas chromatography and Agilent 5977 mass spectrometer, CA, USA) was
utilized to analyze the chemical component of LCEO. The initial column
temperature was set at 50 °C for 2 min, then increased to 120 °C at a rate
of 3 °C/min. After 2 min, the temperature was further increased to
250 °C at a rate of 15 °C/min and held for 5 min. The column flow rate
was 1 mL/min. The injection, quadrupole, and ionization temperatures
were set at 220 °C, 150 °C, and 230 °C, respectively. The photomultiplier
voltage was set to 1024 V. The mass scan range was selected from 30 to
550 AMU. Peaks were identified and analyzed using the Nist147 tech-
nique library.
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2.3. Preparation of LCEO-NE under different conditions

Slightly modified from the literature [17], the WP solution was
stirred for 2 h, followed by refrigeration at 4 °C for 12 h to enhance
emulsification effectiveness, after which LCEO was incorporated into
the protein solution at a ratio of 1:10 (w/v) and emulsified using a high-
speed Ultra-Turrax mixer (T25, IKA, Germany) at 16,000 rpm for 5 min,
resulting in a micro-emulsion. This micro-emulsion was then converted
into a nano-emulsion through ultrasonic homogenization (SCIENTZ-IID,
6 mm, Ningbo, China) in an ice bath. The optimization of nano-emulsion
properties involved adjusting the WP concentration (2-5%), ultrasonic
time (5-20 min), and ultrasonic power (90-450 W).

2.4. Characterization of nano-emulsion

The zeta potential (ZP), particle size, and polymer dispersion index
(PDI) of LCEO-NE were determined at 25 °C using a Delsa Nanometer
zeta potential/particle size analyzer (Delsa Nano C, USA). To avoid
multiple scattering effects, the nano-emulsion was diluted 200 times
[18]. The initial morphology of LCEO-NE and its state after simulated
gastrointestinal digestion were observed using scanning electron mi-
croscopy (SEM) (Zeiss Sigma 300, Germany) [19]. Additionally, the
morphology and structure of LCEO-NE were investigated post-staining
with 2% phosphotungstic acid using a transmission electron micro-
scope (TEM) (JEM-1400 plus, Japan) [20].

2.5. Determination of rheological property

According to the relevant literature [21], the rheological property of
LCEO-NE was assessed using a DHR-3 rheometer (TA Instruments, USA).
The viscosity was determined by measuring the shear rate ranging from
0.01 to 200 s at 25 °C.

2.6. Physicochemical stability measurements

2.6.1. Determination of physical stability

The centrifugal stabilization constant (Ke) was measured based on
the existing literature with some modifications [22]. The absorbance of
LCEO-NE (diluted 100 times) before and after centrifugation (2200 rpm)
was measured at 500 nm using a UV-visible spectrophotometer (UV-
5500PC, Shanghai, China). Ke indicates the centrifugal stability of
LCEO-NE was calculated as Eq. (1):

Ke (%) :’% x 100% [6})

where A and A; represent the absorbance values of the diluted LCEO-NE
before and after centrifugation, respectively.

2.6.2. Thermal stability assessment

LCEO-NE samples were subjected to 45, 60, 75, and 90 °C for 30 min.
After returning to room temperature, parameters such as particle size,
ZP, and Ke were measured.

2.6.3. PH stability examination
The pH of LCEO-NE was adjusted to 3, 5, 7, and 9 using 0.1 M HCl/
NaOH, followed by property assessments.

2.6.4. Salinity stability evaluation

LCEO-NE was mixed in equal volumes with NaCl solutions of varying
concentrations (60, 120, 180, and 240 mM). Measurements of the
properties were conducted after 12 h of refrigeration.

2.6.5. Storage stability investigation
LCEO-NE was stored at 4 °C and 25 °C for 4 weeks, with weekly
assessments for particle size.
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2.7. Simulated gastrointestinal digestion

LCEO-NE, pre-warmed to 37 °C, was subjected to a digestive envi-
ronment that mimics the oral, gastric, and intestinal phases of digestion
[23].

2.7.1. Oral phase

Simulated Salivary Fluid (SSF) with 3.5 mg/mL amylase concentra-
tion was pre-heated to 37 °C for 5 min, then mixed with LCEO-NE at a
1:1 mass ratio, adjusted to pH 6.8 and shaken at 100 rpm for 5 min at
37 °C to simulate oral condition. Post-reaction, samples were extracted
to analyze particle size and morphology.

2.7.2. Gastric phase

Simulated Gastric Fluid (SGF) containing 3.5 mg/mL pepsin was pre-
warmed to 37 °C for 5 min, then mixed with the orally digested LCEO-NE
solution at a 1:1 mass ratio, adjusted to pH 2.5 and shaken at 100 rpm for
2 h at 37 °C to simulate gastric condition. Samples were collected at
intervals (0, 0.5, 1, 1.5, and 2 h) for particle size determination, with
morphology examined at the end of digestion.

2.7.3. Intestine phase

Simulated Intestinal Fluid (SIF), containing 3.5 mg/mL trypsin, 3.5
mg/mL pancreatic lipase, and 5 mg/mL bile salts, was pre-warmed to
37 °C for 5 min, then mixed with the gastrically digested sample solution
at a 1:1 mass ratio, adjusted to pH 7 and shaken at 100 rpm for 2 h at
37 °C to simulate intestinal conditions. Samples were taken at intervals
(0, 0.5,1, 1.5, and 2 h) for particle size determination, with morphology
observed at the end of digestion.

2.8. Measurement of antioxidant capacities

2.8.1. DPPH radicals scavenging activity

Slightly adapted from the literature [24], a 2 mL sample solution
(0.5, 1, 1.5, 2, and 2.5 mg/mL) was mixed with an equal volume of
DPPH ethanol solution (0.1 mM). The reaction proceeded for 30 min at
room temperature, shielded from light. Absorbance at 517 nm was
measured post-reaction. Vc and WP served as positive and blank con-
trols, respectively. The DPPH radical scavenging rate was calculated as
Eq. (2):

Al *Az
A

DPPH radical scavenging activity (%) = (l —
0

> x 100% (2)

where A; is the absorbance of the DPPH ethanol solution and sample
mixture; Ay is the absorbance of the solvent and sample mixture; Ag is
the absorbance of the solvent and DPPH ethanol solution mixture.

2.8.2. ABTS radicals scavenging activity

According to the relevant literature, it has been modified [25]. ABTS
stock solution (7 mmol/L, 1 mL) was mixed with K3S,0g solution (140
mmol/L, 88 uL) and left overnight at room temperature, protected from
light. The solution was then diluted with PBS (0.2 M, pH 7.4) until the
absorbance at 734 nm was 0.70 + 0.02, forming the ABTS working so-
lution. For the assay, 3 mL of the ABTS working solution was mixed with
1 mL of the sample solution (0.5, 1, 1.5, 2, and 2.5 mg/mL). The reaction
proceeded in the dark for 6 min, and absorbance at 734 nm was
measured post-reaction. Vc and WP served as positive and blank con-
trols, respectively. The ABTS free radical scavenging rate was deter-
mined as Eq. (3):

A —Ay
A

ABTS radical scavenging activity (%) = <1 -
0

) x 100% 3

where A; is the absorbance of the ABTS radical and sample mixture; A; is
the absorbance of the solvent and sample mixture; A is the absorbance
of the solvent and ABTS radical mixture.
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2.9. Evaluation of antibacterial qualities

2.9.1. Determination of minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC)

LCEO-NE and LCEO were diluted using the twofold dilution method
in Mueller-Hinton broth (MHB) [26]. Typically, 50 pL of bacterial cul-
ture (10° CFU/mL) (S. aureus, S. typhimurium, B. subtilis, P. aeruginosa,
and E. coli) was mixed with 100 pL of the diluted sample in a 96-well cell
culture plate and incubated at 37 °C for 18-24 h. Following this, 20 pL of
0.2 g/L Iodonitrotetrazolium chloride (INT) solution was introduced to
each well as a color developer and incubated for an additional 6 h. The
first well to exhibit a color change was recorded as the MIC. Levofloxacin
and WP were used as positive and blank controls, respectively. For MBC
determination, cultures from non-discolored wells were transferred to
MHA medium and incubated at 37 °C for 24 h. The lowest concentration
showing no bacterial growth in the plate was identified as the MBC.

2.9.2. Determination of bacterial growth curves

A 96-well plate was utilized to combine 100 pL of media containing
the MIC of the sample with 50 pL of bacterial solution (10°~10° CFU/
mL). This mixture was incubated at 37 °C for 24 h, with absorbance
measurements at 600 nm taken every 2 h [27]. Blank control contained
media only, while 2% DMSO and levofloxacin served as negative and
positive controls, respectively.

2.9.3. Antibacterial mechanism

2.9.3.1. Determination of the absorbance of bacterial extracellular nucleic
acids. A mixture of 4 mL MIC sample and 2 mL bacterial solution
(10°-10° CFU/mL) was incubated at 37 °C for 6 h, then centrifuged at
5000 rpm for 6 min [28]. The absorbance of the supernatant was
measured at 260 nm, with saline used as the blank control and 2% DMSO
as the negative control.

2.9.3.2. Determination of the contents of bacterial extracellular poly-
saccharides. A glucose standard curve was established using the phe-
nol-sulfuric acid method [29]. The supernatant from 2.9.3.1 was
analyzed using this method to determine the polysaccharide content.

2.9.3.3. Determination of the contents of bacterial extracellular soluble
proteins. A standard curve for bovine serum albumin (BSA) was gener-
ated using the Coomassie Brilliant Blue method [30]. The supernatant
from 2.9.3.1 was analyzed using this method to determine the soluble
protein content.

2.9.3.4. Bacterial ultrastructure. Samples were incubated with E. coli
and S. aureus (approximately 108 CFU/mL) at 37 °C for 6 h. After in-
cubation, the mixtures were centrifuged at 6000 rpm for 5 min. The
resultant precipitates were washed thrice with PBS (0.1 M, pH 7.4), fixed
overnight with 4% glutaraldehyde at 4 °C, rewashed thrice with PBS,
and then fixed for 1 h with 2% glutaraldehyde at 4°C. After additional
washing three times, dehydration was performed using graded ethanol
series (20%, 50%, 80%, and 100%, each for 10 min) followed by tert-
butanol substitution [31]. The bacterial structure and morphology were
then observed under the SEM.

2.10. Security assessment

2.10.1. Hemocompatibility test

Animals were treated according to the protocol approved by the
Ethics Committee of Guangdong Pharmaceutical University, approval
number SYXK2022-0125. Rats were euthanized using a euthanasia
method after blood sampling and deep anesthesia with tribromoethanol.
The blood was washed four times with saline, centrifuged at 1500 rpm
for 5 min each time, and then diluted to 2% erythrocyte suspension.
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Table 1
Analysis of LCEO main components.
No. Retention Compounds Molecular Relative
time formula percentage
1 4.404 2,3-Butanediol C4H;1002 0.108%
2 7.734 a-Phellandrene Ci0H1e 0.092%
3 7.970 a-Pinene CioH16 2.036%
4 8.494 Camphene CioHie 0.419%
5 9.498 B-Phellandrene Ci0H1e 1.670%
6 9.598 p-Pinene CioH1e 1.733%
7 10.096 5-Hepten-2-one, 6-methyl- CgH;140 2.148%
8 10.182 2,3-Dehydro-1,8-cineole C10H160 0.174%
9 10.245 f-Myrcene Ci0H1e 0.112%
10 10.315 5-Hepten-2-ol, 6-methyl- CgH;60 0.052%
11 10.979 3-Carene CioH1e 0.043%
12 11.520 p-Cymene CioHi4 0.025%
13 11.638 o-Cymene CioH14 0.275%
14 11.937 D-Limonene CioHie 19.823%
15 15.007 Linalool Cy0H180 0.901%
16 17.430 Citronellal Cy0H;80 0.551%
17 21.807 B-Citral C1oH;60 31.961%
18 22.093 2-Cyclohexen-1-one, 3- C10H160 0.301%
methyl-6-(1-methylethyl)-
19 23.222 a-Citral Cy0H160 34.456%
20 25.770 2-Cyclohexen-1-one, 2- C10H160 0.961%
methyl-5-(1-methylethyl)-,
(S)-
21 27.545 2,4-Dimethyl-1-hepten-4-0l ~ CgH;50 1.074%
22 28.580 Nepetalactone C10H1402 0.183%
23 29.290 1,2,3-Benzenetriol CeHeO3 0.192%
24 30.969 3,3-Dimethylbutan-2-yl 2- C11Ha20, 0.141%
methylbutanoate
25 31.099 4-Methyl-6- C12Hz003 0.175%
(tetrahydropyran-2-yloxy)
hex-4-enal
26 36.527 Neric acid C10H1602 0.247%

Equal volumes of erythrocyte suspension were mixed with different
concentrations of sample solutions (0.5, 1, 1.5, 2, and 2.5 mg/mL),
incubated for 1 h at 37 °C in a water bath, and centrifuged for 10 min
(1500 rpm). The absorbance of the supernatant was measured at 540
nm. Distilled water and saline were set as positive and negative controls,
respectively. The hemolysis rate was calculated using the following Eq.

(4):

Asample - Anzgalive control

HR (%) = x 100% 4

Apn.\-irive control — Anegative control

where Asampley Anegative control, and Apositive control denote the absorbance
of the sample, negative control, and positive control, respectively.

2.10.2. Cytotoxicity assay

Cytotoxicity assay was conducted based on a previous study with
appropriate modifications [32]. LO2 cells were seeded in 96-well plates
at a density of approximately 10* cells per well and cultured for 24 h to
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allow the cells to adhere to the walls of the wells. The medium was then
replaced with fresh medium containing varying concentrations of the
sample solution and incubated for an additional 12 h. Subsequently, the
medium was replaced again with fresh medium containing 10 pL of CCK-
8 solution, followed by 1 h incubation. Absorbance at 450 nm was
measured, and cell viability was calculated using the following Eq. (5):

Asample - Ablank

Cellviability (%) = x 100% 5)

Amnzml - Ablank

where Agample is the absorbance of each sample group, Apjank is the
absorbance of the blank group, Acontrol is the absorbance of the control
group.

2.11. Statistical analysis

Results were shown as mean =+ standard deviation (SD), with each
experiment conducted in triplicate. Using Origin 2021 (Origin, USA) for
plotting and SPSS 25.0 (IBM, USA) for ANOVA analysis. Differences
were considered statistically significant at p < 0.05.

3. Results and discussion
3.1. Chemical composition of LCEO

As shown in Table 1, the GC-MS analysis identified 26 chemical
constituents in the sample. Predominantly, terpenoids accounted for
94.175% of the constituents. The most abundant component was Citral,
comprising a-Citral (34.456%) and f-Citral (31.961%), known for its
antimicrobial, anti-inflammatory, and anticarcinogenic properties [33].
D-Limonene, constituting 19.823% of the mixture, exhibited gastroin-
testinal protective and antimicrobial effects [34]. Additionally, Pinene
and Phellandrene were detected, the former noted for its antioxidant
and antiviral properties [35], and the latter for its analgesic activity
[36]. Notably, the types and contents of the primary chemical compo-
nents in this study were similar to previous research, although minor
constituents showed considerable variation [37,38]. This discrepancy
might be attributed to factors such as plant origin, harvesting time, and
extraction method.

3.2. Influence of different preparation conditions on LCEO-NE

3.2.1. Influence of emulsifier concentration on LCEO-NE

As depicted in Fig. 1A, the minimum particle size of LCEO-NE was
204.46 + 2.14 nm and the maximum absolute ZP value was 32.91 +
1.21 mV. WP, acting as an emulsifier in LCEO-NE, reduces the surface
tension of oil droplets due to its surface activity, facilitating the
dispersion of droplets and the formation of smaller nano-emulsion
structures [10]. A moderate increase in WP concentration enhanced
this effect, leading to a more uniform distribution of oil droplets in the
aqueous phase, thereby contributing to the formation of smaller
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significant differences in particle size or zeta potential (p < 0.05).
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nanostructures. However, beyond a certain threshold, WP tended to
over-wrap the oil droplets, thickening the protein layer and leading to an
increase in nano-emulsion particle size [39]. These results suggest that
the concentration of emulsifier significantly affects the stability of the
nano-emulsion, with optimal performance observed at a WP concen-
tration of 4%.

3.2.2. Effect of ultrasonic conditions on LCEO-NE

As illustrated in Fig. 1B and C, significant variations in particle size
and ZP were observed when altering ultrasonic time (from 5 to 20 min)
and power (from 90 W to 450 W). The smallest particle size (183.53 +
1.19 nm) and highest absolute ZP value (35.48 + 0.95 mV) were ach-
ieved with 10 min of sonication at 90 W. Continuing to shorten the
sonication time to 5 min, the particle size of the nano-emulsion
increased, and the absolute value of ZP decreased. Likely due to the
relatively lower transfer of ultrasonic energy to the particles in the
liquid, physical effects such as shearing, collision, and vortexing occur
with relatively low frequency and intensity, which are not sufficient to
activate the WP molecules adequately to allow them to interact with the
LCEO and form stable emulsified structures [13]. As a result, some
particles remained relatively large and did not reach their minimum
size. Further increases in sonication time or power (beyond 10 min and
90 W) also decreased the stability of LCEO-NE. This agrees with the
results reported in a previous study [40]. Such a phenomenon can be
attributed to the saturation of ultrasound action, where excessive ul-
trasonic energy may cause the formed nano-emulsion to rupture or re-
condense. Moreover, prolonged high-power ultrasound induces local-
ized high temperatures and pressures, potentially denaturing WP and
reducing their emulsification properties [41]. Therefore, the optimal
sonication parameter for the preparation of LCEO-NE is 10 min of son-
ication at 90 W.

3.3. Characterization of nano-emulsion

Nano-emulsion serves as an effective carrier to transform insoluble
substances or macromolecular compounds into nanosized entities,
significantly enhancing intestinal absorption of active substances [42].
The particle size of LCEO-NE was measured to be less than 200 nm
(Fig. 2B), which satisfies the criteria for nano-emulsion. Its particle size

distribution followed a normal distribution, indicating consistent and
uniform particle sizes [43]. The PDI is a critical metric for assessing the
uniformity of particle size distribution in solutions or suspensions. A
lower PDI indicates greater uniformity [44]. The PDI of LCEO-NE was
determined to be 0.172 + 0.008, denoting a well-dispersed and rela-
tively uniform distribution. The ZP reflects the surface charge on
droplets, with the absolute ZP value correlating to the surface charge
intensity. A higher absolute ZP value suggests greater surface charge,
leading to increased electrostatic repulsion between particles, which
helps maintain dispersion and prevents aggregation [45]. The absolute
ZP value of LCEO-NE was greater than 35 mV (Fig. 2C), implying a high
degree of stability.

Fig. 2D and E showed the SEM image of WP and TEM image of LCEO-
NE, respectively. The internal morphology of WP was irregularly
spherical with a particle size of about 10-15 pm, whereas LCEO-NE had
a uniform near-spherical distribution with a particle size of about
50-100 nm. However, the droplet size observed via TEM was smaller
than the average particle size measured by the laser particle sizer. This
difference can be attributed to two factors. Firstly, regarding the con-
trasting states of LCEO-NE during measurement, the laser particle sizer
assesses a diluted nano-emulsion in liquid form, whereas TEM examines
a solid-state nano-emulsion formed after drying, the drying process
during TEM measurements leads to dehydration, altering droplet size
[46]. Secondly, the differences in operating principles between the laser
particle sizer (based on scattered light) and transmission electron mi-
croscope (based on an electron beam) contribute to variations in
observed sizes [47]. Despite these discrepancies, the combined charac-
terizations confirm the successful preparation of the nano-emulsion.

3.4. Rheological characteristic measurement

The observed trend demonstrated a significant decrease in the
apparent viscosity of the nano-emulsion at shear rates below 50 s~!
(Fig. 2F). However, as the shear rates surpass 50 s’l, the reduction in
apparent viscosity became less pronounced and gradually approached
zero. This behavior can be attributed to the presence of aggregates
within the nano-emulsion. Under shear stress, these aggregates tend to
dissociate. At lower shear rates, the weaker shear forces allow these
aggregates to remain intact, thereby maintaining a higher viscosity.
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However, with increasing shear rates, the aggregates may not sustain
their structure, leading to a substantial reduction in apparent viscosity
[48]. Furthermore, at higher shear rates, the apparent viscosity tended
towards near-zero values. This phenomenon is likely due to a dynamic
equilibrium where the rate of floc breakdown equals their rate of for-
mation, stabilizing the apparent viscosity at a very low-level [49].
Similar observations have been reported in a previous study [21].

3.5. Physicochemical stability measurements

3.5.1. Stability under different thermal treatment

From Fig. 3A and Al, it was evident that LCEO-NE experienced only
minor fluctuations in particle size, ZP, and KE values within the tem-
perature range of 45-75 °C, indicating relative stability. However, at
90 °C, a slight increase in particle size to 304.90 + 2.66 nm was

observed, accompanied by a decrease in the absolute ZP value to 27.58
=+ 0.11 mV and a reduction in KE value. This suggests a marginal decline
in stability, albeit the particle size remains around 300 nm even at such
high temperatures, indicating the remarkable thermal stability of LCEO-
NE.

3.5.2. Stability under different pH

Fig. 3B and B1, revealed that the properties of LCEO-NE were stable
at pH levels of 5, 7, and 9. However, at pH 3, significant changes were
noted: the particle size escalated to 699.37 + 16.60 nm, the absolute ZP
value diminished to below 22.58 4 0.83 mV, and the KE value increased
to 21.50 + 0.38%. Similar phenomena have been documented in pre-
vious literature [11]. This may be because extremely low pH conditions
can disrupt the structure of WP, diminishing its emulsifying efficacy and
consequently, the stability of the nano-emulsion [50].
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3.5.3. Stability under different salinity

From Fig. 3C and C1, variations in salinity had negligible effects on
the particle size and ZP of LCEO-NE, with KE values consistently within
13%. This indicates a robust resistance to salt, which is advantageous for
future processing and applications.

3.5.4. Determination of storage stability

In Fig. 4A, it was observed that the particle size and PDI of LCEO-NE
remained stable below 185 nm and 0.2, respectively, after 4 weeks of
storage at 4 °C. However, after the same storage period at 25 °C, the
particle size and PDI increased to 299.53 + 8.54 nm and 0.296 + 0.013
(Fig. 4B), respectively. These findings indicate that LCEO-NE can be
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Table 2
The MIC and MBC of LCEO-NE, LCEO, Levofloxacin and WP.
Microorganisms LCEO-NE (mg/mL) LCEO (mg/mL) Levofloxacin (pg/mL) WP (mg/mL)
MIC MBC MIC MBC MIC MBC MIC MBC
B. subtilis 0.125 0.25 0.25 1 0.048 0.096 > 32 > 32
E. coli 0.25 0.5 0.5 1 0.096 0.192 > 32 > 32
S. aureus 0.125 0.5 0.5 2 0.096 0.192 > 32 > 32
S. typhimurium 0.25 0.5 0.5 1 0.096 0.192 > 32 > 32
P. aeruginosa 0.5 1 1 1 0.048 0.096 > 32 > 32
0.30
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Fig. 8. Dynamic growth curves of bacteria treated with LCEO-NE, LCEO, LVFX, 2% DMSO, and Blank control. E. coli (A), S. aureus (B).

stored for longer periods at lower temperatures, with a slight decrease in
stability at higher temperatures. This phenomenon might be attributed
to the reduced thermodynamic motion of molecules at low tempera-
tures, resulting in a lower frequency of molecular collisions. Conse-
quently, this helps to maintain the steady state of the molecules and
particles in the nano-emulsion, thereby prolonging the storage time
[51]. A study by Carpenter et al. demonstrated that nano-emulsion
prepared using an ultrasound-assisted method exhibited good storage
stability over 12 weeks [52].

3.6. Effect of in vitro gastrointestinal digestion on LCEO-NE

3.6.1. Influence on particle size and PDI

As depicted in Fig. 5, LCEO-NE exhibited considerable stability
during simulated oral digestion, with only minor changes in particle size
(from 178.30 £ 2.63 nm to 175.73 & 2.52 nm) and PDI (from 0.210 +

0.018 to 0.181 + 0.028) over 5 min. This stability is favorable for drug
delivery applications. Conversely, significant changes in both particle
size and PDI were observed during simulated gastrointestinal digestion.
At the onset of the gastric phase, the particle size and PDI of LCEO-NE
increased substantially, from 175.73 + 2.52 nm to 5461.17 + 310.80
nm, and from 0.181 + 0.028 to 0.858 + 0.116, respectively. These
findings align with the observation in 3.5.2, where acidic conditions in
the gastric juice altered the structural properties of the emulsifier, WP.
Over the next 2 h, the particle size and PDI increased further to 7506.80
+ 151.32 nm and 1.147 + 0.045, respectively. This is likely attributed to
the presence of pepsin in the simulated gastric fluid, which disrupts the
structure of the nano-emulsion, leading to the formation of a larger
aggregate [53]. These findings are consistent with a previous study [54].

At the beginning of the intestinal digestion phase, a marked reduc-
tion in both particle size and PDI of LCEO-NE was observed, from
7506.80 + 151.32 nm and 1.147 + 0.045 to 2176.37 + 180.55 nm and
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Table 3

Extracellular nucleic acids absorbance, extracellular polysaccharides content, and extracellular soluble proteins content of bacteria after LCEO-NE, LCEO, 2% DMSO,

and Blank control treatment.

Samples extracellular nucleic acids extracellular polysaccharides (ug/mL) extracellular soluble proteins (ug/mL)
S. aureus E. coli S. aureus E. coli S. aureus E. coli
LCEO-NE 2.5703 + 0.0018" 2.2300 =+ 0.0028" 93.77 + 0.34% 106.26 + 0.46" 87.23 + 0.49% 74.80 + 1.36%
LCEO 2.4928 + 0.0032" 1.9049 + 0.0059° 74.03 +1.14° 83.58 + 0.42" 53.38 + 0.65" 48.84 + 0.24°
2% DMSO 0.0289 =+ 0.0027¢ 0.0263 + 0.0003¢ 9.28 + 0.05¢ 7.60 + 0.05¢ 13.88 £ 0.10¢ 13.74 + 0.26¢
Blank 0.0122 + 0.0006¢ 0.0016 + 0.0004¢ 23.47 £ 0.14° 22.02 £ 0.15° 12.75 + 0.11¢ 14.60 + 0.11¢

Values mean + SD; n = 3. Different letters in the same column indicate significant differences (p < 0.05).

Table 4
The ICso of LCEO and LCEO-NE in scavenging DPPH and ABTS free radicals.

Samples DPPH (mg/mL) ABTS (mg/mL)
LCEO 13.597 + 3.083 34.186 + 3.063
LCEO-NE 1.590 + 0.013 0.959 + 0.019

Values mean + SD; n = 3. The ICs value represents the concentration at which
50 % inhibition of DPPH and ABTS radicals is achieved.

0.701 + 0.0505, respectively. This reduction may be due to the transi-
tion of LCEO-NE from the SGF (pH 2) to the neutral environment of SIF
(pH 7), enabling WP to partially regain their structure and redisperse
aggregated components in LCEO-NE [55]. Over the subsequent 2 h,
particle size and PDI further decreased to 541.63 + 28.55 nm and 0.237
+ 0.011, respectively, likely because pancreatic lipase breaks down the
LCEO in the aggregates formed during gastric digestion into free fatty
acids and glycerol, consequently, new micelles and vesicles form, sta-
bilizing the emulsions during the intestine phase [56]. A similar obser-
vation was reported in a study on the in vitro intestinal digestion of
curcumin nano-emulsion [57].

3.6.2. Influence on microstructure

The microstructural changes of LCEO-NE post-simulated digestion
were depicted in Fig. 6A-D, SEM images revealed that LCEO-NE main-
tained its morphology in the oral environment, indicating that saliva
does not disrupt its morphology. However, after gastric digestion, LCEO-
NE aggregated into larger-size agglomerates. At the end of intestinal
digestion, these agglomerates were broken down into smaller agglom-
erates, thus confirming the particle size changes observed in 3.6.1.

3.7. Antioxidant activity analysis

3.7.1. Scavenging of DPPH radicals
As can be seen in Fig. 7A, LCEO-NE showed strong scavenging

activity against DPPH radicals with an ICsg value of 1.590 + 0.013 mg/
mL, which was significantly smaller than that of LCEO (13.597 + 3.083
mg/mL) (Table 4). The maximum scavenging rate of LCEO-NE and LCEO
observed within the experimental concentration range was 82.24% =+
0.825% and 25.62% =+ 1.28%, respectively. Notably, the scavenging
rate of LCEO-NE significantly surpassed that of LCEO. This enhanced
activity may be attributed to two factors: Firstly, the nano-emulsion
form improves the dispersion and solubility of WP and LCEO in the
aqueous phase, preventing aggregation of oil droplets and WP particles
and thereby enhancing the stability of the entire system [58]. This sta-
bility facilitates more effective interactions with free radicals. Secondly,
the smaller particle size of LCEO-NE results in a larger specific surface
area, providing more reaction sites for interaction with free radicals,
thereby boosting its scavenging capacity [59]. After being prepared into
nano-emulsion, both Zanthoxylum bungeanum Maxim essential oil and
clove essential oil showed enhanced DPPH scavenging ability, aligning
with our findings [21,60].

3.7.2. Scavenging of ABTS radicals

Fig. 7B illustrated a positive correlation between concentration and
ABTS radical scavenging efficiency for all samples. The scavenging rate
of LCEO-NE reached 82.24 + 0.825% at a concentration of 2.5 mg/mL.
The ICsq values of LCEO and LCEO-NE were 0.959 + 0.019 mg/mL and
34.186 + 3.063 mg/mL (Table 4), respectively. These results indicate
that the nano-emulsion formation significantly enhances the antioxidant
capacity of LCEO. This enhancement is consistent with the observed
DPPH radical scavenging rate and confirms the hypothesis in 3.7.1. In
conclusion, LCEO-NE has a strong antioxidant capacity and can be used
as a natural antioxidant in food and pharmaceuticals.

3.8. Antibacterial activity
3.8.1. Determination of minimum inhibitory concentration (MIC) and

minimum bactericidal concentration (MBC)
The results of MIC and MBC were presented in Table 2, revealing that
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WP did not exhibit inhibitory effects on any of the tested bacteria at
concentrations up to 32 mg/mL. In contrast, both LCEO-NE and LCEO
displayed significant inhibitory effects. Notably, LCEO-NE demonstrated
lower MIC and MBC values than LCEO for all tested bacteria, indicating
its superior antimicrobial efficacy. This enhanced action of LCEO-NE
may be attributed to its smaller size, facilitating more efficient pene-
tration through biological membranes, enabling the antimicrobial agent
in LCEO-NE to access and disrupt the physiological structure of the
bacteria more effectively [61]. Additionally, the reduced size of the oil
droplets in the nano-emulsion increases the surface area for interaction
with bacterial cells, potentially enhancing the antimicrobial effective-
ness. Furthermore, LCEO-NE exhibited lower MIC and MBC values
against Gram-positive bacteria (B. subtilis and S. aureus) compared to
Gram-negative bacteria (E. coli, S. typhimurium, and P. aeruginosa),
indicating a higher susceptibility of Gram-positive bacteria to LCEO-NE.
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These findings align with a previous study demonstrating that Gram-
negative bacteria tend to exhibit higher resistance to cinnamon essen-
tial oil compared to Gram-positive bacteria [9].

3.8.2. Determination of bacterial growth curves

The bacterial growth curves help to understand the bacteriostatic
potency of the samples [62]. As depicted in Fig. 8A and B, S. aureus and
E. coli began to grow after 8 h and 4 h respectively following LCEO
treatment, continuing at a slow pace thereafter. However, after treat-
ment with LCEO-NE, these bacteria initiated growth at 10 h and 6 h
respectively and ceased growing at 20 h and 22 h respectively, with
significantly weaker growth trends compared to the LCEO-treated
group. This suggests that both LCEO-NE and LCEO exerted inhibitory
effects on S. aureus and E. coli, with the inhibitory effect of LCEO-NE
being stronger and more durable. Additionally, the growth of S. aureus
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commenced later than that of E. coli following treatment with LCEO-NE,
indicating that LCEO-NE is more sensitive to Gram-positive bacteria.

3.8.3. Antibacterial mechanism

3.8.3.1. Extracellular nucleic acids absorbance, polysaccharides content,
and soluble proteins content of bacteria. Nucleic acids, encompassing
DNA and RNA, are fundamental in bacterial cells, orchestrating genetic
information flow, biosynthesis, and metabolic pathways [63]. Proteins,
integral to bacterial vitality, are involved in maintaining cellular
structure, signaling, metabolic regulation, and immune responses. They
act as channels or receptors on cell membranes, modulating substance
movement, and mediating extracellular interactions with hosts [64].
Polysaccharides, constituting the peptidoglycan layer of cell walls,
provide structural integrity and protection, enabling bacteria to with-
stand various environmental stresses [65]. The collaborative interaction
of these biomolecules equips bacteria with the versatility to adapt to
diverse environments and maintain essential biological functions.
Monitoring the extracellular alterations in these biomolecules can be
instrumental in identifying specific structural damages in bacteria.

The standard curves for glucose and BSA were represented by y =
0.0123x - 0.0167 (R? = 0.9970) (Fig. 9A) and y = 0.0072x - 0.0681 ®?
= 0.9999) (Fig. 9B), respectively, showing high linearity. As presented
in Table 3, the contents of extracellular nucleic acids, extracellular
polysaccharides, and extracellular soluble proteins in the LCEO-NE-
treated bacteria were higher than those in the LCEO-treated group and
significantly higher than those in the blank control group. These findings
suggest that the antibacterial mechanisms of LCEO-NE and LCEO are
similar, with the former being more effective, primarily characterized by
the destruction of the cell membrane and cell wall, resulting in the efflux
of cell contents and ultimately leading to the death of bacterial cells.

3.8.3.2. Bacterial ultrastructure. Normal E. coli exhibited short, rod-like
structures with regular morphology (Fig. 10A1-A3). In contrast, E. coli
treated with LCEO-NE showed significant morphological alterations,
including crumpling, severe inward depressions, irregular shapes, and in
some instances, broken and incomplete structures (Fig. 10al-a3).
Similarly, typical spherical structures with smooth surfaces were
observed in normal S. aureus (Fig. 10B1-B3), while LCEO-NE-treated
S. aureus displayed wrinkling and shriveling (Fig. 10b1-10b3). These
observations confirm the above hypothesis about the antimicrobial
mechanism of LCEO-NE.
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3.9. Security assessment

3.9.1. Hemocompatibility test

Hemocompatibility is a critical parameter for assessing biocompati-
bility [66]. As depicted in Fig. 11A, the hemolysis rate of LCEO-NE
increased with the concentration of the nano-emulsion, which was
almost equal to O at a concentration of 1 mg/mL, even when the con-
centration increased to 2.5 mg/mlL, it around 2%. Previous literature
indicated that a hemolysis rate of less than 5% was considered safe and
non-hemolytic [67]. The above results demonstrate that LCEO-NE ex-
hibits excellent biosafety and holds promising potential for applications
in drug transportation.

3.9.2. Determination of cytotoxicity

Cytotoxicity serves as a pivotal indicator for assessing the safety of a
formulation, with higher cell survival rates indicating lower cytotoxicity
of the formulation. The effect of LCEO-NE on the cell viability of L02 was
evaluated by CCK-8 assay. The results showed that the viability of L02
cells remained above 98% after treatment with LCEO-NE (0.0078-0.5
mg/mL), and the cell viability exceeded 100% at concentrations of 0.25
mg/mL and 0.5 mg/mL (Fig. 11B). This anomaly may be attributed to
the nutritional properties of LCEO-NE, which have the potential to
enhance cellular energy supply and promote cell proliferation. There-
fore, LCEO-NE was not toxic to normal human hepatocytes in this con-
centration range and showed good biocompatibility. Similarly, nano-
emulsion encapsulated sea buckthorn fruit oil did not inhibit cell pro-
liferation [11].

4. Conclusion

A new green LCEO-NE was successfully prepared by ultrasound-
assisted technique with extremely low energy consumption. It was
characterized by a spherical shape, small average particle size, and
uniform distribution. This novel formulation exhibited enhanced sta-
bility, safety, antioxidant activity, and antimicrobial properties
compared to raw LCEO. In vitro digestion test indicated it remained
stable in the oral phase then digested and decomposed in the gastroin-
testinal tract environment. Moreover, LCEO-NE demonstrated potent
inhibitory effects against all five tested bacterial strains, particularly
Gram-positive bacteria. The inhibitory mechanism involved damaging
the bacterial cell membrane and cell wall, leading to the leakage of
bacterial contents and subsequent bacterial death. Hemolysis and
cytotoxicity experiments confirmed the high safety profile of LCEO-NE.
In summary, nano-emulsion represents an effective packaging strategy
to enhance the stability, bioactivity, and safety of LCEO. These findings
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provide a theoretical foundation for applying Litsea cubeba essential oil
in the healthcare, pharmaceutical, and environment industries.
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