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aris-stabilized Pickering emulsions
loaded with the essential oil of Acorus tatarinowii
Schott: preparation, characterization and in vitro
evaluation†
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Jing Sun,a Dingkun Zhang, b Liang Feng c and Junbo Zou *a

Essential oil of Acorus tatarinowii Schott (ATEO) have significant biological activity, but their physical and

chemical properties are unstable and susceptible to interference by external factors, resulting in

oxidation, decomposition, and isomerization of essential oils (EOs), ultimately diminishing the quality of

EOs and escalating clinical risks. In this research, based on the concept of “ combination of medicine

and adjuvant, ” the unsuitable stabilizer Cinnabaris in Lingzhu powder prescription was modified with

a SiO2 surface to become a stabilizer suitable for Pickering emulsion. The modified Cinnabaris was

synthesized, with a focus on exploring the surface modification of Cinnabaris to facilitate its role as

a stabilizer in Pickering emulsion. Thermal stability studies showed that modified Cinnabaris-stabilized

emulsion had higher EOs retention and lower peroxide value and hydrogen peroxide content. GC-MS

analysis showed that the volatile components in the emulsion were more stable than the EOs. In vitro

dissolution experiments showed that in the dissolution medium of artificial gastric juice and artificial

intestinal juice, compared with the ATEO, the release in Pickering emulsion was faster within 48 h,

indicating that the ATEO had been encapsulated in Pickering emulsion, which could improve the in vitro

dissolution rate of EOs. This study convincingly demonstrates the potential of modified Cinnabaris-

stabilized Pickering emulsion to improve the thermal stability and in vitro dissolution rate of EOs.
1 Introduction

Essential oils (EOs) and their constituents are considered to be
major bioactive natural compounds, with a variety of biological
activities.1–4 Pharmacological activities, including those in the
cardiovascular, gastrointestinal, central nervous, and respira-
tory systems, have been extensively investigated in clinical
research.5–7However, due to their high irritability, poor stability,
ease of volatilization at room temperature, sensitivity to air,
light, and temperature, and other environmental factors, their
clinical application is greatly restricted.2 The unsaturated fatty
acids of EOs are easily degraded by reaction with oxygen during
the storage process aer opening. On the one hand, oxidation
will reduce the nutritional quality of the oil; on the other hand,
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this process will produce an unpleasant smell and affect the
odor quality of the EOs. The oxidation of EOs will produce
harmful substances such as trans fatty acids and hydroperox-
ides, which are extremely harmful to the human body aer
consumption.8 Therefore, to improve the stability of EOs during
the preparation process, it is necessary to control their volatility
and ensure stable release.9,10

Currently, the primary technique employed to improve the
storage stability of EOs has been b-cyclodextrin inclusion
technology.11 However, this technique presents challenges such
as a low inclusion rate, limited drug loading capacity, and the
need for higher dosages.12,13 Other techniques such as thin lm,
capsules, and liposomes have also been used to enhance the
stability of EOs. However, these approaches have drawbacks
including organic solvent residues, poor stability, and unknown
toxic side effects.14,15 In recent years, Pickering emulsions
stabilized by solid particles have gained increasing research
interest due to their eco-friendly nature and high stability.16,17

Pickering emulsions are dened as the use of solid particles
with appropriate surface wettability as substitutes for tradi-
tional chemical emulsiers.18–20 These particles are able to
irreversibly adsorb at the O/W interface, forming a complex and
stable interfacial material that prevents coalescence and
RSC Adv., 2024, 14, 31367–31384 | 31367
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aggregation of droplets.21 In the process of physiological
degradation, they provided better protection for compounds.22

In addition, compared to traditional emulsions, Pickering
emulsions have numerous advantages, such as easy prepara-
tion, non-toxicity, and long-term stability.23 Therefore, Picker-
ing emulsions have been preferred for enhancing encapsulation
and improving the stability of bioactive substances.24 For
example, using zein–phospholipid composite nanoparticles as
emulsiers to prepare peppermint oil emulsions has been
demonstrated to enhance the stability of peppermint oil
(Scheme 1).25

Particle design technology is a cutting-edge approach that
enhances the properties of materials within the eld of mate-
rials science. The wettability of the particles is adjusted through
surface modication to create suitable particles to stabilize the
Pickering emulsions.26 Some scholars have found that the
complex structure and hydrophobicity of cereal protein greatly
limit its application in oil-in-water emulsion systems.27 Experi-
mental results indicate that the qo/w of zein particles is about
114.46°, while the qo/w of gliadin is about 64.22°. With the
increase of the proportion of gliadin, the qo/w of zein–gliadin
complex particles (ZGCP) decreases from 104.53° to
Scheme 1 Research strategy diagram for enhancing the stability of EO
stabilizer. (A) Preparation of modified Cinnabaris particles and Pickering

31368 | RSC Adv., 2024, 14, 31367–31384
approximately 86.60°. The reason is that hydrophilic gliadin
helps eliminate the hydrophobicity of zein, leading to the
formation of near-neutral wettability of ZGCP. The occulation
induced by the interfacial interactions of composite particles
creates a stable interface lm.28 It is conducive to the formation
of good viscoelastic properties and storage stability, which may
help to form a stable Pickering emulsions.

Lingzhu powder, a century-old pediatric medicinal product
produced by Lei Yun Shang Pharmaceuticals, functions to
reduce fever and calm the nerves.29 It is commonly used in
clinical practice to treat febrile convulsions in children.30 The
essential oil of Acorus tatarinowii Schott (ATEO) used in the
prescription is applied directly, which makes it prone to vola-
tilization and oxidation, consequently reducing its clinical
efficacy.31 Building on the research group's previous work, we
revealed that the contact angle of Cinnabaris in Lingzhu powder
was 124.95 ± 0.35°. When preparing the Pickering emulsions, it
adhered to the water layer wall or sank to the bottom, pre-
venting the formation of an emulsion. Thus, drawing from the
concept of a “combination of medicine and adjuvant”, we
prepared the Pickering emulsions by using modied Cinnabaris
as a stabilizer to improve the stability of EOs in Lingzhu powder
s with Pickering emulsions stabilized by modified suitable Cinnabaris
emulsions; (B) study on advantages of Pickering emulsions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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under high-temperature conditions. We carried out the in vitro
dissolution experiment using the dialysis bag method to compare
the in vitro release behavior of ATEO and Pickering emulsions
encapsulated with ATEO in articial gastric juice and articial
intestinal juice. Using a-asarone and b-asarone as characteristic
components, we established a GC-MS method to determine the
cumulative release of a-asarone and b-asarone in articial gastric
juice and articial intestinal juice, and we drew the dissolution
curve to explore the in vitro release behavior of ATEO and Pick-
ering emulsions in articial gastric juice and articial intestinal
juice. These results indicate that themodication ofCinnabaris by
SiO2 is successful, and the reaction is a green and effective
method to improve the emulsication performance of Cinnabaris.
This modication can be directly used as a stabilizer to stabilize
Pickering emulsions and applied to improve the stability of
volatile oil in oil-containing solid preparations.
2 Materials and methods
2.1 Materials

ATEO was provided by Poli Aromatic Pharmaceutical Tech-
nology (Shanghai) Co., Ltd. Cinnabaris was provided by Lys
Pharmaceutical Co., Ltd. SiO2 was provided by Shanghai
Macklin Biochemical Technology Co., Ltd. In addition, 1,1,3,3-
tetraethylpropane (95%) and 2-thiobarbituric acid (purity
$98.5%) were obtained from Shanghai Yuanye Bio-Technology
Co., Ltd. Nile Red and Nile Blue were provided by CSNpharm
and Sigma-Aldrich. n-Docosane (99.6%) was provided by Grace
Chemical Technology Co., Ltd. Pepsin and trypsin were
provided by Shanghai McLean Biochemical Technology Co.,
Ltd. The b-asarone and a-asarone standards were provided by
Shanghai Yuanye Biotechnology Co., Ltd. The 300 kDa dialysis
bag was provided by SCIENTIFIC RESEARCH SPECIAL. Other
commonly used chemical reagents were purchased from Tian-
jin Komeo Chemical Reagent Co., Ltd.
2.2 Preparation and characterization of modied Cinnabaris

2.2.1 Preparation of modied Cinnabaris. Weighed 7 g of
SiO2 and 1 g of Cinnabaris in a beaker, then added a calculated
amount of anhydrous ethanol and stirred to achieve uniform
dispersion. Sonication was conducted for 15 min at a power
setting of 100 W. Upon completion, the mixture was magneti-
cally stirred at room temperature for 24 h (25 °C, 1700 rpm).
Subsequently, the solvent was removed using a rotary evapo-
rator operating at 40 °C with a rotation speed of 80 rpm, and it
was then transferred to a vacuum drying oven for 24 h at 40 °C.
Once the drying process was completed, the samples were
uniformly ground to obtain modied Cinnabaris.32

2.2.2 Characterization of modied Cinnabaris
2.2.2.1 Scanning electron microscope and energy dispersive

X-ray spectroscopy. The microstructures of the test samples were
observed using a scanning electron microscope (SEM).33 A small
amount of test sample particles was placed on the sample stage
and underwent gold plating treatment for 20 s at a working
current of 10 mA and a working voltage of 4 mV. Using an SEM,
the morphology of the sample particles was observed. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
imaging of the sample at a magnication of 4 mm under SEM
was selected.34 The element distribution of Cinnabaris powder,
SiO2, and modied Cinnabaris was analyzed by energy disper-
sive spectrometer (EDS).

2.2.2.2 Particle wettability. The air–water contact angles
(qaw) of Cinnabaris and modied Cinnabaris were measured
using an optical contact angle meter.35,36 The Cinnabaris and
modied Cinnabaris samples were pressed into circular sheets
with a thickness of 5 mm and a diameter of 20 mm. The image
of the water droplets on the surface of the disc was taken by
a high-speed camera connected to the contact angle meter to
determine qaw. Subsequently, the SurfaceMeter soware was
used to automatically calculate the contact angle between the
water droplet and the circular sheets (le and right).

2.2.2.3 Raman and Fourier transform infrared spectroscopy.
Raman spectroscopy had a spectral measurement range of 2700
to 65 cm−1. Cinnabaris was derived from the sulde mineral
group, primarily composed of HgS, and its characteristic peaks
were generally in the range of 400 to 80 cm−1; therefore, Raman
spectroscopy was used for the determination of Cinnabaris.37

Fourier transform infrared spectroscopy (FT-IR) was performed,
using a resolution of 4 cm−1, and conducting 64 scans within
a test range of 4000 to 400 cm−1. SiO2 contains silicon (Si) and
oxygen (O), and its characteristic peaks were generally between
1200 and 400 cm−1; thus, FT-IR was used for the determination
of SiO2.38 The modied Cinnabaris contained both Cinnabaris
and SiO2. Given this, both FT-IR and Raman spectroscopy were
used to determine its structure.
2.3 Preparation and characterization of Pickering emulsions

2.3.1 Single-factor experiments of Pickering emulsions.
Using the IKA T18 digital high-speed disperser, we prepared the
Pickering emulsions and studied the effect of different factors
on the emulsifying ability. On the basis of the modied Cin-
nabaris addition amount of 1 mg mL−1, the ATEO volume
fraction of 50%, the shear time of 2 min, and the shear speed of
10000 rpm, we carried out a single factor experiment. The
factors included the amount of stabilizer (15, 20, 25, 30 mg);
ATEO phase volume fraction (50%, 55%, 60%, 65%); shear time
(2, 2.5, 3, 3.5 min); and shear rate (8000, 10000, 12000, 14000
rpm). Each sample was analyzed three times. The parameters
for evaluating the performance of the emulsion were the height
of the emulsion aer centrifugation (4000 rpm for 15 min), and
the emulsion stability index (ESI) was used to evaluate emulsion
stability.39

2.3.2 Measurement of ESI. ESI determination method: 100
mL of the emulsion was taken and diluted 250 times with a 0.1%
SDS solution.40–42 The absorbance at 500 nm was measured
using a visible spectrophotometer to obtain the initial absor-
bance (A0). Aer allowing the Pickering emulsions to stand for
10 min, the absorbance was measured again to obtain the
absorbance at 10 min (A10). The ESI was calculated using the
following formula (1):

ESI% ¼ A10

A0

� 100% (1)
RSC Adv., 2024, 14, 31367–31384 | 31369
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In the formula: where A0 and A10 represented the absorbance at
0 min and 10 min, respectively. “10” was the time interval
in min.

2.3.3 Response surface optimization study of Pickering
emulsions. OD Standard: it was evaluated based on the height
of the emulsion aer centrifugation and ESI. The height of the
emulsion aer centrifugation and ESI was weighted equally at
0.50 each. A higher OD value indicated better stability of the
Pickering emulsions.

Following the principles of response surface design, with OD
as the response value, three signicant factors inuencing the
Pickering emulsions were selected. The independent variables
were stabilizer dosage, oil phase volume fraction, and shear
time. A three-factor, three-level experimental design was con-
ducted using experimental design soware with 3 replicates,
resulting in a total of 17 response surface optimization experi-
ments to determine the optimum emulsion preparation
conditions.43

2.3.4 Characterization of Pickering emulsions
2.3.4.1 Measurement of particle size. The particle size of the

Pickering emulsions was typically determined using the wet
measurement method of the Malvern laser particle size
analyzer.44 The evaluation was based on the d90 value, which
represented a key parameter of the particle size distribution.

2.3.4.2 Measurement of zeta potential. The zeta potential
analysis of the Pickering emulsions was performed using the
zeta sizer nano ZS90 for zeta potential analysis.44 An appropriate
quantity of Pickering emulsions sample, prepared according to
the optimized procedure, was taken and diluted 5-fold with
puried water, followed by thorough mixing. The zeta potential
was then measured.

2.3.4.3 Microscopically observe. Marked the particles with
Nile Blue, which showed red uorescence under confocal
microscopy. Marked the oil phase with Nile Red, which showed
green uorescence under confocal microscopy. Diluted the
uorescently labeled Pickering emulsions with distilled water at
a 10-fold dilution and stirred for approximately 1 min. Then, we
took 100 mL of the labeled Pickering emulsions solution,
dropped it onto a glass slide, and covered it with a cover slip.
This prevented the evaporation of ATEO.35 We used a confocal
laser scanning microscope with a 20× oil immersion objective
lens to observe the labeled Pickering emulsions.

2.3.4.4 Near-infrared spectrum. An appropriate amount of
ATEO, Cinnabaris suspension, and Pickering emulsion samples
were carefully placed in a 2 mm quartz cuvette. Spectra were
collected at room temperature within the range of 4000 cm−1 to
1000 cm−1. The data acquisition involved 32 scans, a spectral
resolution of 8 cm−1, and a gain of 1×.45 The spectra were
acquired by subtracting the background using air as a reference,
and each sample was repeated three times to obtain an averaged
near-infrared spectrum (NIRS) measurement.
2.4 Thermal stability of Pickering emulsion

2.4.1 Retention rate. ATEO, oil–water mixture (with
a volume ratio of 61% ATEO and the modied Cinnabaris mass
concentration of 1.1 mg mL−1), and Pickering emulsions were
31370 | RSC Adv., 2024, 14, 31367–31384
placed in separate evaporation dishes. These were placed in an
oven at 40 °C for 1, 3, and 8 h, respectively. Aer removal, the
volume of ATEO was recorded. Separated the oil phase from the
Pickering emulsions and the oil–water mixture using a high-
speed centrifuge at 10000 rpm for 6 min. Three experiments
were carried out in parallel, and the volume of the oil phase was
recorded. Samples were stored in a lightproof place at 4 °C.31

2.4.2 Determination of antioxidant properties
2.4.2.1 Peroxide value. Transferred 500 mL of the ATEO

sample from “2.4.1” into a conical ask. Successively added
10 mL of a mixture of trichloroacetic acid (TCA) and glacial
acetic acid (4 : 6) and 1 mL of saturated potassium iodide
solution and shook for 0.5 min. The sample was placed in
a dark area for 3 min. Aerward, 30 mL of distilled water and
1 mL of 1% starch indicator were added. The mixture was
titrated with a 0.001 mol per L sodium thiosulfate standard
solution until the solution became colorless. The volume of
sodium thiosulfate standard solution consumed during the
titration was recorded and was subsequently used to calculate
the peroxide value (POV).46

POV ¼ ðV � VOÞ � c� 1000

2m
(2)

In the formula: where V and V0 represent the volumes of sodium
thiosulfate standard solution consumed by the sample and
blank test, in mL, respectively; c is the concentration of sodium
thiosulfate standard solution, in mol L−1; m is the mass of the
sample, in g; 1000 is a conversion factor.

2.4.2.2 Malondialdehyde. Using a precision balance,
0.1575 g of 1,1,3,3-tetraethoxypropane was accurately weighed
and transferred into a 500 mL volumetric ask. The compound
was then diluted with water and made up to the mark, resulting
in a solution that had a concentration of 0.1 g L−1 for malon-
dialdehyde (MDA). This solution was stored for future use. MDA
standard solutions were prepared by pipetting varying volumes
(0, 0.02, 0.04, 0.06, 0.08, and 0.1 mL) of the mother liquid into
10 mL volumetric asks and diluting them to the mark with
water. Consequently, these solutions had mass concentrations
of 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg L−1. Each standard solution
was mixed with 5.00 mL of thiobarbituric acid (TBA) solution
and heated in a water bath at 90 °C for 40 min. Aer cooling,
5.00 mL of chloroform was added to the mixture, which was
then shaken thoroughly and allowed to stand for 1 h. The
supernatant was collected for subsequent analysis, and the
absorbance was measured at 532 nm. The obtained regression
equation was Y = 0.3001X − 0.0006, with an R2 = 0.9997.

The TCA solution was prepared by diluting 75 g of TCA and
1 g of EDTA-2Na to a nal volume of 1 L with water. Transferred
500 mL of the ATEO sample from “2.4.1” into a 10.0 mL conical
ask, volumizing with TCA solution. The sample and TCA
mixture underwent sonication for 10 min, followed by ltration.
From the ltrate, 5.0 mL was transferred to a conical ask.
Subsequently, 5.0 mL of a 0.02 mol per L TBA solution was
added to the ask, and themixture was heated in a water bath at
90 °C for 40 min. Aer cooling for 1 h, 5.0 mL of chloroform was
added, the mixture was shaken thoroughly, and allowed to
stand for 1 h to separate the mixture into layers. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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supernatant was collected, and its absorbance was measured at
532 nm.47
2.5 Characteristic analysis of ATEO volatile components

2.5.1 Chromatographic condition. The experiment
employed an HP-5 capillary column (0.25 mm × 30 m, 0.1 mm,
weak polarity) for gas chromatography analysis. Helium gas,
which had a purity of 99.999%, was used as the carrier gas. The
initial temperature of the system was set to 50 °C and was
maintained for 2 min. Subsequently, the temperature was rst
increased at a rate of 5 °Cmin−1 until it reached 110 °C, where it
was held for 2 min. Then, the temperature increased at 2 °
C min−1 until reaching 120 °C, followed by a hold for 5 min. It
was then further increased at a rate of 0.5 °C min−1 to reach
125 °C and held steady for 10 min. The temperature was
subsequently increased at a rate of 4 °C min−1 until it reached
200 °C and held at this temperature for 2 min. Finally, the
temperature was further increased at a rate of 10 °C min−1 to
reach 250 °C and held at this temperature for 2 min. The gas
chromatography system employed a split ratio of 10 : 1 and
operated at a ow rate of 1.0 mL min−1.

An electron impact ionization (EI) source was used as the ion
source, with the ion source temperature set to 230 °C and the
quadrupole temperature set to 150 °C. The scan range for mass
analysis was set fromm/z 35 to 500, and a solvent delay of 3 min
was implemented.48

2.5.2 Preparation of ATEO samples. Precisely pipped 100
mL of the ATEO sample from “2.4.1” and transferred it to
a 10mL brown volumetric ask, and then added n-hexane to the
mark. An appropriate amount of anhydrous sodium sulfate was
added to the ask. Next, a 2 mL portion of the sample was
accurately measured and then ltered through a membrane
into a liquid phase vial. Subsequently, GC-MS analysis was
conducted to determine the sample composition.

2.5.3 Component analysis of ATEO. The ATEO components
in the test samples of “2.4.1” were determined by chromato-
graphic methods under the conditions specied in “2.5.1”. The
data were recorded and analyzed using the R programming
language. The Limma package49 in R was used to analyze a total
of 27 groups of data collected at 1, 3, and 8 h under high-
temperature conditions. The crude oil group at different high-
temperature times was compared with the unheated ATEO for
differential analysis. A volcano plot was generated using a log2
FC cut-off of $1 and P < 0.05 as criteria. The x-axis represented
log2 (fold change) values, while the y-axis represented −log10 (P-
values), illustrated the differential components. UP denoted
signicantly up-regulated genes, DOWN denoted signicantly
down-regulated genes, and NOT denoted genes without signif-
icant differential expression. Weighted PCA and relative abun-
dance line plots were generated using the differential
components. Physical and chemical properties of EOs quantity
and qualitative changes in Acorus tatarinowii Schott (AT) under
high-temperature conditions were analyzed using the R
language and Upset plot tool to explore the relationship
between the volatile components and the physical and chemical
properties.50
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.6 In vitro dissolution

2.6.1 Preparation of articial gastric juice and articial
intestinal juice. 16.4 mL dilute hydrochloric acid (117 mL
hydrochloric acid was placed in a 500 mL volumetric ask,
diluted with water to the scale line) was accurately measured
and placed in a 1000mL volumetric ask, about 800mL of water
was added, and 10 g of pepsin was added. Aer mixing, water
was added to the scale line, and the articial gastric juice was
obtained. 6.8 g of potassium dihydrogen phosphate was
precisely weighed, dissolved in water, using a 0.1 mol L−1

sodium hydroxide solution to adjust the pH value of the solu-
tion to 6.8 (weighed sodium hydroxide solid 2 g dissolved in
water, transferred to a 500 mL volumetric ask, diluted with
water to the scale line), and another 10 g of trypsin was dis-
solved in water, mixed with two liquids, which was diluted with
water to 1000 mL.

2.6.2 Chromatographic condition. Chromatographic
conditions: HP-5MS quartz capillary column (30 m × 0.25 mm),
carrier gas of helium (purity of 99.99%), the volume ow rate of
1 mL min−1; the injection volume was 1 mL; the split ratio was
10 : 1, and the solvent delay was 3 min. The inlet temperature
was 230 °C. The initial temperature was increased from 50 °C to
140 °C at a rate of 15 °Cmin−1, then increased to 144 °C at a rate
of 0.4 °C min−1 for 5 min, and then increased to 250 °C at a rate
of 10 °C min−1 for 2 min.

Mass spectrometry conditions: the ionization mode was EI
and the ion mode was ESI; the electron energy was set at 70 eV;
and the quadrupole temperature was maintained at 150 °C, the
ion source temperature was 230 °C; the scan mode was scan;
and the range was m/z 35 to 500.

2.6.3 Determination of equilibrium solubility. 200 mL of
ATEO was taken in a 50 mL centrifuge tube, and 20 mL of
articial gastric juice and articial intestinal juice were added,
respectively. They were placed in a constant-temperature water
bath shaker. The temperature was set at 37 °C, the rotation
speed was 100 rpm, and the constant speed was shaken for 24 h.
Aer 24 h, 2 mL of saturated articial gastric juice and articial
intestinal juice were accurately removed, and the same amount
of n-hexane was added. The mixture was shaken for 3 min and
then allowed to stand still, and the supernatant was collected.
An appropriate amount of anhydrous sodium sulfate was added
to dehydrate the supernatant, ltered through a 0.22 mm
microporous membrane, collected the continuous ltrate, and
determined according to the conditions under ‘2.6.2’. The
equilibrium solubility of b-asarone and a-asarone in ATEO in
articial gastric juice and articial intestinal juice was
calculated.51

2.6.4 In vitro release investigation. The release character-
istics of Pickering emulsions and ATEO were determined by the
dialysis method. Three portions of ATEO and laboratory-made
Pickering emulsions were precisely transferred to a wet dial-
ysis bag with a molecular cutoff of 300 kDa, each containing 100
mL of ATEO. The dialysis bag containing the sample was then
suspended in 200 mL of articial gastric uid or articial
intestinal uid and placed in a shaker bath at 37 °C with a speed
of 100 rpm. Timing started when the sample contacted the
RSC Adv., 2024, 14, 31367–31384 | 31371
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release medium, and 2 mL of the dissolution solution was
sampled at 0.08, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 12, 24, 36, and 48 h,
respectively, and replaced with an isothermal equal volume
release medium. Each group of experiments was paralleled
three times. The collected sample dissolution solution was
mixed with 2 mL of n-hexane, vortexed for 3 min, and allowed to
stand. The upper solution was treated with anhydrous sodium
sulfate for dehydration and was passed through a 0.22 mm
microporous membrane. The ltrate was taken to determine
the content of b-asarone and a-asarone in the dissolution
solution of ATEO and Pickering emulsion samples according to
the conditions in ‘2.6.2’. The cumulative release of b-asarone
and a-asarone at each time point was calculated, and the cor-
responding release curve was plotted.

Cumulate release rate% = [CnV1 + (Cn−1 + . + C1)V2]/

W × 100% (3)

where Cn is the concentration of b-asarone or a-asarone in the
nth sampling point medium (mg mL−1); V1 is the total volume of
the release medium (mL); V2 is the volume of medium (mL) for
each sampling; w is the theoretical maximum dissolution
content (mg) of b-asarone or a-asarone in the release medium.

2.7 Statistical analysis

All statistical graphs were produced using GraphPad Prism
soware version 8.0. Results were presented as mean ± stan-
dard deviation (SD) based on at least three independent
experiments. One-way analysis of variance (ANOVA) was
employed to assess the signicance of differences between
groups, followed by post hoc comparisons using the SPSS LSD
test. A p-value of P < 0.05 was considered statistically signicant.

3 Results and discussion
3.1 Characterization of modied Cinnabaris

3.1.1 SEM and EDS. From Fig. 1A–C, it could be seen that
the Cinnabaris powder is irregularly prismatic, and the SiO2 was
found to be porous, spherical, and partially agglomerated. The
modied Cinnabaris sample was irregularly prismatic, with its
surface covered by uniform SiO2 particles, which prevents the
agglomeration of SiO2 to a certain extent. The element distri-
bution of Cinnabaris powder, SiO2, andmodied Cinnabaris was
analyzed by EDS. It was found that the surface elements of SiO2

were consistent with those of modied Cinnabaris, but the
content of Si in SiO2 was higher than that of modied Cinna-
baris. The characteristic elements such as Hg and S prevented in
Cinnabaris powder were not detected on the surface of modied
Cinnabaris. The above results showed that the modication
operation was more successful (Table 1). SiO2 completely
encapsulated the Cinnabaris powder, which could effectively
prevent the mutual aggregation and fusion between oil drop-
lets, thereby maintaining the stability of the emulsion (Fig. 1D–
F). Therefore, SEM and EDS could show that the operation of
SiO2-modied Cinnabaris particles was successful.

3.1.2 Particle wettability. The wettability of stabilizers is
a key factor determining the stability of Pickering emulsions
31372 | RSC Adv., 2024, 14, 31367–31384
and the type of emulsions.52 The contact angle of Cinnabaris
powder was 124.95 ± 0.35° (Fig. 2A), and the contact angle of
modied Cinnabaris particles was 42.95 ± 1.20° (Fig. 2B). There
was a signicant difference between the two (p < 0.001), indi-
cating that the hydrophilicity of modied Cinnabaris particles
had improved signicantly.

3.1.3 Raman and Fourier transform infrared spectroscopy.
The Cinnabaris sample was a vermilion-red powder, heavy, with
a shimmering luster. The modied Cinnabaris sample was
a light pink powder, light and more delicate. The Raman
spectrum of the Cinnabaris sample appeared in Fig. 2C(a). The
strongest peak appeared at 250 cm−1, and there was a shoulder
peak at 281 cm−1 on the side of the strongest peak, which was
weak. The next strongest peak appeared at 340 cm−1, with
medium strength at 340 cm−1. In addition, there were two very
weak peaks at 89 cm−1 and 100 cm−1 below 200 cm−1, and the
three peaks at 250 cm−1, 281 cm−1, and 340 cm−1 were the main
Raman characteristic peaks of HgS, of which the strongest peak
at 250 cm−1 was the typical A1 telescopic vibration of Hg–S, and
the two peaks at 281 cm−1 and 340 cm−1 corresponded to the
telescopic vibration of Hg–S. In addition, the two very weak
peaks located at 89 cm−1 and 100 cm−1 were the E0 mode
stretching vibration of Hg–S. The modied Cinnabaris sample
was shown in Fig. 2C(b), which proved to be consistent with the
characteristic peaks of Cinnabaris, proving that the presence of
Cinnabaris powder could be detected in the modied Cinna-
baris. Fig. 2D(c) showed the infrared spectrum of SiO2. As seen
in the gure, the strong and broad absorption band of
1107 cm−1 represented the antisymmetric telescopic vibration
peak of Si–O–Si, and the peaks of 810 cm−1 and 477 cm−1 were
the symmetric telescopic vibration peaks of the Si–O bond,
which were in agreement with the characteristic peaks of the
modied Cinnabaris (Fig. 2D(b)), which demonstrated the
presence of SiO2 in the modied Cinnabaris.
3.2 Preparation of modied Cinnabaris

3.2.1 Single factor of modied Cinnabaris Pickering
emulsions

3.2.1.1 Stabilizer amount. It could be seen from Fig. 3A that
with the increase of the amount of modied Cinnabaris
composite particle stabilizer, the contact area between the solid
particles and the oil–water interface gradually increased, the
overall stability score of the emulsion, and the stability of the
emulsion increased, reaching the highest at 20 mg. However, as
the amount of stabilizer continued to increase, the compre-
hensive score of the emulsion began to decrease, it suggested
the presence of an optimal amount of stabilizer. The possible
reason was that the amount of stabilizer was too high, and
aggregation occurred at the oil–water interface, which did not
participate in the formation process of Pickering emulsions,
resulting in a decrease in emulsion stability. Therefore, we
selected the dosage of stabilizer as 20 mg for subsequent
investigation.

3.2.1.2 ATEO phase volume fraction. It could be seen from
Fig. 3B that with the increase of the volume of the oil phase of
AT, the comprehensive score of the emulsion increased and the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM of Cinnabaris (A), SiO2 (B), and modified Cinnabaris (C); EDS of Cinnabaris (D), SiO2 (E), and modified Cinnabaris (F).

Table 1 Surface element distribution of Cinnabaris, modified Cinnabaris and SiO2

Specimen Element Line type Apparent concentration K ratio wt% wt% Sigma

Cinnabaris C K 2.19 0.02194 6.16 0.40
O K 1.21 0.00407 0.84 0.12
S K 15.54 0.13387 10.39 0.31
Zr L 2.68 0.02682 2.37 0.28
Hg M 83.89 0.75983 74.39 0.83
Tl M 5.93 0.05931 5.85 0.86

Modied Cinnabaris C K 5.32 0.05321 13.17 0.34
O K 127.70 0.42972 50.76 0.27
Si K 53.50 0.42393 31.71 0.20
Pt M 3.92 0.03922 4.37 0.22

SiO2 C K 2.98 0.02983 8.85 0.40
O K 117.41 0.39509 49.47 0.32
Si K 58.80 0.46593 37.01 0.26
Pt M 3.87 0.03866 4.67 0.27

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 31367–31384 | 31373
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Fig. 2 The contact angle of Cinnabaris (A) and modified Cinnabais (B); Raman spectroscopy of Cinnabaris (C(a)) and modified Cinnabaris (C(b));
FT-IR spectroscopy of SiO2(D(c)) and modified Cinnabaris (D(b)).
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stability of the emulsion was enhanced. When the volume
fraction of the oil phase was 60%, the comprehensive score of
the emulsion reached the highest. However, as the volume
fraction of the oil phase continued to increase, the compre-
hensive score of the emulsion began to decrease. The possible
reason was that due to too much oil phase, solid particles could
only participate in the encapsulation of xed oil volume, and
excess volatile oil would remain free, resulting in a decrease in
the comprehensive score of the emulsion. Therefore, the oil
phase volume fraction of 60% was selected for subsequent
investigation.

3.2.1.3 Shear time. It could be seen from Fig. 3C that as the
shearing time increased, the comprehensive score of the
emulsion increased and the stability of the emulsion increased.
When the shearing time was 150 s, the comprehensive score of
the emulsion reached the highest, but as the shearing time
increased, the comprehensive score of the emulsion began to
decrease. The possible reason was that under the action of
a high-speed shearing machine, the longer the time, the more
the solid particles were dispersed, resulting in decreased
emulsion quality. Therefore, the shear time was selected to be
150 s.

3.2.1.4 Shear speed. It was found that the comprehensive
score of the emulsion was not much different at the shear rate
31374 | RSC Adv., 2024, 14, 31367–31384
of 8000 to 12000 rpm, so it was not used as an index in the
subsequent response surface optimization experiment. The
shear speed of 10000 rpm was selected for investigation.

3.2.2 Process optimization of modied Cinnabaris Picker-
ing emulsions. On the basis of a single-factor experiment, the
response surface design experiment was carried out based on
factors such as stabilizer dosage (A), ATEO phase volume frac-
tion (B), and shear time (C). The comprehensive score was used
as the evaluation index to optimize the design of three factors
and three levels. The factors and levels were presented in Table
S1,† and the design and results were detailed in Table S2.†

3.2.2.1 Analysis of variance of OD regression model of modi-
ed Cinnabaris Pickering emulsions. Design Expert 8.0.6 soware
was used to establish a regression model for OD data and
analyze the variance. A quadratic response surface regression
model was established using the following formula: Y = 92.36 +
6.27A + 5.78B− 0.100C + 3.01AB− 1.20AC− 2.96BC− 10.54A2−
21.48B2 − 11.14C2. Analysis of variance (ANOVA) was performed
on the regression equation, and the detailed results of the
analysis were shown in Table S3.†

Model P < 0.001, which indicated that the difference was not
signicant, thus suggesting the model tted well and the
regression equation was reliable. The inuences of factors A2,
B2, and C2 on the response value were statistically signicant (P
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 One-way examination and response surface optimization experiments of Pickering emulsions preparation process. Stabilizer amount (A),
ATEO phase volume fraction (B), and shear time (C) were examined; response surface plots of the interaction effect between factors (D).
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< 0.0001). Therefore, the inuence of the three factors on the
response value was not a simple linear relationship, and there
was a signicant interaction between the selected test factors.

At the same time, the factors that had a signicant impact on
the experimental results were A, B, and C, indicating that the
model could be used for the analysis and prediction of emul-
sion quality. According to the regression model, the corre-
sponding response surface and contour maps were drawn. The
slope of the response surface diagram of the interaction
between stabilizer dosage and oil phase volume fraction was
steeper, indicating a stronger interaction that signicantly
affected the comprehensive score of the emulsion. The inter-
action between the amount of stabilizer and the shear time had
a slower response surface slope, indicating that the interaction
between the two factors was weak and had little effect on the
comprehensive score of the emulsion (Fig. 3D).

3.2.3 Best process validation. Through model analysis, the
optimal process parameters for constructing a stable Pickering
emulsion using modied Cinnabaris as a stabilizer were ob-
tained: the amount of stabilizer was 21.61 mg, the volume
fraction of the oil phase was 60.80%, and the shear time was
148.69 s. Under these conditions, the theoretical OD value of
Pickering emulsion could reach 93.8359. In actual experiments,
the amount of stabilizer was 22 mg, the volume fraction of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
oil phase was 61%, and the shear time was 149 s. Based on the
optimal process, three parallel experiments were carried out.
The OD value of the Pickering emulsions was found to be 93.10,
which was close to the predicted value, indicating that the
process was reasonable and feasible.

3.2.4 Characterization of modied Cinnabaris Pickering
emulsions

3.2.4.1 Measurement of particle size. By conducting three
parallel experiments and recording the d90 characteristic value
of the emulsion as 36.00 ± 1.26 mm (Fig. 4A), it could be
concluded that the size of the modied Cinnabaris in the
Pickering emulsions falls within the microscale range.

3.2.4.2 Measurement of zeta potential. Each sample was
measured in triplicate at a temperature of 25 °C, which resulted
in a value of 33.80 ± 0.28 mV (Fig. 4B). It should have been
noted that higher zeta potential values corresponded to
improved emulsion stability.53

3.2.4.3 Microscopically observe. The type of emulsion
formed was conrmed to be an O/W emulsion by confocal
microscopy images, and the modied cinnabar particles were
attached between the oil and aqueous phases, and the ATEO
was completely encapsulated (Fig. 4C–F). The modied Cinna-
baris, labeled with red uorescent dye, was uniformly distrib-
uted at the boundaries of the emulsion particles (Fig. 4E).
RSC Adv., 2024, 14, 31367–31384 | 31375
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Fig. 4 Characterisation of the properties of Pickering emulsions. The particle size of Pickering emulsions (A); zeta potential of the Pickering
emulsions (B); confocal microscope images of Pickering emulsions, bright field optical image of Pickering emulsions (C), ATEO labeled with
green fluorescent dye (D), modified Cinnabaris labeled with red fluorescent dye (E) and combined confocal image of D and E (F); near-infrared
spectra (G) of Cinnabaris (a), Pickering emulsions (b), and ATEO (c).
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Meanwhile, EOs labeled with green uorescent dye were
observed in the inner region of the emulsion (Fig. 4D). Pickering
emulsions contained smaller-sized EO droplets; the emulsions
had a high content of solid particles, and the emulsion particles
were spherical and well dispersed in the aqueous phase without
aggregation.

3.2.4.4 Near infrared spectrum. The results in Fig. 4G indi-
cated that the NIRS of the Pickering emulsions stabilized by
modied Cinnabaris was similar to that of the modied Cin-
nabaris suspension. In the NIRS of the Pickering emulsions of
modied Cinnabaris, only the weaker ATEO characteristic peaks
were detected at 5500 to 6000 cm−1, while the ATEO charac-
teristic peaks in general were more obvious. The NIRS results
indicated that the modied Cinnabaris was encapsulated in the
outer layer of ATEO in the Pickering emulsions.
31376 | RSC Adv., 2024, 14, 31367–31384
3.3 Antioxidant properties of ATEO under thermal
environment

As shown in Fig. 5A, the retention rate of the Pickering emul-
sions group was signicantly higher than that of the AEO and
oil–water mixture groups under the conditions of 1, 3, and 8 h at
40 °C (P < 0.01). The oxidation degree of volatile oil was reected
by the changes in POV and MDA content under an accelerated
oxidation environment.54 Compared with the crude oil group, it
was found that the POV and MDA contents in the volatile oil of
the Pickering emulsion groups were signicantly reduced. The
results showed that the POV and MDA of volatile oil in the
Pickering emulsion groups were the lowest, and the degree of
oxidation was the lowest, indicating that it effectively removed
free radicals and peroxides, prevented the oxidation reaction,
and improved the stability of ATEO by reducing the formation
of peroxides as well as the contents of POV and MDA. In the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Retention rate of ATEO (A), content of POV (B), and content of MDA (C) in Pickering emulsions, oil–water mixture, and ATEO under heat
treatment for 1, 3, and 8 h. (P < 0.05). *P < 0.05, **P < 0.01, ***P < 0.001 compared to the blank group. #P < 0.05, ##P < 0.01, ###P < 0.001
compared to the oil–water mixture group.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
2:

27
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
process of accelerated oxidation of ATEO, the Pickering emul-
sions prepared by modied Cinnabaris effectively delayed the
oxidation degree of volatile oil, thus effectively protecting the
volatile components in the EOs, as depicted in Fig. 5B and C.
3.4 Analysis of the components in ATEO

The total ion chromatogram of the components of ATEO was
presented in Fig. S1A.† The results indicated that under the
chromatographic conditions, the components were well sepa-
rated, which met the requirements for subsequent qualitative
and quantitative studies. By using the NIST 14 database, a total
of 76 aromatic compounds were identied and listed in Table
S4† aer analyzing the total ion chromatogram.

Draw the characteristic chromatogram of EO components of
AT under different intervention conditions, see Fig. S1B.† The
results showed that, excluding the internal standard peak, the
characteristic components could be divided into seven cate-
gories: (1) 017669-14-8 and other four components, (2) 018675-
33-7 and other 4 components, (3) 000469-61-4 and other 33
components, (4) 000141-27-5 and other 4 components, (5)
000586-62-9 and other 28 components, (6) 092471-23-3 and 1
component, (7) 021290-09-5 and 1 component. Among the
components of category (5), as the oxidation time increased, the
expression of volatile components in the Pickering emulsion
group was highest during the continuous heating process at 1,
3, and 8 h, and the expression decreased slowly with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
increase of heating time, while the crude oil group and oil–
water mixture group decreased rapidly with the increase of
heating time. In category (3), as the oxidation time increased,
the expression of the crude oil group and oil–water mixture
group gradually increased, while the expression of the Pickering
emulsion group remained relatively consistent. It could be
preliminary proved that the volatile components in Pickering
emulsions were relatively stable under different heating times.

3.4.1 Screening of differential components of ATEO.
According to the volcanic maps of different heating periods,
a total of 38 differential components were obtained. This was
achieved by comparing the untreated ATEO with those treated
at different high temperatures aer eliminating duplicates.
These components include 000077-53-2, 000079-92-5, 000099-
83-2, 000099-86-5, 000099-87-6, 000106-23-0, 000123-35-3,
000127-91-3, 000138-87-4, 000470-67-7, 000470-82-6, 000473-13-
2, 000473-15-4, 000483-76-1, 000508-32-7, 000515-17-3, 000586-
62-9, 000586-82-3, 000639-99-6, 001632-73-1, 002050-24-0,
003387-41-5, 005989-27-5, 007785-26-4, 007785-70-8, 010208-80-
7, 016982-00-6, 017066-67-0, 019912-62-0, 021391-99-1, 024406-
05-1, 025532-79-0, 028400-12-6, 029050-33-7, 086495-16-1,
103827-22-1, 913176-41-7, 997220-96-6. As shown in Fig. 6A–C,
with the increase in heating time, the differential components
gradually increased compared to the untreated ATEO, and the
degree of oxidation of the volatile components became
increasingly severe.
RSC Adv., 2024, 14, 31367–31384 | 31377
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3.4.2 PCA analysis of ATEO. PCA analysis was conducted to
explore the differential components of ATEO. PCA plots were
generated for different heating times as shown in Fig. 6D–G.
Three groups were depicted in the plots: green for the crude oil
group, red for the oil–water mixture group, and purple for the
Pickering emulsion group. In Fig. 6D, PC1 contributed 64.4% of
the total variance, while PC2 contributed 28.5%, which resulted
in a cumulative explained variance of 92.9%. In Fig. 6E, PC1
accounted for 77.1% of the variance, and PC2 accounted for
15.6%, which resulted in a cumulative explained variance of
92.7%. Fig. 6F shows that PC1 contributed 88.1% of the vari-
ance, and PC2 contributed 8.7%, with a cumulative explained
variance of 96.8%. In Fig. 6G, PC1 explained 78.4% of the
variance and PC2 explained 12.1%, leading to a cumulative
explained variance of 90.5%. These results indicated high
similarity among the samples and reliable outcomes. Based on
the PC1 axis, it was observed that the Pickering emulsion group
exhibited distribution in the positive direction, whereas both
the crude oil group and oil–water mixture group displayed
distribution in the negative direction. The Pickering emulsion
group exhibited distinct separation from the other two groups,
signifying signicant differences, whereas the crude oil group
Fig. 6 Volcano plot, PCA, and line graph analysis of volatile differential
between untreated ATEO and the high temperature 1 h crude oil group (A
differential components for the high temperature 1 h group (D), 3 h g
components for different high-temperature durations (G).

31378 | RSC Adv., 2024, 14, 31367–31384
and the oil–water mixture group displayed partial overlap,
implying high similarity and insignicant differences. Based on
the ndings presented in Fig. 6G, the samples from the Pick-
ering emulsion group demonstrated improved intra-group
clustering and a narrower range at each designated period
compared to the crude oil group. These results suggested that
the Pickering emulsion group exhibited enhanced thermal
stability under the given thermal conditions.

3.4.3 Linear graph analysis. Upon comparing the line
graphs of different groups, it became evident that the down-
ward trend observed in the compounds 000079-92-5, 000099-83-
2, 000099-86-5, 000099-87-6, 000106-23-0, 000123-35-3, 000127-
91-3, 000138-87-4, 000470-67-7, 000470-82-6, 000508-32-7,
000586-62-9, 000586-82-3, 001632-73-1, 003387-41-5, 005989-27-
5, 007785-26-4, 007785-70-8, 029050-33-7, and 086495-16-1 in
the Pickering emulsion group exhibited a deceleration
compared to the crude oil group. Similarly, the upward trend
observed in the compounds 000077-53-2, 000473-13-2, 000473-
15-4, 000483-76-1, 000515-17-3, 000639-99-6, 002050-24-0,
010208-80-7, 016982-00-6, 017066-67-0, 019912-62-0, 021391-99-
1, 024406-05-1, 025532-79-0, 028400-12-4, 103827-22-1, 913176-
41-7, and 997220-96-6 was slowed down. As shown in Fig. 7.
components of AT. The volcano plot of the differential components
), 3 h crude oil group (B), and 8 h crude oil group (C); the PCA plot of the
roup (E), and 8 h group (F), the overall PCA plot of the differential

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Further evidence demonstrated that Pickering emulsions could
enhance the stability of ATEO.
3.5 Quantitative changes of ATEO

The identied differential components using R language were
categorized into two groups: up-regulated differential compo-
nents and down-regulated differential components. For each
category, the physicochemical property parameters, including
relativemolecularmass, melting point, boiling point, ash point,
density, polarizability, surface tension, log P, and refractive index,
were queried. The numerical values of these physicochemical
parameters were then normalized, and the average values were
subsequently calculated to assess their distribution behavior
(Fig. 8A and B). Among the up-regulated differential components,
the relativemolecularmass, boiling point, and polarizability were
the lowest, and the refractive index was the highest. Among the
down-regulated differential components, the melting point was
the lowest, and the boiling point, ash point, and surface tension
were the highest, while the other factors were distributed in the
middle. Fig. 8C showed that by using radar plots to analyze the
Fig. 7 The line chart of the differential components in the Pickering em

© 2024 The Author(s). Published by the Royal Society of Chemistry
overall physicochemical properties of up-regulated and down-
regulated differential components, it was found that the rela-
tive molecular mass, boiling point, ash point, surface tension,
and polarizability accounted for a larger proportion in the down-
regulated components, while the distribution of up-regulated
components was opposite.

To delve deeper into the main factors inuencing the distri-
bution behavior of components, an investigation was conducted
based on various physicochemical parameters, as illustrated in
Fig. 8D. Through analysis, a total of 10 principal components
(PCs) were obtained. The PC1 component had a high contribu-
tion rate to the variance, accounting for 42.5% of the total vari-
ance, and was considered the main component that inuenced
the distribution pattern of volatile differences in AT. PC1 = 0.47
× relativemolecular mass + 0.32×melting point + 0.46× boiling
point + 0.38× ash point + 0.24× density− 0.31× polarizability
− 0.34 × surface tension + 0.24× log P − 0.06× refractive index.
On the PC1 axis, the up-regulated differential components
mainly exhibited a negative distribution, while the down-
regulated differential components mainly exhibited a positive
ulsions, oil–water mixture, and ATEO.

RSC Adv., 2024, 14, 31367–31384 | 31379
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Fig. 8 High-temperature environment affects the physical and chemical properties of the essential oil quantitative change difference
components of AT. Distribution chart of the changes in physicochemical properties of up-regulated components (A), distribution chart of the
changes in physicochemical properties of down-regulated components (B), radar chart of the distribution of physicochemical properties for up-
regulated and down-regulated components (C), and PCA diagram of the physicochemical properties of different components affecting the
quantitative variation of ATEO (D).
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distribution. Relative molecular mass, melting point, boiling
point, ash point, density, and log P were positively correlated,
while polarizability, surface tension, and refractive index were
negatively correlated. Based on the composition of the principal
components, it was concluded that relative molecular mass,
boiling point, ash point, polarizability, and surface tension were
key physicochemical parameters that signicantly inuenced the
distribution behavior of components. Components with higher
relative molecular mass, boiling point, and ash point exhibited
a propensity for distribution within the down-regulated differ-
ential component system, whereas those with lower relative
molecular mass, higher surface tension, and higher refractive
index were more inclined to be distributed within the up-
regulated differential component system.
3.6 Qualitative changes of ATEO

A comparative analysis was conducted to examine the variations
in the composition of ATEO among different groups, including
untreated ATEO, heat-treated crude oil group, oil–water mixture
group, and Pickering emulsion group. Based on the data pre-
sented in Fig. 9A, a total of 46 components were identied, out of
31380 | RSC Adv., 2024, 14, 31367–31384
which 30 were characterized as distinctive components. Analysis
of the characteristic components revealed that there were 11
newly generated components, including 002050-24-0, 021290-09-
5, 092471-23-3, 017699-14-8, 000473-13-2, 913176-41-7, 094535-
52-1, 019912-62-0, 000473-15-4, 110983-38-5, and 997462-58-2.
There were 17 disappearing components, including 007785-70-8,
000110-93-0, 000079-92-5, 000500-00-5, 000470-82-6, 000099-87-6,
005989-27-5, 000508-32-7, 086495-16-1, 003387-41-5, 000127-91-3,
000123-35-3, 000099-83-2, 007785-26-4, 000586-67-4, 997226-86-2,
and 000111-84-2. In the stacked plot of newly generated compo-
nents (Fig. 9B), the Pickering emulsion group, aer 1, 3, and 8 h
of high-temperature treatment, exhibited a higher similarity to
the untreated ATEO composition compared to the crude oil
group and the oil–water mixture group. This observation sug-
gested that the volatile components in the Pickering emulsion
group were less susceptible to the inuence of high-temperature
environments and exhibited a slower rate of oxidation. The
stacked plot of disappearing components (Fig. 9C) illustrated
that, in contrast to the untreated ATEO, two specic components,
namely, 997226-86-2 and 000111-84-2, exhibited a more rapid
rate of depletion within the Pickering emulsion group. In
comparison with the crude oil group and the oil–water mixture
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 High-temperature environment affects the physical and chemical properties of the essential oil qualitative change difference compo-
nents of AT. Upset plot of the changed components of ATEO (A), stacked plot of the newly generated components of ATEO (B), and stacked plot
of the disappearing components of ATEO (C). Distribution chart of the physicochemical properties of newly generated components (D),
distribution chart of the physicochemical properties of disappearing components (E), radar chart of the physicochemical properties distribution
of newly generated and disappearing components (F), and PCA chart of physicochemical properties of different components affecting the
qualitative changes of ATEO (G).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
2:

27
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
group, the remaining components within the Pickering emulsion
group exhibited a greater resemblance to the volatile components
typically associated with crude oil, particularly under high-
© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature conditions. This observation suggested that Picker-
ing emulsion technology played a positive role in impeding the
dispersion of ATEO and enhancing its stability.
RSC Adv., 2024, 14, 31367–31384 | 31381
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The Upset plot categorizes the identied differential
components into two groups: newly generated components and
disappearing components. The physicochemical properties of
the newly generated and disappearing components were
examined, which included parameters such as relative molec-
ular mass, melting point, boiling point, ash point, density,
polarizability, surface tension, log P, and refractive index. The
numerical values of various physicochemical parameters
underwent normalization, followed by the calculation of
average values to determine different distribution behaviors for
each parameter. In terms of the newly generated components,
the relative molecular mass and boiling point exhibited the
lowest values, while the surface tension and refractive index
displayed the highest values. Meanwhile, among the dis-
appearing components, the relative molecular mass, boiling
point, and ash point possessed the lowest values, whereas the
refractive index exhibits the highest value, as depicted in Fig. 9D
and E. Using radar plots to analyze the overall physicochemical
properties of the newly generated and disappearing compo-
nents (Fig. 9F), it was found that there were signicant differ-
ences in the physicochemical properties between the newly
generated and disappearing components. Further exploration
was conducted through PCA analysis to investigate these
differences in more depth.

Further exploration of the main components that inuence
the distribution behavior of the components based on different
physicochemical parameters was conducted, as shown in
Fig. 9G. Through analysis, a total of 10 PCs were obtained, and
PC1 had a signicant contribution rate to the variance,
accounting for 42.9% of the total variance. PC1 was considered
the main component that inuenced the distribution pattern of
differential components in ATEO. PC1 = 0.44 × relative
molecular mass + 0.35 × melting point + 0.45 × boiling point +
0.24 × ash point − 0.08 × density − 0.40 × polarizability −
0.41 × surface tension − 0.02 × log P − 0.28 × refractive index.
In the PC1 axis, the newly generated components mainly
exhibited a positive distribution, while the disappearing
components mainly exhibited a negative distribution. There
was a positive correlation among the relative molecular mass,
melting point, boiling point, and ash point; conversely,
a negative correlation was observed with density, the logarithm
of the partition coefficient (log P), polarizability, surface
tension, and refractive index. When combined with the prin-
cipal component analysis, it was apparent that the relative
molecular mass, boiling point, and ash point constituted key
physicochemical parameters that signicantly inuenced the
distribution behavior of the components. Components exhib-
iting higher values of relative molecular mass, boiling point,
and ash point were preferentially distributed within the newly
generated component system, whereas those with lower corre-
sponding values tended to align with the phasing-out compo-
nent system.
Fig. 10 The cumulative release curves of b-asarone and a-asarone in
Pickering emulsions and ATEO. Note: artificial gastric juice (A); artificial
intestinal fluid (B).
3.7 In vitro dissolution

3.7.1 Equilibrium solubility. The equilibrium solubility of
b-asarone and a-asarone in the ATEO in articial gastric juice
31382 | RSC Adv., 2024, 14, 31367–31384
was 402.97 mg mL−1 and 106.36 mg mL−1, respectively. The
equilibrium solubility of b-asarone and a-asarone in articial
intestinal uid was 745.24 mg mL−1 and 273.49 mg mL−1,
respectively.

3.7.2 In vitro release data of b-asarone and a-asarone in
Pickering emulsions and ATEO. The release curves of b-asarone
and a-asarone in Pickering emulsions and ATEO in dissolution
medium (articial gastric juice and articial intestinal juice)
were shown in Fig. 10. When the dissolution medium was
articial gastric juice, the release rate of b-asarone and a-asar-
one in Pickering emulsions was higher than that of ATEO. With
the increase in dissolution time, the cumulative release of b-
asarone and a-asarone in Pickering emulsions and ATEO also
increased. Aer 48 h of dissolution, the cumulative dissolution
rates of b-asarone and a-asarone in Pickering emulsions were
39.22% and 25.09%, respectively, which were 1.15 times and
1.40 times higher than those of ATEO. When the dissolution
medium was articial intestinal uid, the release rate of b-
asarone and a-asarone in Pickering emulsions was also higher
than that of ATEO. With the increase in dissolution time, the
cumulative release of b-asarone and a-asarone in Pickering
emulsions and ATEO also increased. At 36 h to 48 h, the
cumulative release rates gradually leveled off, entering a plateau
phase. Aer 48 h of dissolution, the cumulative dissolution
rates of b-asarone and a-asarone in Pickering emulsions were
© 2024 The Author(s). Published by the Royal Society of Chemistry
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17.52% and 10.74%, respectively, which were 1.07 times and
1.15 times that of ATEO. The above results showed that the
cumulative release of b-asarone and a-asarone in Pickering
emulsions was higher than that of ATEO when the dissolution
medium was articial gastric juice and articial intestinal juice
(Tables S5 and S6†).

The in vitro behavior of b-asarone and a-asarone, the main
volatile components in Pickering emulsions and ATEO were
studied by the dialysis method. The study of in vitro release
behavior showed that the cumulative release of b-asarone in
Pickering emulsions was 1.24 times that of ATEO, and a-asarone
was 1.10 times that of ATEO when it was dissolved in articial
gastric juice for 48 h. In articial intestinal uid, the cumulative
release of b-asarone in Pickering emulsions was 1.62 times that of
ATEO at 48 h, and a-asarone was 1.91 times that of ATEO. It was
found that the release rate and cumulative release of b-asarone
and a-asarone in Pickering emulsions were higher than those of
ATEO, and this difference wasmore obvious in articial intestinal
uid. Moreover, XRD studies conrmed that the silica adsorbed
on the surface of modied Cinnabaris particles usually existed in
the form of molecular dissolution, that is, in an amorphous state,
which could promote the in vitro dissolution of fat-soluble drugs.36

4 Conclusion

In the present work, the modied Cinnabaris stabilizer was
successfully prepared. The optimum emulsion process was
determined by single factor and response surface optimization
experiments, and the Pickering emulsions with high stability
was obtained. A series of characterizations of the Pickering
emulsions showed that ATEO was tightly enveloped by the water
phase. Furthermore, the alterations in the EOs were systemat-
ically investigated within the crude oil group, oil–water mixture
group, and Pickering emulsion group under high-temperature
conditions. Macroscopically, the escape and oxidation degree
of EOs were quantied through measures such as the EOs
retention rate, MDA level, and POV. Microcosmically, the
changes in EOs composition and the effects of physicochemical
properties on the changes in EOs composition at high temper-
atures were studied in terms of quantitative and qualitative
changes. The Pickering emulsions was found to have signicant
advantages in the protection of EOs. In summary, based on the
idea of “combining medicine and adjuvant,” this work provided
a new idea for the preparation of mineral drug particle stabi-
lizers, which was of great signicance for improving the stability
and efficacy of oil-containing solid preparations. The drug
release rule showed that with the increase in dissolution time,
the cumulative dissolution of the drug increased and the release
rate accelerated. Compared with the ATEO, the release of
essential oil in Pickering emulsions was faster within 48 h,
indicating that the encapsulation of ATEO in Pickering emul-
sions could improve the dissolution rate of volatile oil in vitro.
This may have been because the modied Cinnabaris particles,
being hydrophilic solid particles, dispersed quickly in the
dissolution medium, thereby facilitating the faster entry of fat-
soluble substances into the dissolution medium. Secondly, the
molecularly dispersed drugs also helped to improve the
© 2024 The Author(s). Published by the Royal Society of Chemistry
dissolution of volatile oil. The modied Cinnabaris could be
used as a stabilizer to prepare Pickering emulsions, improving
the stability and antioxidant capacity of EOs and signicantly
enhancing the bioavailability of active ingredients in EOs. The
Pickering emulsions stabilized by modied Cinnabaris has good
application potential in the eld of drug delivery.
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