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ABSTRACT: Lingzhu Pulvis is a classic formulation for treating febrile convulsions PEG6000
in children. However, Acorus tatarinowii essential oil (AT-EQO) in this prescription is
prone to volatilization and oxidation, compromising the efficacy and quality control
of this formulation. Herein, based on the concept of “combination of medicine and
adjuvant”, Pickering emulsion technology was applied to enhance the stability of AT-
EO using modified amber as a stabilizer. Amber was a resinous medicinal powder in
Lingzhu Pulvis and was modified into a suitable stabilizer for Pickering emulsion
through surface modification. A thermal stability study indicated that Pickering
emulsion, stabilized by modified amber, exhibited a higher retention rate of AT-EO
and lower levels of peroxide value and malondialdehyde content compared to those
of the pure AT-EO group after heat treatment at 40 °C for 1, 3, and 8 h. Additionally, iy
component analysis in content and composition revealed that the volatile Modificd amber

components of AT-EO in the Pickering emulsion were more stable during the

thermal treatment process. This study convincingly illustrates the potential of a Pickering emulsion stabilized with modified
medicinal powders to improve the thermal stability of the essential oil.

1. INTRODUCTION The use of solid particles in Pickering emulsions circumvents
the need for conventional surfactants, thus avoiding potential
allergic reactions or irritations caused by surfactants. Mean-
while, they are characterized by their remarkable stability, low

Essential oils in Chinese medicine contain abundant active
ingredients and demonstrate significant pharmacological
activities in the nervous system, cardiovascular system,

) 3 ; 15 ) . . . . At 17 1os . .
respiratory system, gastrointestinal system, etc. ~ These oils toxicity, and superior biocompatibility, " Pickering emulsions
also exhibit noteworthy antibacterial/antifungal, antiviral, anti- have rapidly gained popularity and utility across various
inflammatory, and anticancer effects.” However, essential oils industrileés,l 8including the food, cosmetics, and pharmaceutical
are prone to volatilization and oxidation when exposed to light, sectors.”
oxygen, and high temperatures. This can lead to changes in the The “Combination of Medicine and Adjuvant” is an
content and composition of essential oils’ and pose new important principle in the utilization of excipients and is
challenges for the clinical use of essential oils.® Lingzhu Pulvis, widely applied in Chinese medicine preparations.'”*’ Drawing
a traditional Chinese medicine prescription, is composed of upon this principle and the goal of enhancing the stability of
saigae tataricae cornu, bovis calculus artifactus, pearl powder, volatile oil, our team aims to prepare a Pickering emulsion of
cinnabaris, the extracts of bombyx batryticatus and arisaema AT-EO using the medicinal powders in Lingzhu Pulvis as
cum bile, amber, and AT-EO. It is primarily ‘used for the stabilizers to bolster the stability of AT-EO. In a previous
treatment of febrile convulsions in children” AT-EO in study, we investigated the emulsification effect of medicinal

Lingzhu Pulvis usually adopts a spray form during preparation,
which can easily evaporate during storage and usage.
Therefore, there is an urgent need to enhance the stability of
AT-EO in the Lingzhu Pulvis (see Scheme 1).

Pickering emulsions represent an innovative class of
emulsions in which solid particles are employed to act as
stabilizers. These stabilizing particles can range from inorganic
materials such as silica, alumina, and clay,lo_12 to natural
substances like starch, proteins, and their modified deriva-
tives'>™'® and extend to synthetic materials like polymers.'®

powders in Lingzhu Pulvis and found that pearl powder was a
suitable O/W-type stabilizer. Subsequent studies have
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Scheme 1. Research Strategy Diagram for Enhancing the Stability of Volatile Oil with Pickering Emulsion Stabilized by
Modified Suitable Stabilizer Based on the Concept of “Combination of Medicine and Adjuvant”. (A) Diverse Types of
Medicinal Powders with Strong Representativeness in Lingzhu Pulvis. (B) Emulsification Effect of Medicinal Powders in
Lingzhu Pulvis. (C) Design of Suitable Stabilizers by Particle Design Technology. (D) Pickering Emulsion Stabilized by
Modified Suitable Stabilizer to Enhance Volatile Oil Stability

A. Representative medicinal powders in Lingzhu Pulvis

D. Pickering emulsion to enhance volatile oil stability
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indicated that the Pickering emulsion stabilized by pearl
powder could improve volatilization and oxidation of AT-
EO.”'™*® Contrastingly, amber, owing to its poor water
solubility was proved to be a unsuitable O/W-type stabilizer.”!

To address the issue of the unsuitable medicinal powders in
Lingzhu Pulvis as stabilizers for Pickering emulsion and further
expand the depth of research on particle design technol-
ogy,”*** including surface modification and particle recombi-
nation techniques, can be utilized as innovative methods to
design suitable particles. Chen Qiuhong and his team”® have
successfully applied the octenyl succinic anhydride for the
surface modification of cellulose nanocrystals (CNCs), which
ameliorates the hydrophilic properties and improves the
emulsifying capacity of CNCs, enabling the modified CNCs
to be employed in crafting Pickering high internal phase
emulsions. Similarly, Andreia Ribeiro et al.”’ utilize sodium
oleate to modify the surface of nanohydroxyapatite (n-HAp)
particles, the wettability of modified n-HAp particles shows a
dependence on the content of sodium oleate. In summary,
related modification methods can be employed to improve the
surface properties of solid powders, enabling them to function
as effective stabilizers for the Pickering emulsion. In this study,
we aim to modify amber powders into a suitable stabilizer and
further examine the stability of AT-EO in Pickering emulsion
stabilized by modified amber under a thermal environment.
This research will provide valuable insights into improving the
stability of essential oils in solid preparations.

2. MATERIALS AND METHODS

2.1. Materials. Amber was provided by the Lei Yun Shang
Pharmaceutical Group Co., Ltd. (Suzhou, China). AT-EO was

pure Acorus tatarinowii essential oil and was bought from Xian
Deshengyuan Biotechnology Co., Ltd. (Xian, China).
PEG6000, Sudan III, and ethylenediaminetetraacetic acid
disodium salt were purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd. (Tianjin, China). Trichloroacetic acid was
acquired from the Tianjin Damao Chemical Reagent Factory
(Tianjin, China). Methylene Blue, 2-thiobarbituric acid (AR,
98.5%), and 1,1,3,3-tetraethoxypropane (BR, 95%) were
purchased from Shanghai Yuan Ye Bio-Technology Co., Ltd.
(Shanghai, China). n-Docosane (99.6%) was acquired from
LGC Labor GmbH (Augsburg, Germany). Water was pure
water, and all other reagents were analytical grade.

2.2. Preparation and Characterization of Modified
Amber. 2.2.1. Single-Factor Experiment. To explore the
effects of various factors on the emulsification properties of
modified amber particles, a single-factor experiment was
conducted, which was established on the electric heating
jacket (Beijing Keweiyongxing Instrument Co., Ltd.) voltage of
150 V, modification time of 5 min, modification adjuvant of
PEG6000, and ratio of adjuvant to amber of 1:1. The
evaluation parameter was the height of the emulsion layer
after centrifugation (4000 rpm for 1S min). This experiment
inspected the influences of four factors at different levels,
including the voltage of the electric heating jacket (100 and
150 V), modification time (3, 4, 5, 6 min), modification
adjuvant (PEG400, PEG2000, PEG4000, and PEG6000), and
the ratio of PEG6000 to amber (ratios of 1:4, 2:4, 3:4, and
4:4).

2.2.2. Characterization of Modified Amber. 2.2.2.1. Sur-
face Free Energy Determination Model. The most commonly
used Owens—Wendt—Rabel—Kaelble model®® was chosen to
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examine the surface free energy and the polar and nonpolar
components of modified amber and amber samples, based on
the method of Qin et al.”” The test liquids were water,
methanol, and ethylene glycol, and the surface free energy and
its components of the model liquids used in this experiment
are shown in Table 1. The calculation formula for the surface

Table 1. Surface Free Energy of Model Liquids and Its
Dispersive and Polar Components

model liquid 7 (mJ/m®) 7t (mJ/m?) 7 (mJ/m®)
water 72.8 21.8 S1
methanol 22.7 16 6.7
ethylene glycol 48 29 19

free energy refers to eq 1, and the method for contact angle
(6)” is as follows: 0.2 g of modified amber and amber powder
was weighed and then compressed into sheets at the set
pressure of 6 N with a powder press machine. The diameter
and thickness of the sheet was measured, and it was secured on
the sample stage using a clamp. The sample cup was filled with
two-thirds the volume of water, the sample stage was gradually
raised until the sheet was approximately 0.5 cm away from the
liquid surface, and the contact angle was measured using
K100C-KRUSS fully automatic surface tension and contact
angle tester (KRUSS, Germany).

n (1 + cos 0)/2(5)* = GOV + &) > f1yHY?

(1)
where 71, 71, and yf are the total, dispersive, and polar parts of
liquid surface free energies (mJ/m?); ys* and y¢f are the
dispersive and polar components of solid surface free energy
(m]J/m?), respectively.

Linear analysis in terms of y; (1 + cos 6)/2(y{)"? against
(FB/rHY2, fit a linear equation and calculate its correlation
coefficient, R-squared (R*). The slope and intercept corre-
spond to the polar part (7s")"/? and the dispersive part (y5%)"/>
of the surface free energy of samples, respectively. The solid
surface free energy yg is equal to the sum of ys® and ys°.

2.2.2.2. Particle Wettability. The air—water contact angle
(0,,) was used to evaluate the wettability of amber and
modified amber””*° conducted by an optical contact angle
measurement instrument (LSA100, LAUDA Scientific, Ger-
many). Amber and modified amber samples were pressed into
circular tablets with a thickness of S mm and a diameter of 20
mm. The ,, was measured by taking an image of the water
droplet on the surface of the sample tablet with a high-speed
video camera connected to the apparatus. The contact angle
values between the water droplet and the compressed tablet
(left and right) were then automatically calculated with
SurfaceMeter software.

2.2.2.3. Fourier Transform Infrared Spectroscopy. Fourier
transform infrared spectroscopy (FT-IR) was performed using
the KBr pellet method on a TENSOR-27 Fourier Transform
Infrared Spectrometer (Bruker, Germany), according to the
method described by Chen et al.’’ A suitable amount of
amber, PEG6000, a physical mixture of PEG6000 and amber
(the ratio was 1:2), and modified amber particles were scoped,
mixed thoroughly with dried potassium bromide at the ratio of
1:100, and ground into a fine powder. Then, the mixture was
pressed into a transparent slice using a powder press machine
at a set pressure of 8 N, and the infrared spectrum of the

samples was measured in the scanning range of 4000 to 400
em™

2.2.2.4. Scanning Electron Microscopy and Energy
Dispersive X-ray Spectroscopy. Zeiss GeminiSEM360 (Carl
Zeiss) was used to check the morphology and surface
elemental of amber, PEG6000, and modified amber, referring
to the method described by Huang et al.” Specifically, a small
number of samples were adhered to the conductive adhesive,
followed by coating with Au. The conductive adhesive was
secured onto the sample holder, and the door of the sample
chamber was closed and vacuumed. Then, the position of the
conductive adhesive and magnification were adjusted, an
electron beam was emitted onto the surface of the samples, and
the surface morphology of the samples. Elemental analysis
involved scanning surface regions of the sample with an
electron beam to obtain the proportions of elements on the
surface of the specimen.

2.3. Preparation and Characterization of Pickering
Emulsion. 2.3.1. Single-Factor Experiment. To evaluate the
effects of different factors on Pickering emulsions prepared
using an IKA T18 digital high-speed disperser (Shanghai
Tusen Vision Technology Co., Ltd.), based on the added
amount of modified amber particles of 5 ug/mL, a volume
fraction of AT-EO of 50%, a shear speed of 13,000 rpm, and a
shear time of 2 min, a single-factor experiment was conducted.
The evaluation parameters were the emulsion stability index
(ESI) and the height of the emulsion layer after centrifugation
(4000 rpm for 15 min). The experiment investigated four
factors, including the added amount of modified amber
particles (2.5, S, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, and 25 ug/
mL), the volume fraction of AT-EO (45, 50, 55, 60, 65, 70, 75,
80, and 85%), shear rate (5000, 7000, 9000, 11,000, 13,000,
and 15,000 rpm), and shear time (1, 2, 3, and 4 min).

2.3.2. Measurement of ESI. The ESI of Pickering emulsions
was assessed using turbidimetry.”*** A 30 uL freshly prepared
Pickering emulsion was taken 0.5 cm from the bottom of the
beaker into a 10 mL volumetric flask and dispersed with a 0.1%
SDS solution. Absorbance (A;) of the sample solution was
measured at 500 nm using a UV-6100 DOUBLE BEAM UV—
visible Spectrophotometer (Shanghai Mapuda Instrument Co.,
Ltd.) with 0.1% SDS solution as the blank. After 10 min of
stewing, another 30 wuL aliquots were obtained from the
bottom of the beaker and dispersed with 10 mL of a 0.1% SDS
solution. Absorbance (A;,) was measured at 500 nm as
previously. The ESI of the emulsion samples was calculated as
follows

A
ESI % = —2 x 100%
A (2)

where A, and A, are the absorbances of emulsion samples at 0
and 10 min, respectively.

2.3.3. Characterization of Pickering Emulsion.
2.3.3.1. Emulsion Type. The Sudan III and methylene blue
staining experiment was applied to examine the emulsion type.
An appropriate amount of Pickering emulsion was taken, along
with equal volumes of 1% methylene blue water solution and
0.5% Sudan IIT 70% ethanol solution. Shook well and allowed
to stand for 10 min to ensure the dyeing effect. Then, a small
amount of stained emulsion was dropped on the clean glass
slide, the cover slide was placed at a certain angle with the glass
slide, and the cover slide was slowly lowered to avoid the
formation of bubbles. The glass slide was secured onto the

https://doi.org/10.1021/acsomega.3c08110
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microscope stage, the aperture and focus were adjusted, and
then the staining of Pickering emulsion was observed under a
10X objective lens using a N-300 M biological microscope.

2.3.3.2. Droplet Size. Microtrac S35000 Laser Particle Sizer
(DKSH Commercial (China) Ltd.) was utilized for measuring
the droplet size of Pickering emulsion under the wet method.
Water served as the dispersing medium, an appropriate amount
of Pickering emulsion samples was added until the red sample
addition display bar was within the green range, and the
measurement was performed.

2.3.3.3. Near-Infrared Spectrum. The ANTIRIS II Fourier
Transform Near Infrared Spectrometer (Thermo Fisher
Scientific (USA)) was employed to measure the near-infrared
spectrum (NIRS) of AT-EO, modified amber suspension (7.5
ug/mL), and Pickering emulsion samples, according to the
method conducted by Peng et al.*” The samples were adjusted
to the accompanying quartz sample cup and ensured that the
cup bottom was fully submerged. The NIRS spectrum was
acquired at room temperature with 32 scan repetitions, a
resolution of 8 cm™, a gain of 4X, and a spectral range of
4000—10,000 cm™". The background signal was subtracted by
using air as a reference, and each sample was acquired three
times to obtain the average NIRS spectrum.

2.3.3.4. Confocal Laser Scanning Microscopy. Confocal
microscopy was employed to demonstrate the adsorption of
solid particles at the oil—water interface.”” 1 mL of Pickering
emulsion was mingled with 100 L of mixed fluorescent dyes
(1 mg/mL Nile red in isopropanol solution and 1 mg/mL Nile
blue aqueous solution) vortexed for S min to ensure thorough
mixing. Nile red was utilized for staining the oil phase (marked
in green) with Nile blue for the modified amber particles
(marked in red). After being dyed, the emulsions were placed
on a microscope slide and observed under the microscope to
collect the CLSM images using the multiphoton laser scanning
confocal microscope SP8 DIVE (Leica Microsystems,
Germany), with the fluorescent dyes being excited by differing
wavelengths. Specifically, Nile is red at 488 nm and Nile blue at
633 nm.

2.4. Thermal Stability Studies of AT-EO in Pickering
Emulsion. 2.4.1. Overall Performance of AT-EO in Each
Group. 2.4.1.1. Retention Rate. The retention rate of volatile
oil can reflect the extent to which volatile components are
preserved in the sample during the heating process. In
accordance with the method described by Peng et al,”' a
certain amount of Pickering emulsion (AT-EO with a volume
fraction of 65%, 7.5 ug/mL modified amber, prepared using an
IKA T18 digital high-speed disperser), a physical mixture (65%
AT-EO, 7.5 pg/mL modified amber, slight stirring), and an
equal amount of AT-EO were placed in 100 mL evaporating
dishes separately. Then, these dishes were placed into a DHG-
9140A electric hot air-drying oven (Shanghai Yiheng Scientific
Instrument Co., Ltd.) with a set temperature of 40 °C for 1, 3,
and 8 h, respectively. Removed and recorded the volume of
AT-EO (O group). Then, the physical mixture (M group) and
Pickering emulsion (P group) were distilled by a water steam
distillation method for 8 h to separate AT-EO and its volume.
The retention rate was calculated as follow

V.
retention rate/% = — X 100%

Y (3)

where V, is the volume of AT-EO in each group at time t
during the heat treatment process; V is the initial volume of
AT-EO added in each group.

2.4.1.2. Peroxide Value. The peroxide value (PV) in the
samples is measured using the titration method.””*> The heat
treatment of Pickering emulsion, physical mixture, and AT-EO
was performed according to the ”2.4.1.1 Retention rate”
section. The treated AT-EO was stored in the refrigerator at 4
°C. Afterward, Pickering emulsion and physical mixture were
subjected to high-speed centrifugation (11,000 rpm, 30 min)
to separate AT-EO, which was also stored in the refrigerator at
4 °C. 500 pL of volatile oil from each group was added to 50
mL conical flasks with stoppers, respectively. Then, 10 mL of
chloroform and glacial acetic acid mixed solution (4:6) and 1
mL of saturated potassium iodide solution were accurately
appended; the bottle was sealed, shook for 0.5 min, and left in
a dark environment for 3 min. It was removed, along with 30
mL of water and 1 mL of 1% starch indicator. Finally, the
solution was titrated with a 0.1 mol/L sodium thiosulfate
standard solution until the blue color of the solution
disappeared. Recorded the volume of sodium thiosulfate
standard solution consumed and calculated the PV according
to eq 4. Parallel to this, a blank test was established using an
equivalent volume of chloroform and glacial acetic acid mixed
solution, saturated potassium iodide solution, 1% starch
indicator, and water, as mentioned above.

(V-1 X ¢x0.1269
= X 100

X - )

where X is PV, expressed in g/100 g; V is the volume of
sodium thiosulfate standard solution consumed by the sample,
expressed in mL; V is the volume of sodium thiosulfate
standard solution consumed in the blank test, expressed in mL;
¢ is the concentration of sodium thiosulfate standard solution,
expressed in mol/L; 0.126 9 represents the mass of iodine
equivalent to 1.00 mL of sodium thiosulfate standard titration
solution [c(Na,$,05) = 1.000 mol/L]; m is the sample mass,
expressed in g; 100 is conversion factors.

2.4.1.3. Malondialdehyde. The malondialdehyde (MDA)
content in the samples is determined using the spectrophoto-
metric method.**”” An appropriate amount of 1,1,3,3
tetraethoxypropane was accurately weighed and diluted with
water to 500 mL to prepare the MDA standard stock solution.
0, 1, 3, 5, 10, 20, 30, and 40 uL of MDA standard stock
solution were pipetted directly to 10 mL volumetric flasks,
separately, and diluted with water to tick mark. We finally
obtained the standard curve solutions of the MDA with
concentrations 0, 0.01, 0.03, 0.05, 0.1, 0.2, 0.3, and 0.4 ug/mL.
Next, 5.00 mL of the above standard curve solutions were
transferred into 50 mL conical flasks with stoppers,
respectively. Then, 5 mL of 0.02 mol/L TBA solution was
added, mixed thoroughly, and heated in a thermostat water
bath at 90 °C for 40 min. Afterward, the solutions were
removed and allowed to cool in the dark for 1 h. Then, 5.00
mL of chloroform was added, and the mixture was shaken well
and allowed to stand for 1 h. Similarly, a blank test was
established using equal volume solutions, as mentioned above.
Finally, the supernatant was taken, and its absorbance was
measured at 532 nm. The standard curve of MDA was plotted
with the concentration of the series standard solutions as the
horizontal coordinate (X) and the absorbance as the vertical
coordinate (Y).

https://doi.org/10.1021/acsomega.3c08110
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Figure 1. Single-factor investigation and characterization of modified amber particles. Results of electric heating jacket voltage (A), modification
time (B), modification adjuvant (C), and the ratio of PEG6000 to amber (D). Linear curve between contact angles with the surface free energy and
its components of amber (E) and modified amber particles (F). (G) Wettability of amber and modified amber particles. (H) FT-IR of amber (a),
PEG6000 (b), physical mixture of amber and PEG6000 (c), and modified amber particles (d).

500 uL of volatile oil was taken from each of the three
groups under the “Peroxide Value” section into a 10 mL
volumetric flask individually. Then, it was diluted with the
mixed solution of trichloroacetic acid to tick mark, ultra-
sonicated at 40 °C for 30 min, and filtered; 5.00 mL of the
filtrates was collected into 50 mL conical flasks with a stopper,
and 5.00 mL of TBA solution was added. It was then heated in
a thermostat water bath at 90 °C for 40 min, removed, and
cooled for 1 h in dark conditions. Appended 5.00 mL of
chloroform was added, shaken vigorously, and allowed to settle
for 1 h. Parallel to this, a blank test was established using equal
volume solutions, as mentioned above. Finally, we measured
the absorbance of the supernatant at 532 nm and calculated
the MDA content in samples according to the standard curve
of MDA.

2.4.2. Component Changes of AT-EO in Each Group.
2.4.2.1. Determination of the Volatile Components by GC—
MS. Chromatographic conditions: The analysis was conducted
using an HP-SMS quartz capillary column (30 m X 0.25 mm,
0.25 pym). The carrier gas was helium gas (purity 99.999%)

20777

with a flow rate of 1 mL/min. The split ratio was set at 10:1,
the injection volume was 1 uL, and the injection port
temperature was 230 °C. The temperature program was as
follows: maintained at 50 °C for 2 min, then increased at 5 °C/
min to 110 °C and held for 2 min, then ramped at 2 °C/min to
120 °C and kept for S min, further ascended at 0.5 °C/min to
125 °C and stayed for 10 min, then increased at 4 °C/min to
200 °C and held for 2 min, and finally rose at 10 °C/min to
250 °C and maintained for 2 min. Mass spectrometric
conditions: Ionization mode EI, ion mode ESI, electron energy
set at 70 eV, quadrupole temperature at 150 °C, and ion source
temperature at 230 °C. The scan range was m/z 35 to 500, and
the solvent delay set was 3 min.

Preparation of the sample solution: 100 uL of the volatile oil
from each group under the “Peroxide Value” section was
transferred to 10 mL brown volumetric flasks, respectively.
Next, 100 uL of the internal standard solution (n-Docosane, 10
mg/mL) was added, and then diluted to 10 mL. Finally, the
appropriate amount of anhydrous sodium sulfate was joined
for dehydration, shook well, and filtered through a 0.22 pm
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Table 2. Contact Angles of Amber and Modified Amber for Water (6\,), Methanol (6,,), and Ethylene Glycol () and Its

Surface Free Energy Components (x + SD, n = 3)

samples contact angle surface free energy
Ow On 0Oy 7s (mJ/m?) 75t (mJ/m?) 7 (mJ/m?)
amber 88.15 + 1.22 42.18 + 1.09 79.52 £ 1.11 19.28 6.14 13.14
modified amber 72.02 = 1.55 37.40 £ 0.44 74.68 + 0.8 36.57 1.09 35.48

Figure 2. Surface morphology and elemental analysis of amber (A,B), modified amber (C,D), and PEG6000 (E,F).

microporous membrane into the sample vial. Analysis was
performed using the aforementioned GC—MS conditions.

2.4.2.2. Screening and Analysis of Component Changes
in Each Group. The GC—MS data were analyzed using Data
Analysis software and compared with the W11N17main.L
database for compound identification.The peak area and CAS
of volatile component in each group were selected according to
the matching degree > 60, and the relative content of volatile
component was calculated by the internal standard peak area
using RStudio software with dplyr packages.’”® Differential
components between AT-EO which subjected to heat
treatment for 1, 3, and 8 h and untreated AT-EO were
selected by the volcano plot with the criteria of Log2FC > 1.5
and P < 0.05 using limma packages.”” Then, a line plot was
drawn to analyze the changes in relative content of differential
components with ggplot2 packages.”” The selection of
qualitative components (disappearance and new formation of
components) was performed for analyzing changes in
composition using the OmicShare tools, a free online platform
for data analysis (https://www.omicshare.com/tools).

2.5. Statistical Analysis. All experiments were conducted
in triplicate, and the data were expressed as mean + SD.
Statistical analysis of significant differences was executed using
one-way ANOVA tests in SPSS 26 software, with multiple
comparisons performed by LSD (Homogeneity of variance)
and Tambane’s T2 (Unequal Variances). Statistical signifi-
cance was set as follows: *P < 0.05, **P < 0.01, and ***P <
0.001.

3. RESULTS AND DISCUSSION

3.1. Single-Factor Investigation of Modified Amber.
3.1.1. Electric Heating Jacket Voltage. The centrifugation
results of an emulsion could provide a preliminary assessment
of its stability.41 Therefore, the height of the emulsion layer
after centrifugation was used as an indicator to clarify the effect
of temperature on the modification of amber. As depicted in
Figure 1A, at a setting of 150 V for the electric heating jacket
(which equates to 230 °C), the postcentrifugation emulsion
height was substantially higher than that observed at 100 V.
This result indicates that the emulsification ability of the amber

https://doi.org/10.1021/acsomega.3c08110
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Figure 3. Single-factor investigation and characterization of Pickering emulsion. Comprehensive score results of the added amount of modified
amber particles (A), volume fraction of AT-EO (B), shear rate (C), and shear time (D). Images of Pickering emulsion stained with methylene blue

(E) and Sudan III (F). (G) Near-infrared spectra of Pickering emulsion (a), suspension of modified amber particles (b), and AT-EO (c). (H)
Confocal microscopic images of Pickering emulsion.
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Figure S. Total ion flowchart of AT-EO.

prepared under 150 V was superior, resulting in a more stable
emulsion.

3.1.2. Modification Time. As was shown in Figure 1B, it was
apparent that the postcentrifugation emulsion height aug-
mented substantially with the extended modification time.
However, the difference in the height of the emulsion layer
between modification times of 5 and 6 min was not significant.
To avoid unnecessary losses, we ultimately determined the
modification time to be S min.

3.1.3. Modification Adjuvant. Polyethylene glycol (PEG)
exhibits excellent water solubility, and PEG4000 and PEG6000
are especially favored for their low toxicity and stable chemical
properties.*’ These attributes make PEG an ideal choice as a
modifier adjuvant for increasing the hydrophilicity of amber.
Figure 1C demonstrates that the emulsion layer reached its
maximum height when PEG6000 was used as the modifying
adjuvant. Therefore, PEG6000 was selected as the preferred
modifier.

3.1.4. Ratio of PEG6000 to Amber. Further research was
conducted to assess the effect of the ratio between PEG6000
and amber on the modification effectiveness. As depicted in
Figure 1D, Pickering emulsions stabilized by modified amber
were prepared at ratios of 2:4, 3:4, and 4:4, showing higher
emulsion layer heights compared to those at a 1:4 ratio. In
order to minimize the use of adjuvant, the optimal ratio of
PEG6000 to amber was established to be 1:2.

The final modification method for amber was as follows:
PEG6000 and amber were accurately weighed in a ratio of 1:2,
the PEG6000 was placed in an evaporating dish, and heated
using an electric heating sleeve (150 V, preheated for 10 min)
until melting. Next, the amber powder was added, and the
mixture was vigorously stirred with a glass rod for 5 min to
ensure a full mix of PEG6000 and amber. After drying for 24 h,
the mixture was ground, and the modified amber was acquired
by passing it through a sieve (no. S).

3.2. Characterization of Modified Amber. 3.2.1. Surface
Free Energy. Relevant literature indicates that surface free
energy, including polar and nonpolar components, is the
fundamental thermodynamic property of a solid surface,
closely related to various surface properties such as wettability,
adhesion, and adsorption.”” Owens—Wendt—Rabel—Kaelble
model was utilized to elucidate the surface free energy of both
modified amber and amber. Linear relationships between the
contact angles and the surface free energy components of
amber (Figure 1E) and modified amber (Figure 1F) was
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depicted, and its corresponding values are presented in Table
2. Notably, the surface free energy and polar component of
modified amber were higher in comparison to the amber,
concurrent with an increase in wettability. These findings
indicate that samples with reduced contact angles are correlate
with elevated surface energy and its polar component, which
aligns with relevant researches.””** Meanwhile, these results
affirm the effective modification of amber, which might be the
key to the successful preparation of oil-in-water Pickering
emulsions with modified amber particles.

3.2.2. Wettability. The images of contact angles for both
amber and modified amber are shown in Figure 1G. 6,, of
amber was 139.23 + 2.41°, indicating that amber was highly
hydrophobic. After surface modification with PEG6000, the
0,,, of modified amber decreased to 88.70 + 1.18°, showing a
great improvement in the hydrophilicity of modified amber.
This finding demonstrated that PEG6000 has successfully
modified the surface properties of amber.

3.2.3. Fourier Transform Infrared Spectroscopy. The
infrared spectra of the modified amber particles and
PEG6000 were very similar (Figure 1H). The spectrum of
modified amber showcased a characteristic peak of amber
around 1700 cm™, which is absent in the spectrum of
PEG6000. Simultaneously, the peaks observed at 1464.83,
1284.87, 1109.58, 956.60, and 841.19 cm™ in the spectrum of
modified amber corresponded to the characteristic absorption
peaks of PEG6000. The spectrum of the physical mixture
displayed a simple superimposition of the absorption peaks of
amber and PEG6000. The infrared spectra provided evidence
that the surface composition of the modified amber bore a
significant resemblance to PEG6000, indicating that PEG6000
successfully modified the amber by the melting method.

3.2.4. Scanning Electron Microscope and Energy-Dis-
persive X-ray Spectroscopy Analysis. Figure 2 presents the
high-resolution images and elemental analysis results of amber,
PEG6000, and modified amber particles. The amber particles
appeared as elongated blocks, with a surface covered by
unevenly distributed particles of various sizes. The cross-
section of PEG6000 exhibited a layered structure. As shown in
Figure 2C, the modified amber particles exhibited the
phenomenon of the aggregation formation of multiple
particles. These findings indicated that PEG6000 interacted
with amber during the melting process, causing alterations in
the surface morphology of the modified amber particles.
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Figure 6. Screening of differential components and the line chart of differential components. Volcano plot of differential components between AT-
EO without thermal treatment and AT-EO treated for 1 (A), 3 (B), and 8 h (C). (D) Line chart of differential components in the Pickering

emulsion, physical mixture, and AT-EO.

The primary elements of amber were C (90.39%), O
(4.32%), Al (0.12%), Si (0.29%), S (0.71%), and Ni (0.29%),
and some elements have been previously reported in the
related literature.”* The main elements of PEG6000 were C
(61.99%) and O (35.40%). The surface elements of modified
amber particles consisted of C (88.18%), O (7.90%), S
(0.32%), and Ni (0.26%), with no detection of Al and Si
elements. Notably, the proportions of C, S, and Ni elements
have decreased slightly, while the proportion of the O element
has increased. The results of elemental analysis also
successfully corroborated the encapsulation of PEG6000 on
the surfaces of modified amber particles.

3.3. Single-Factor Investigation of Pickering Emul-
sion. 3.3.1. Added Amount of Modified Amber. The added
amount of modified amber was assessed using a comprehensive
score (comprehensive scores = ESI/the maximum of ESI X

20784

50% + postcentrifugation emulsion layer height/the maximum
of postcentrifugation emulsion layer height X 50%). As
depicted in Figure 3A, there is a progressive increase in the
comprehensive score with an increasing quantity of modified
amber added. A slow upward trend in the comprehensive score
was observed when the amount of modified amber reached or
exceeded 7.5 ug/mL. Additionally, it was noted that at lower
additions of 2.5 and § pug/mlL, the postcentrifugation emulsion
layer was not adequately compact. Conversely, with a higher
addition of 7.5 pug/mL and beyond, the emulsion layer was
denser. Taking the principle of using excipient into
consideration, the final amount of modified amber was
determined to be 7.5 pg/mL.

3.3.2. Volume Fraction of AT-EO, Shear Rate, and Shear
Time. The volume fraction of AT-EQ, shear rate, and shear
time were also evaluated using the comprehensive score. As
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Figure 7. Differential component physicochemical property visualization suite. Flower petal plot of differential component physicochemical
properties in the UP-regulation (A) and DOWN-regulation groups (B). Radar plot (C) and PCA plot (D) of differential component
physicochemical properties in UP-regulation and DOWN-regulation groups.

was shown in Figure 3B, the optimal volume fraction for AT-
EO was 65%. Furthermore, it was noted that at an AT-EO
volume fraction of 80%, the Pickering emulsion stabilized with
modified amber exhibited complex behavior, featuring a
combination of W/O and O/W types of emulsions. When
the volume fraction of AT-EO reached 85%, a complete
transition to the W/O type of Pickering emulsion was
observed. Based on the data presented in Figure 3C, the
optimal shear rate was found to be 11,000 rpm. Figure 3D
revealed that the optimal shear time was 2 min.

3.4. Characterization of Pickering Emulsion.
3.4.1. Emulsion Type. As depicted in Figure 3E,F, the external
phase of the Pickering emulsion was dyed blue using
methylene blue, while the internal phase of the Pickering
emulsion was stained red with Sudan III. The microscopic
staining results provided obvious confirmation that the
Pickering emulsion, stabilized by modified amber, was an oil-
in-water (O/W) type emulsion.

3.4.2. Droplet Size. The droplet size of the Pickering
emulsion stabilized with modified amber was measured by a

20785

Microtrac S35000 laser particle size analyzer, and the results
indicated a droplet size of 36.20 + 0.77 um.

3.4.3. Near Infrared Spectrum. The result in Figure 3G
indicated the NIRS of Pickering emulsion stabilized by
modified amber exhibited largely consistent with that of the
suspension of modified amber. Only a weak characteristic peak
of AT-EO was detected at 5000—6000 cm™ in the NIRS of
Pickering emulsion. This result strongly indicated that the
modified ambers were coated on the outer layer of the AT-EO
droplets within the Pickering emulsion.

3.4.4. Confocal Microscopy Analysis. The enclosure of AT-
EO in the modified amber shell was confirmed with confocal
microscope images (Figure 3H). AT-EO labeled with green
fluorescence was observed inside the emulsion droplets, with
Nile red distributed in the oil uniformly. Meanwhile, modified
amber particles labeled with red fluorescence (Nile blue) were
observed at the boundary of the emulsion droplets. The merge
image clearly showed green oil droplets encapsulated by a red
modified amber shell. These results suggested that the
emulsion relied on the adsorption of solid particles at the
oil—water interface. Furthermore, it also corroborated that the
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Figure 8. Screening of qualitative change components in AT-EO under heat treatment. (A) Stacked GC—MS chromatograms of Pickering
emulsion, physical mixture, and AT-EO after 8 h of heat treatment. (B) Upset plot of the volatile components in AT-EO without thermal treatment
and AT-EO after 1, 3, and 8 h of heat treatment. (C) Upset plot of the volatile components between AT-EO without thermal treatment and
Pickering emulsion, physical mixture, and AT-EO groups after 8 h of heat treatment.

emulsion stabilized by modified amber particles was of the oil-
in-water type.

3.5. Thermal Stability Studies of AT-EO in Each
Group. 3.5.1. Overall Performance. 3.5.1.1. Retention Rate.
The retention rate of AT-EO reflects its volatilization rate in a
thermal environment. As presented in Figure 4A, there was no
significant difference observed in the retention rates of AT-EO
among the three groups after 1 h of heat treatment, potentially
due to the insufficient time of heat treatment to reveal the
technologically superior preservation offered by Pickering
emulsion. However, compared to the AT-EO group, the
retention rates of AT-EO in Pickerign emulsion after 3 and 8 h
were 83.08 & 0.00 and 71.80 + 0.89%, while the AT-EO group
only had 77.13 + 036 and 64.00 + 123% of AT-EO
remaining, and there was a significant difference (P < 0.01).
The retention rate of AT-EO in the physical mixture group did
not differ significantly from that of the AT-EO group. These
results implied that Pickering emulsion stabilized by modified
amber could substantially reduce its volatilization of AT-EO in
a thermal environment.

3.5.1.2. Peroxide Value. After 1, 3, and 8 h of heat
treatment, the PV of AT-EO in the Pickering emulsion group
was 0.63 + 0.05, 0.78 + 0.03, and 1.03 + 0.00 g/100 g,
respectively, significantly lower than the PV in the AT-EO
group (P < 0.01). Additionally, a noticeable difference in PV of
AT-EO was also observed between the physical mixture and
AT-EO groups after 3 and 8 h of heating (P < 0.05), of which

the PV of the physical mixture group was 0.82 + 0.03 and 1.08
+ 0.04 g/100 g, respectively. Notably, the AT-EO in Pickering
emulsion exhibited lower PV than that in the physical mixture
and AT-EO groups (Figure 4B). Pickering emulsion
demonstrated a better protective effect on AT-EO, possibly
due to the dense interface layer formed by the solid particles in
Pickering emulsion, which acts as a barrier'*¢ to effectively
mitigate the oxidation rate of AT-EO in the heating
environment.

3.5.1.3. Malondialdehyde. The standard curve of MDA was
as follows: Y = 1.0797X-0.0042 (R* = 0.9993), which was
shown in Figure S1. The concentrations of MDA in the
Pickering emulsion group after 1, 3, and 8 h of heat treatment,
measured as 0.10 + 0.01, 0.11 + 0.01, and 0.12 & 0.00 pg/mL,
were significantly lower compared to those in the AT-EO
group (P < 0.01). After 8 h of heat treatment, the MDA
content of AT-EO in the physical mixture group was 0.16 +
0.02 pg/mlL, while it was 0.23 + 0.04 ug/mL in the AT-EO
group. There was a significant difference in the MDA content
between the two groups (P < 0.0S). Distinctly, the MDA
content of AT-EO in the Pickering emulsion group was lower
compared to both the physical mixture and AT-EO groups. As
was shown in Figure 4C, these findings underscored the
substantial efficacy of Pickering emulsion in preserving AT-EO,
which was further confirmed by the lower MDA content in
Pickering emulsion stabilized by modified cinnabaris.*”
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3.5.2. Changes in Content of Components. The total ion
flow chromatogram of AT-EO, showing excellent separation,
symmetric peak shapes, no overlap, and a smooth baseline, is
depicted in Figure S. Data Analysis and RStudio software were
utilized to process the GC—MS data of each group, and a total
of 72 kinds of volatile components were detected finally. The
detailed information on these volatile components is shown in
Table 3.

3.5.2.1. Screening of Differential Components. RStudio
was employed to conduct differential component analysis by
comparing the relative contents of volatile components
between the AT-EO group subjected to 1, 3, and 8 h of heat
treatment and untreated AT-EO, which was visualized through
volcano plots. The screening criteria for differential compo-
nents was Log2FC > 1.5 and P < 0.0S. As shown in Figure
6A—C, 9, 28, and 35 differential components were identified,
respectively. After eliminated duplicates, a total of 35
differential components were finally obtained; they were
(+)-cedrol (000077-53-2), geraniol (000106-24-1), (+)-6-
cadinene (000483-76-1), (R)-citronellol (001117-61-9), tricy-
clo [4.4.0.02,7] dec-3-ene, 1,3-dimethyl-8-(1-methylethyl)-,
stereoisomer (014912-44-8), 1-methyl-4-[(1R)-1,2,2-trime-
thylcyclopentyl] benzene (016982-00-6), a-calacorene
(021391-99-1), a-cadinene (024406-05-1), (4E)-1-methyl-4-
(6-meth ylhept-S-en-2-ylidene) cyclohexene (053585-13-0),
4a,8-dimethyl-2-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,7-octahydro-
naphthalene (103827-22-1), a-selinene (000473-13-2),
(1R,4S,4aR,8aR)-4-isopropyl-1,6-dimethyl-1,2,3,4,4A,7,8,8A-
octahydro-1-naphthalenol (000481-34-5), a-muurolene
(010208-80-7), f-selinene (017066-67-0), hedycaryol
(021657-90-9), 1-methyl-4-(1,2,2-trimethylcyclopentyl) cyclo-
hexa-1,3-diene (029621-78-1), 4,8,11,11-tetramethylbicyclo
[7.2.0] undec-3-en-5-o0l (913176-41-7), italicene (997220-41-
0), a-phellandrene (000099-83-2), p-cymene (000099-87-6),
citronellal (000106-23-0), myrcene (000123-35-3), f-pinene
(000127-91-3), cineole (000470-82-6), cyclene (000508-32-
7), terpinolene (000586-62-9), 3-cyclohexen-1-ol,1-methyl-4-
(1-methylethyl)-(000586-82-3), sabinene (003387-41-S), bi-
cyclo [2.2.1] heptane (005794-04-7), (+)-4-carene (029050-
33-7), a-terpinene (000099-86-5), 2-bornene (000464-17-5),
1,4-cineole (000470-67-7), (1S)-(—)-a-pinene (007785-26-4),
and (1R)-(+)-a-pinene (007785-70-8).

3.5.2.2. Trends in teh Content of Differential Compo-
nents. The changes in the relative content of the differential
components across the three groups during the heat treatment
process were further explored. As shown in Figure 6D, the
relative content of certain differential components in the AT-
EO and physical mixture groups exhibited an upward trend as
the extended heat treatment time, such as 000077-53-2,
000106-24-1, 000473-13-2, 000481-34-5, 000483-76-1,
001117-61-9, 010208-80-7, 014912-44-8, 016982-00-6,
017066-67-0, 021391-99-1, 021657-90-9, 024406-05-1,
029621-78-1, 053585-13-0, 103827-22-1, and 997220-41-0.
But, their tendency in the Pickering emulsion group was more
stable. Moreover, the content of other components such as
000099-83-2, 000099-86-5, 000099-87-6, 00123-35-3, 000127-
91-3, 000464-17-5, 000470-67-7, 000470-82-6, 000508-32-7,
000586-62-9, 003387-41-5, 005794-04-7, 007785-26-4,
007785-70-8, and 029050-33-7 steadily decreased as heat
treatment progressed, with some components eventually
diminishing to nondetectable levels. However, these compo-
nents in the Pickering emulsion group exhibited a slower
decline rate compared to the other two groups. The trend of

fluctuation in content of 000106-23-0, 000586-82-3, and
913176-41-7 over heat treatment time was similar in the three
groups, but their variation in Pickering emulsion was a little
more intensive. In summary, Pickering emulsion demonstrated
excellent protection for AT-EO by retarding the rate of
volatility or the rise of most volatile components under heat
treatment.

3.5.2.3. Predictive Analysis—the Factors Influencing
Volatile Component Changes. By analysis of the content
trend of 35 differential components in the AT-EO group
during heat treatment, two main trends have been identified:
the rising and falling trends with time. The physicochemical
properties of the differential components, such as relative
molecular mass, density, boiling point, flash point, and Log P,
were investigated. For the differential components in the rising
trend group (UP-regulation group) and the falling trend group
(DOWN -regulation group), the values of its physicochemical
parameters were normalized, and the average for each
parameter were calculated, separately. As illustrated in Figure
7A,B, the relative molecular mass, boiling point, and flash point
of differential components in the UP-regulation group were
remarkable, while for those in the DOWN-regulation group
had prominent density and Log P. Figure 7C provided a
further comparison of the physicochemical property parame-
ters between the two groups, revealing that the components in
the UP-regulation group had higher relative molecular weight,
boiling point, flash point, density, and Log P values compared
with those in the DOWN-regulation group.

The PCA chart of the physicochemical properties of the
differential components in the UP-regulation and DOWN-
regulation groups exhibited a clear distinction (Figure 7D).
PCl1 and PC2 accounted for a cumulative variance
contribution of 74.60%, suggesting that they were the main
factors affecting the behavior of volatile component changes in
the thermal environment. The components in the UP-
regulation and DOWN-regulation groups were significantly
distinguished along PC1. Specifically, PC1 = —0.58 X relative
molecular mass —0.17 X density —0.56 X boiling point —0.38
X flash point —0.42 X Log P, with a variance contribution rate
of 53.4%, of which relative molecular mass, density, boiling
point, flash point, and Log P were negative correlation
coefficient for PCI. It can be concluded from the above
results that volatile components with lower relative molecular
mass, boiling point, flash point, density, and Log P were more
prone to volatilize. These results align with the research
conducted by Farahbakhsh et al.,** a notable decrease in the
content of low boiling point compounds during storage was
observed. Meanwhile, a study on the volatilization rules of
chemical components in volatile oil has demonstrated that
components with small molecular weights show high
volatilization curve slopes and fast volatilization speeds."”
These results reveal that the physicochemical properties of
volatile components indeed influence their behavior. Con-
sequently, it is the necessity of dispositional attention to the
physicochemical properties of volatile components in sub-
sequent volatile oil stability work. Pickering emulsion stabilized
by modified amber exhibited good essential oil stability by
protecting AT-EO from external influences and reducing the
impact of the physicochemical properties of the volatile
components.

3.5.3. Changes in the Composition of Components. The
stacked GC—MS chromatogram plot of Pickering emulsion,
physical mixture, and AT-EO after 8 h of heat treatment
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(Figure 8A) clearly exhibited distinct differences in the
composition of volatile components among the three groups
within the first 15 min. According to Figure 6D, some of the
differential components gradually decreased to zero with
increasing heat treatment time, while some components
emerged as the heat treatment extended. The above findings
revealed that qualitative changes occurred in some volatile
components during the heat treatment process, resulting in
transitions from present to absent or from absent to present.
Therefore, it is necessary to further explore the protective role
of Pickering emulsion technology on AT-EO from the
perspective of qualitative changes.

The qualitative change components were identified by
comparing the relative content using the Upset plot. Figure 8B
revealed that 16 components in AT-EO disappeared with the
prolongation of treatment time, while S new components were
generated during the heat treatment process. Furthermore, the
number of volatile components in AT-EO gradually decreased
with a longer heat treatment duration. Figure 8C demonstrated
that 16 components vanished in both the AT-EO and physical
mixture groups after 8 h of heat treatment compared to the
untreated AT-EO, whereas 14 of these components were
retained in the Pickering emulsion. Additionally, there were §
newly generated components shared by AT-EO, the physical
mixture, and the Pickering emulsion, and 2 unique new
components were found in the Pickering emulsion. These
results imply that high temperatures significantly influence the
composition of volatile components in AT-EO, primarily
characterized by a trend of decreasing content and eventually
leading to the disappearance of volatile components. Similar to
the study conducted by Tai et al,*® the volatile components in
turmeric essential oil underwent significant changes under
prolonged high-temperature conditions, with a notable
decrease in their content. However, the Pickering emulsion,
stabilized by modified amber particles, effectively protects the
volatile components in AT-EO from volatilization loss, thereby
maintaining its original composition.

4. CONCLUSIONS

In this study, a hydrophilic modified amber was successfully
prepared using the melt method with PEG6000 as a modifying
agent. The modified amber was subsequently utilized to
prepare an O/W-type Pickering emulsion for preserving AT-
EO, which demonstrated an enhanced retention rate and
reduced oxidation rate of AT-EO in high-temperature
environments. Component analysis exhibited that high
temperatures have a pronounced effect on the content and
composition of AT-EO. The volatile components primarily
exhibited a decreasing content trend, with certain components
vanishing and becoming undetectable as time progressed.
Pickering emulsion stabilized by modified amber effectively
decelerated the volatilization of AT-EO in terms of both
content and composition. Additionally, our analysis of the
volatility rules of essential oils indicated that components with
lower molecular mass, boiling point, flash point, density, and
Log P are more prone to evaporation. In conclusion, the
application of Pickering emulsion stabilized by a modified,
suitable stabilizer contributes to the enhanced stability of AT-
EO.
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