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Abstract

A Pickering emulsion was synergistically stabilised with zein nanoparticles (ZNPs) and
starch nanocrystals (SNCs) to prepare it for menthol loading. After response surface optimi-
sation of the emulsion preparation conditions, a Pickering emulsion prepared with a ZNPs:
SNCs ratio of 1:1, a particle concentration of 2 wt% and a water:oil ratio of 1:1 provided the
highest menthol encapsulation rate of the emulsions tested (83%) with good storage stability
within 30 days. We examined the bilayer interface structure of the emulsion by optical
microscopy, scanning electron microscopy, and confocal laser scanning microscopy. The
results of simulated digestion experiments showed that the release rate of free fatty acid
was 75.06 + 1.23%, which ensured bioavailability. At the same time, the emulsions facili-
tated the slow release of menthol. Bacteriostatic studies revealed that the Pickering emul-
sion had a protective effect on menthol, with the most significant inhibitory effects on
Escherichia coliand Staphylococcus aureus under the same conditions. Overall, this study
proposes a novel approach for the application and development of L-menthol by combining
it with Pickering emulsion.

1. Introduction

L-Menthol (C;oH,00O; (1R,2S,5R)-2-isopropyl-5-methylcyclohexanol) is a naturally occurring,
chiral, volatile, cyclic terpene alcohol. It is extracted primarily from the peppermint plant
(Mentha x piperita; family Lamiaceae), and has a characteristic minty odor [1]. Most of the
current studies on emulsion systems are based on peppermint essential oils. For example,
Mohammadifar et al. [2] studied the effects on osteoarthritis of nanoemulsions loaded with
peppermint and rosemary essential oils. Zhu et al. [3] successfully prepared peppermint oil
nanoemulsions using soy protein isolate and phosphatidylcholine as emulsifiers. However,
peppermint essential oil has many components and is commercially available in different for-
mulations. Menthol, the main constituent of peppermint essential oil, has a wider range of
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applications than peppermint essential oil. However, the use of menthol is limited owing to its
high volatility, instability at high temperatures, and short shelf life [4], and its encapsulation in
emulsion systems has not been extensively investigated. Emulsion systems can expand the
range of applications for menthol, reduce its loss during application, and maximise its use.

The reduction in the quantity of active substances caused by the increase in biological activ-
ity and the delivery of active agents to specific drugs, so different emulsion formulations are
often used to load different active ingredients [5]. Microemulsion systems are optically isotro-
pic, transparent, and thermodynamically stable homogeneous dispersions of two immiscible
fluids, usually oil and water [6], that can be used in areas such as medicine and pesticides [7].
For example, Nazar et al. [8] prepared a novel oil-in-water (o/w) microemulsion comprising
castor oil, Tween 80, ethanol, and a phosphate buffer for the enhanced loading of the anti-
inflammatory drug piroxicam. Salim et al. [9] developed a new o/w microemulsion (1E)-based
soft template to prepare nanoparticles of the poorly water-soluble drug irbesartan. The microe-
mulsion improved the dissolution rate of the drug. Nazar et al. [10] prepared a novel aqueous
oil-biocompatible pE formulation comprising clove oil, Tween 20, 2-propanol, and water to
encapsulate the antibiotic levofloxacin. Unlike microemulsions, Pickering emulsions are stabi-
lized with food-grade colloidal particles, and are therefore often used to encapsulate nutrients.

Zein nanoparticles (ZNPs) are prepared from zein by antisolvent precipitation, and retain
zein’s oleophobic and hydrophobic properties. They are also commonly used as stabilizers for
Pickering emulsions [11]. However, Pickering emulsions prepared from ZNPs are only stable
for approximately 2 weeks under alkaline conditions. To produce stable emulsions, it is neces-
sary to decrease the hydrophobicity of the zein particles by incorporating hydrophilic compo-
nents [12]. The crystalline region of starch that remains after the removal of the amorphous
region comprises starch nanocrystals (SNCs). The surfaces of SNCs are rich in hydroxyl
groups. The particles are highly hydrophilic and aggregate when dispersed in water because
they form hydrogen bonds. Therefore, they are often used to make Pickering emulsions [13].
Importantly, SNCs can be prepared from natural starches from a variety of sources by mild
acid hydrolysis [14]. There have been numerous studies of SNCs from various sources. For
example, Azfaralariff et al. [15] found that Metroxylon sagu starch has high potential as a new
source of SNCs, and Pickering emulsions prepared from sago SNCs are highly stable.

In the present paper, we report a novel way of ensuring the protection and slow-release of
L-menthol from an emulsion by embedding the L-menthol in a Pickering emulsion combined
with L-menthol. Our aim was to mitigate the shortcomings of L-menthol, which is unstable,
thereby expanding its scope of application. Moreover, the emulsion ameliorates the irritant
effect of L-menthol, allowing its useful antioxidant and antimicrobial properties to take effect.
This will extend its usefulness to the food industry.

2. Materials and methods
2.1. Materials

The 1-menthol (purity > 99%) was obtained from Beijing Coolaber Technology Co., LTD.
Waxy maize starch (food grade) was obtained from Tianjin Wuxi Tianyu Biotechnology Co.
The maize alcohol soluble protein (food grade) was from Sigma-Aldrich. The soya bean oil
(reagent grade) was from Shanghai Macklin Co. The malondialdehyde (MDA) content assay
kit was from Beijing Solarbio Science & Technology Co., Ltd. Simulated gastric fluid, simu-
lated salivary fluid, and simulated intestinal fluid were purchased from Beijing Coolaber Tech-
nology Co., LTD. Oxalate, hydrochloric acid, caustic soda, sodium chloride, and anhydrous
ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All
chemicals and drugs were of analytical grade.
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2.2. Methods

2.2.1 Preparation of ZNPs. We dissolved 1 g of zein powder in 30 mL of aqueous ethanol
(80 vol%) and stirred the solution for 30 min. Next, we placed 70 mL of water in a three-
necked flask, and slowly added the zein solution while stirring mechanically at 500 rpm for 2
h. After mixing, we removed the ethanol by rotary evaporation at 40°C to obtain a dispersion
of the ZNPs. Subsequently, we obtained a ZNP powder by lyophilization.

2.3 Preparation of the SNCs

We dissolved 50 g of waxy maize starch in 500 mL of H,SO, (3.16 M) and mechanically stirred
the solution at 200 rpm in a water bath at 40°C for 7 days. Next, we centrifuged the mixture at
8000 g for 10 min to remove the supernatant, and washed the bottom sediment with deionized
water. The steps described above were repeated until the pH of the supernatant was close to
neutral. An SNC powder was obtained by lyophilization.

2.4 Preparation of the Pickering emulsion

The pH values of the SNC and ZNP dispersions were adjusted to 4 with 1 M HCl or NaOH.
We then dissolved 40 mg/ml L-menthol in soya bean oil. Next, we mixed particle dispersions
of 2 wt% SNCs and 2 wt% ZNPs in a 1:1 ratio with the soya bean oil, and homogenized the
mixture for 2 min at 17,000 rpm to obtain the final o/w Pickering emulsion.

2.5 Response surface experiment design

Based on a one-factor experiment, Response Surface Optimisation was chosen to create, refine
and optimise a problem where the output factor (composite score) was influenced by several
input factors (pH, particle concentration, particle-liquid ratio) [16]. We designed a three-fac-
tor, three-level experiment using pH (X;), particle liquid ratio (X,), and particle concentration
(X3) as the corresponding factors, and the combined scores of emulsification value (Y,), poten-
tial (Y,), and embedding rate (Y3) as response values, as shown in Table 1.

The weight of emulsification value (Y;), potential (Y,), and embedding rate (Y3) were calcu-
lated by principal component analysis, and the membership degree of 3 indices was calculated
using the membership degree calculation formula to obtain the composite score of the emul-
sion. Based on the single-factor experiments, 17 groups of response surface tests were designed
using Design Expert 8.0.6.1 software. The test design and results are shown in Table 2. The
membership degree and composite score were calculated according to the S1 Text.

2.5.1 Gas chromatography conditions. We determined the L-menthol content by gas
chromatography using the People’s Republic of China Tobacco Industry Standard. The gas
chromatography parameters were as follows: the capillary column dimensions were 30
m x 0.25 mm x 0.25 um; the stationary phase comprised crosslinked polyethylene glycol; the
inlet temperature was 250°C; the starting temperature was 160°C for 2 min; the programmed
temperature rose from 160 to 200°C at a rate of 5°C /min; the detector temperature was
250°C; the carrier gas comprised a constant current of highly pure nitrogen or helium (1.2

Table 1. Experimental table of three factors and three levels.

Level pH Proportion of particle liquid Particle concentration
-1 3 1:2 1wt%
0 4 1:1 2wt%
1 5 2:1 3wt%

https://doi.org/10.1371/journal.pone.0303964.t001
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Table 2. Design of experiment matrix for pH, proportion of particle liquid and particle concentration.

Run pH Proportion of particle liquid Particle Concentration Composite Score
1 5 0 3 0.449
2 5 1 2 0.213
3 4 0 2 0.754
4 3 0 3 0.681
5 4 0 2 0.674
6 4 -1 3 0.499
7 3 -1 2 0.454
8 4 1 3 0.343
9 4 -1 1 0.347
10 4 0 2 0.758
11 5 0 1 0.350
12 4 0 2 0.684
13 5 -1 2 0.313
14 4 0 2 0.655
15 3 1 2 0.503
16 4 1 1 0.273
17 3 0 1 0.436

https://doi.org/10.1371/journal.pone.0303964.t002

mL/min); the auxiliary gas comprised air (400 mL/min), high-purity nitrogen (40 mL/min),
high-purity nitrogen or helium (25 mL/min); the split ratio was 50:1; and the sample size was
1.0 puL. Using the conditions described above, the total analysis time was 10 min.

2.5.2 Production of standard curves. We weighed approximately 0.5 g of l-menthol to
the nearest 0.0001 g, dissolved it in an extractant comprising anhydrous ethanol solution con-
taining n-propyl benzoate with a concentration of 0.2-0.3 mg/mL, transferred it to a 100 mL
volumetric flask, and adjusted the volume to prepare a standard reserve solution. We then
diluted the standard reserve solution with extractant to produce a solution with a concentra-
tion of 0.05-0.5 mg/mL. The L-Menthol embedding rate of the Pickering emulsion was calcu-
lated according to the S2 Text.

The curve of the working standard solution was determined, the L-menthol and internal
standard ratio in each solution was calculated, and the linear regression equation describing
the relationship between the concentration of L.-menthol and the peak area ratio was obtained.
Next, 2 mL of the emulsion was added to 5 mL of anhydrous ethanol. The content of L-men-
thol was determined after 40-fold dilution of the supernatant.

2.6 Characterization of the Pickering emulsion

2.6.1 Particle size and zeta ({)-potential of the emulsion. The particle size distribution
and C-potential of the Pickering emulsion samples were measured using a Malvern particle
size analyzer. Specifically, each emulsion sample was diluted 150-fold before measurement. At
25°C, the refractive index and absorption index of soybean oil are 1.45 and 0.001, respectively,
and the refractive index and absorption index of water are 1.33 and 0, respectively [17]. Each
sample was analyzed more than three times, and the results were the averages of three or more
measurements.

2.6.2 Microstructure of the Pickering emulsion. We removed 100 uL of the emulsion
and placed it in a 1.5 mL centrifuge tube, added 1 mL of deionized water to dilute it, removed
100 pL of the resulting liquid, dropped it onto a microscope slide, covered it, and obtained
microscopic photographs of the emulsion using a microscope.
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A 0.1 wt% fluorescent whitening agent was added to the SNC dispersion, and a dyed disper-
sion was obtained after magnetic stirring for 12 h in the dark. The emulsion samples were then
prepared according to the method described in Section 2.4 and 40 pL of Nile Blue A solution
was added to each (0.1 wt%). Isopropyl alcohol solvent and 1 mL of each emulsion were
mixed. The appropriate emulsion sample was then evenly applied to a 35 mm confocal laser
petri dish, which was placed on the stage of a confocal laser scanning microscope. The excita-
tion wavelengths were 633 and 405 nm, the scanning density was 1024 x 1024. The fluores-
cence images of the emulsion were collected.

The Pickering emulsion was prepared using 50% n-hexane instead of the oil phase accord-
ing to the method described in Section 2.4. The freeze-dried powder of the emulsion was
smeared on the sample table, and gold sputtering was carried out using an ion-sputtering
apparatus with the current set to 20 mA and the time set to 2 min. The surface of the starch
particles was examined using a scanning electron microscope at 10 kV.

2.6.3 Rheological measurements. The rheological properties of the Pickering emulsion at
room temperature were determined using an Anton Paar rheometer (Anton Paar, Australia)
[18]. A PP50 parallel flat probe with a radius of 25 mm was used in all tests, and the gap was set
to 1 mm. The linear viscoelastic range of the Pickering emulsion samples was determined by
strain scanning experiments at 1 Hz and a strain range of 0.01%-100%. Frequency scanning
experiments (0.1-100 Hz) were carried out in the linear viscoelastic range, and the energy stor-
age modulus (G) and loss modulus (G”) of each emulsion sample were determined. The
apparent viscosity of each emulsion was measured at shear rates of 0.1-100 s™).

The temperature tests were carried out using a PP50 parallel plate probe with a radius of 25
mm and a gap of 1 mm, and the temperature rise and fall rates were 5°C/min.

2.6.4 Determination of the antioxidant capacity of the emulsion. The antioxidant
capacity of the emulsion was evaluated by determining the content of MDA, and the content
of the secondary oxide of MDA was determined by the thiobarbituric acid method [19].
Absorbance values were measured and calculated at 600, 532, and 450 nm according to the
instructions provided with the MDA Kkit.

2.6.5 In vitro digestive simulation. According to previous reports [20], we mixed 5.0 mL
of each emulsion, 3.5 mL of simulated salivary fluid, 0.5 mL of a-amylase solution (1500 U/
mL), and 1 mL of ultrapure water. The pH of each mixture was then rapidly adjusted to 7.0,
and the mixture was incubated in a shaker at a constant speed of 100 rpm for 5 min at 37°C to
simulate the environmental conditions associated with chewing food in the mouth and to initi-
ate digestion.

Next, we mixed 10.0 mL of each orally digested sample, 7.5 mL of simulated gastric fluid,
1.6 mL of porcine pepsin (25,000 U/mL; mucin concentration: 1.5 mg/mL), 0.2 mL of HCI (1.0
M), and 0.7 uL of ultrapure water. The pH of each mixture was then rapidly adjusted to 2.0,
and the digestion process was carried out for 2 h in a shaker at 37°C while stirring at a constant
speed of 100 rpm to simulate the gastric environment.

Next, we mixed 20.0 mL of each gastrically digested sample, 11.0 mL of simulated intestinal
fluid, 5.0 mL of trypsin solution (200 U/mL), 2.5 mL of bile salts (0.684 mg/mL), 40 uL of cal-
cium chloride solution (0.3 M), and 1.31 mL of ultrapure water. The pH of the mixture was
then rapidly adjusted to 7.0, and the digestion process was carried out in a shaker at a constant
speed while stirring at 100 rpm for 2 h at 37°C to simulate the environment of the small intes-
tine. The pH of the digestion solution was maintained at 7.0 by the constant addition of 0.1 M
sodium hydroxide during this period, and the release of fatty acids from the various emulsion
samples was evaluated based on the consumption of sodium hydroxide. The FFA release rate
was calculated according to S3 Text.
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2.6.6 Bacteriostatic testing of the Pickering emulsion. Beef paste-peptone liquid
medium was inoculated with drug-resistant E. coli and S. aureus, and the samples were incu-
bated in shaking flasks. The samples were incubated at 37°C overnight while shaking at 200
rpm. The next day, each bacterial suspension was re-inoculated into a new beef paste-peptone
liquid medium at a ratio of 1:40, and the mixture was incubated for approximately 3 h in
accordance with the culture conditions described above, during which time the bacteria were
in the logarithmic phase [21].

We inoculated the logarithmic phase bacterial suspension into a new beef paste-peptone
liquid medium at a ratio of 1:40, placed it on a shaker, and incubated it for 12 h at 37°C while
shaking at 200 rpm. An L-menthol Pickering solution and an L-menthol solution of the same
concentration were used as the drug group, a Pickering emulsion without embedded L-men-
thol was used as the control group, and a bacterial suspension without any drug was used as
the blank group. Bacterial suspensions from each blank, control, and drug group were gradient
diluted and 150 pL of each was applied to beef paste-peptone solid medium. After 12 h of incu-
bation in the incubator, the number of bacterial colonies on the solid plate from each group
was counted (colony-forming unit (CFU) method). The experiment was repeated three times
to obtain the average value [22].

2.7 Statistical analysis

The results are presented as the mean and standard deviation based on the three duplicate
samples. Statistical analysis was performed using one-way analysis of variance (ANOVA) in
SPSS (version 22; IBM Corp., New York, USA) with a significance level of P < 0.05. Graphs
were created using the Origin Pro 8.5 program (Origin Lab, Massachusetts, USA). The
response surface tests were analyzed by linear regression and ANOVA (P < 0.05) using Design
Expert (Version 8.0.6.1).

3. Results and discussion
3.1 Determination of the embedding rate

The standard gas chromatography curve of L-menthol in emulsion was described by

y =3.03377x + 0.02222. The correlation coefficient (R?) for the L-menthol standard curve was
0.99984, indicating a good fit. The amount of L-menthol added was determined by eight single
factorial experiments with different L-menthol concentrations and the results of the embed-
ding rate are shown in Fig 1 among the different groups and the error bars represent the SD).
When the L-menthol concentration was increased to 40 mg/mL, the encapsulation rate was
83% and there was no significant increase in the encapsulation rate of the Pickering emulsion
as the L-menthol concentration was further increased. This implies that the addition of L.-men-
thol at that point was excessive and that the soybean oil was saturated with L-menthol. There-
fore, 40 mg/mL was selected as the optimum concentration of L-menthol in the experiment.
The relationship between the embedding rate and each factor is shown in Fig 2(A)-2(C). An
appropriate level was selected for the response surface experiment based on the Box-Behnken
combination design.

3.2 Particle size and (-potential

The particle size and {-potential of a Pickering emulsion are essential indices that are mea-
sured to assess the stability of an emulsion [23, 24]. The stability of a Pickering emulsion
increases as the particle size decreases [25]. A higher {-potential indicates greater stability
without any aggregation [26]. Furthermore, a negative {-potential indicates high colloidal

PLOS ONE | https://doi.org/10.1371/journal.pone.0303964  June 6, 2024 6/23


https://doi.org/10.1371/journal.pone.0303964

PLOS ONE

Synergistic stabilization of a menthol Pickering emulsion by zein nanoparticles and strach nanocrystals

90

80

70

60

50

embedding rate (%)

40

30

20

C

a a 4 a
t—5—=

b b
I_____

20 30 40 50 60 70 80

Menthol concentration (mg/mL)

Fig 1. Relationship between menthol concentration and embedding rate, different letters (a-e) indicate significant differences (P < 0.05).
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stability, and the absolute values of the potentials of the stable emulsions were all > 30 mV
owing to electrostatic repulsion between the nanoparticles [27, 28]. The potential and particle
size of the blank Pickering emulsion and the menthol Pickering emulsion are given in Table 3.
The droplet size of the Pickering emulsion decreased with the addition of L-menthol because
the hydrogen bonding force between the solid particles was reduced, preventing aggregation
and crystallization on the surface of the emulsion droplet. The absolute potential values of the
emulsions were all approximately 30 mV, which suggests that the emulsions had excellent stor-
age stability.

3.3 Analysis of response surface experimental data

The regression model of the response surface is presented in Table 4, with P < 0.01, indicating
that the model achieved a highly significant level. The probability of the F value of this intensity
being influenced by random interference was only 0.02%. The misfit term (P = 0.4488) was
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https://doi.org/10.1371/journal.pone.0303964.g002
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Table 3. Particle size and potential of emulsion of the blank and the menthol Pickering emulsions.

Sample Particle size (um) Zeta potential (mV)
Blank Pickering Emulsion 32.47+2.76 -37.27+2.19
Menthol Pickering Emulsion 33.09+4.51 -35.34+1.86

https://doi.org/10.1371/journal.pone.0303964.t003

greater than 0.05, indicating that it was not significant. The coefficient of determination of the
regression model, R* = 0.9668, indicated that the experimental data fitted the regression equa-

tion well and the experimental error was small. Therefore, the regression model was consid-
ered reliable and could be used to analyze and predict the preparation of the menthol
Pickering emulsion. A 95% confidence interval was chosen to assess the significance of the
model. All models were determined on the basis of the highest level of additional variables
required and no jaggies were present in the RSM program [16]. ANOVA indicated that all fac-
tors in the secondary term had highly significant effects on the composite score of the emul-
sion index (P < 0.01), and the order of factors influencing the composite score in the primary
term was X; (particle concentration) > X; (pH) > X, (particle liquid ratio).

The RSM ANOVA model is presented in Table 5. The “Pred R-Squared” value was 0.7325,
which was essentially consistent with an “Adj R-Squared” value of 0.9242, i.e., the difference
was less than 0.2, indicating good predictability. The R value was high and almost constant,
indicating that the quadratic model fitted the actual data well. In addition, the standard devia-
tion of the model was significantly smaller than the obtained mean, suggesting the suitability
of ANOVA. The smaller the standard deviation of the mean of the resulting model, the smaller
was its variance with the test data, implying that less uncertainty was introduced into the
model by the experimental results [16]. In light of the above analysis, it can be concluded that
the generated model is suitable for modelling, optimizing, and predicting the manufacture of a
menthol Pickering emulsion.

A normal plot of residuals of the composite score is presented in Fig 3(A). The figure indi-
cates a close fit between the residual handicap and a straight line. This observation verifies the

Table 4. ANOVA by RSM for the pH, particle liquid ratio, and particle concentrations and rut depth for the menthol Pickering emulsion.

Source

Model

X;-pH

X,-Proportion of particle liquid
X;-particle concentration
XX,

XX

X,X;

X2

X,?

X5

Residual

Lack of Fit

Pure Error

Cor Total

Sum of squares df Mean square F-Value P-value Observation
0.48 9 0.054 22.66 0.0001 significant
0.070 1 0.070 29.62 0.0010
9.870E-003 1 9.870E-003 4.17 0.0805
0.040 1 0.040 16.91 0.0045
5.329E-003 1 5.550E-003 2.34 0.1696
5.329E-003 1 5.329E-003 2.25 0.1772
1.681E-003 1 1.681E-003 0.71 0.4273
0.051 1 0.051 21.66 0.0023
0.21 1 0.210 89.13 <0.0001
0.056 1 0.056 23.77 0.0018
0.017 7 2.368E-003
7.462E-003 3 2.487E-003 1.09 0.4488 Not significant
9.112E-003 4 2.278E-003
0.50 16
R? = 0.9668 R%adj = 0.9242

df: degree of freedom, F-values: Fisher-statistical test values, p-values: probability values, LoF: lack of fit.

https://doi.org/10.1371/journal.pone.0303964.t004
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Table 5. Regression analysis values for the responses.

Statistical analysis
Standard deviation
Mean correlation
coefficient

Adj.R?

Pred.R?

Adequate precision

Coefficient of variance

Composite Score

0.049
0.49
0.9668
0.9242
0.7325
13.404
9.86

Comment

The models are significant fornavigation around the designspace

https://doi.org/10.1371/journal.pone.0303964.t005

validity of the regression model because the data fall within the range of equal lines. The pre-
dicted and actual laboratory values used to evaluate the fit and accuracy of the model are
shown in Fig 3(B). The symmetrical distribution of the data points around the 45° line indi-
cated a close fit between the model and the experimental data.

Graphs and contour plots are displayed in Fig 4(A) and 4(B). They illustrate the influence
of pH and the Proportion of particle liquid on composite scores. The surface plot revealed that
as the “Proportion of particle liquid” was changed from -1 to 1, the composite score initially
increased to a certain value and subsequently decreased. This was owing to the poor stability
of Pickering emulsions prepared from either ZNCs or SNCs alone. Higher stability was
achieved in Pickering emulsions that were synergistically stabilized by mixing the two in a cer-
tain ratio [29-31].

The plot and contour diagram of the composite scores are shown in Fig 4(C) and 4(D).
They reveal the influence of pH and particle concentration. The contour diagram shows that
as the particle concentration increased from 1 to 3 wt%, the contour became curved and the
composite score decreased after reaching a certain value. This was because as the concentra-
tion of colloidal particles increased, more colloidal particles could be adsorbed at the oil-water
interface, which reduced the droplet size of the prepared Pickering emulsion. Therefore, the
physical barrier formed by these colloidal particles around a droplet stabilized the emulsion
[32]. When the concentration of colloidal particles continued to increase, the excess particles
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Fig 3. (a) were normal plot of residuals, (b) were predicred vs. actual.

https://doi.org/10.1371/journal.pone.0303964.g003
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https://doi.org/10.1371/journal.pone.0303964.9004

could not be adsorbed at the interface but remained free in the continuous phase. The particles
were able to form a three-dimensional network structure in the continuous phase [33].
Although the stability of the emulsion increased, the embedding rate of L-menthol was affected
by the three-dimensional network structure and therefore decreased. X, (proportion) and X3
(particle concentration) appear flat and oval in the contour plots of the composite score
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Fig 5. Changes in emulsification values of Pickering emulsions at different storage times, A was the blank
emulsion, B was the menthol Pickering emulsion.

https://doi.org/10.1371/journal.pone.0303964.9005

emulsion index in Fig 4(E) and 4(F), and the response surface figure is steep. This indicates sig-
nificant X,-X; interaction.

3.4 Storage stability

The newly prepared emulsion was sealed in a 15 mL sample bottle at 25°C, and the emulsifi-
cation index of the emulsion was determined every 5 days. The storage stability of the Picker-
ing emulsion at room temperature was determined by measuring the emulsification index (CI,
%), which was calculated using the following equation:

CI = (ﬁ) % 100%

461

where, v, is the emulsion phase volume (mL) and v, is the sample volume (mL).

We sampled the blank and menthol Pickering emulsions every 5 days, and the results are
shown in Fig 5. The figure reveals that the stability of the emulsion was minimally affected by
the addition of L-menthol extract. Furthermore, the emulsification index of the emulsion
remained at 100% after storage for 1 month. Therefore, the prepared Pickering emulsion was
able to maintain its stability without phase separation over long periods at room temperature.
The ternary system of O/W emulsions is very stable, Muhammad Faizan Nazar et al. [34]
developed two microemulsion formulations for loading the antimycobacterial drug mirabilone
(MBG) and the characterisation results showed that the emulsions were stable over a storage
period of 7 months.

3.5 Microstructure of the emulsion

3.5.1 Optical microscopy. To verify the morphological structure of the oil droplets during
storage, and to further demonstrate the stability of the emulsion, the menthol Pickering emul-
sion was selected during storage and examined under a light microscope. As shown in Fig 6(A),
the oil droplets in the emulsion retained their shape after 1 month of storage, and the number
of oil droplets under the eyepiece decreased by approximately 7%-8%, demonstrating the stabil-
ity of the emulsion.

3.5.2 Scanning electron microscopy. The liquid phase of the emulsion was removed by
freeze-drying, and the shell structure formed by the solid particles was examined. The solid
shell membrane structure is illustrated in Fig 6(B) and 6(C). This observation confirms the
mechanism of stable particle stabilization in the emulsion.

The 1-menthol crystals melted in the oil phase and were encapsulated by the solid SNCs
and ZNPs by adsorption. The solid particles aligned tightly to form a shell layer. The oil and
water phases were separated by the shell layer because the solid molecules were firmly
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Fig 6. Optical microscopy, scanning electron microscopy and laser confocal microscopy diagrams of Pickering
emulsion, (a) was the optical microscopy images of the menthol Pickering emulsion during storage at a scale of 20 um,
(b) and (c) were the SEM images of the menthol Pickering emulsion and the blank Pickering emulsion, and the
magnification of (b) and (c) were 1000 times, (d) to (i) were the CLSM images of the menthol Pickering emulsion and
the blank Pickering emulsion.

https://doi.org/10.1371/journal.pone.0303964.g006

adsorbed at the oil-water interface, and fixed the oil droplet molecules. This enabled the close
arrangement of the emulsion droplets without coalescence. This also verified the stabilization
mechanism of Pickering emulsions, including the three-phase contact angle theory, the irre-
versible adsorption theory, and the mechanical barrier theory [35]. When the solid particles
were in the right position, the Pickering emulsion was stabilized because droplet aggregation
was prevented by volume exclusion and spatial resistance [36].

3.5.3 Confocal laser scanning microscopy. The stability of the Pickering emulsion was
related to the structure of the colloidal particles assembled at the interface. To investigate the
interfacial shape of the menthol Pickering emulsion synergistically stabilized by ZNPs and
SNCs, we stained the SNCs and ZNPs with Nile blue A and fluorescent brightener. Confocal
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laser scanning microscopy revealed blue and yellow particles. The confocal laser scanning
microscopy plots of the menthol Pickering emulsion and the blank control are shown in Fig 6
(D)-6(]). Our results reveal that the ZNPs were adsorbed on the oil-phase side and the SNCs
were adsorbed on the water-phase side, and they formed a bilayer interfacial structure com-
prising two types of particles. The interfacial layer was thicker and was able to completely
encapsulate the droplets and provide strength, which stabilized the Pickering emulsion. The
bilayer colloidal particle interfaces comprised hydrophobic ZNPs on their interiors and hydro-
philic SNCs on their exteriors. The properties of these particles were similar to those of Janus
particles, so they were referred to as Janus interfaces. The high stability of the Pickering emul-
sion, which was synergistically stabilized by the ZNPs and SNCs, was attributed to the unique
Janus interface [37].

3.6 Analysis of the emulsion rheological data

The rheological properties of the Pickering emulsion had an essential influence on its stability,
and may have depended on its microstructure. Owing to the closer distance between the drop-
lets of the Pickering emulsion, the rheological properties were significantly influenced by the
stabilizer particles [38]. Fig 7 depicts the rheological results of a menthol Pickering emulsion
optimized by the response surface experiment and the blank control. At a given concentration,
the energy storage modulus of the Pickering emulsion was higher than the loss modulus, indi-
cating that the elastic property was dominant; the emulsion exhibited a viscoelasticity similar
to that of a gel. As shown in Fig 7(A) and 7(B), there was a slight difference in the G’ and G”
curves between the L-menthol-coated Pickering emulsion and the blank emulsion. This indi-
cates that the stability of the Pickering emulsion was not affected by the L-menthol dissolved in
the oil phase.

We also investigated the rheological properties of the menthol Pickering emulsion by deter-
mining its viscosity at various shear rates. Fig 7(C) reveals that the apparent densities of both
the menthol Pickering emulsion and the blank Pickering emulsion decreased as the shear rate
increased. This occurred because the integrity of the protective shell around the emulsion
droplets and the network structure in the continuous phase were compromised at high shear
rates. The results reveal that the emulsions typically exhibited shear thinning and pseudoplastic
non-Newtonian fluid properties [39, 40].

Insight into the stability and microstructures of Pickering emulsions, which is key to their
application, can be provided by their rheological properties [41]. The effect of temperature
change on the rheological properties of the Pickering emulsions examined in the present study
is shown in Fig 8. Throughout the temperature increase, the energy storage moduli of the
emulsions were greater than their loss moduli. As the temperature increased, the energy stor-
age modulus and loss modulus of each of the menthol and blank Pickering emulsions
increased slowly over a particular range. This occurred because the heat treatment caused the
protective shell of the solid particles at the oil-water interface of the emulsion and the network
structure formed by the dispersed solid particles in the continuous phase to partially dissolve
in water, leading to the transformation of the ordered initial system into a disordered state.
The surface of the emulsion droplets roughened, resulting in increased intermolecular friction,
which hindered the flow of the emulsion. However, the structure of the emulsion was not
affected by this limited heat treatment. As the temperature continued to increase from 65 to
90°C, both the G’ and G” values of the emulsion began to decrease. This may be attributed to
the fact that the increase in temperature caused the molecules in the emulsion system to move
violently and separate from the oil-water interface. However, as the temperature increased,
there was a slight decrease in both the energy storage modulus and the loss modulus of the
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Fig 8. Effect of temperature change on the rheological properties of the blank and menthol Pickering emulsions, (a)
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were temperature drop plots of the menthol Pickering emulsion and the blank Pickering emulsion.

https://doi.org/10.1371/journal.pone.0303964.9008

emulsion, indicating a partial disruption of its structure. This observation suggests that the
emulsion exhibited some resilience to temperature change. This was because at high tempera-
tures, an SNC provides a denser and stronger interface for Pickering emulsions, which
improves their stability [42].

Fig 8(C) and 8(D) reveals that as the temperature decreased, the G’ and G” values of the
emulsion gradually increased. During this period, the stabilizer particles that were dissolved in
the aqueous phase within the emulsion system were precipitated, and owing to the presence of
intermolecular interactions, the damaged structure of the emulsion was repaired. As the tem-
perature decreased to 20°C, the surfaces of the emulsion droplets changed from rough to
smooth again, the partially disordered system became ordered again, and the G’ and G” values
of the emulsion slowly decreased.

3.7 Determination of the antioxidant capacity of the emulsion

The MDA contained in the oil phase is the end product of lipid peroxidation caused by free
radicals, which are cytotoxic. Lipid peroxidation is the process by which oxidants such as free
radicals attack lipids containing unsaturated fatty acids, producing lipid peroxyl radicals and
hydroperoxides [43]. The MDA content is an important parameter because it reflects the anti-
oxidant capacity of an emulsion, and can indicate the rate and intensity of lipid peroxidation
in the emulsion [44]. Therefore, the MDA content of an emulsion indicates its degree of oxida-
tion and consequently its safety within the human body.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303964  June 6, 2024 16/23


https://doi.org/10.1371/journal.pone.0303964.g008
https://doi.org/10.1371/journal.pone.0303964

PLOS ONE Synergistic stabilization of a menthol Pickering emulsion by zein nanoparticles and strach nanocrystals

—=— Blank sample
—e— Menthol Pickering emulsion
700 - —=— Soybean oil

600 |
500 |
400
300 |

200

Content of malondialdehyde (nmol/L)

100 |

0 5 10 15 20 25 30
time(d)

Fig 9. The variation trend of MDA content in the blank Pickering emulsion,the mentol Pickering emulsion and Soubean oil with storage time.

https://doi.org/10.1371/journal.pone.0303964.9009

Fig 9 shows the MDA contents of the soybean oil, the blank emulsion, and the menthol
Pickering emulsion over the storage period. The MDA content of the menthol Pickering emul-
sion was 212.4 nmol/L, which was lower than the MDA contents of both the blank emulsion
(283.34 nmol/L) and the soybean oil (322.7 nmol/L). In the menthol Pickering emulsions sta-
bilized by ZNCs and ZNPs, the solid particles were adsorbed at the oil-water interface to form
a dense protective shell, which effectively isolated the external oxygen and slowed down the
oxidation of the oils in the emulsions. The menthol Pickering emulsions had the lowest MDA
contents. This may be attributed to the fact that L-menthol is an active agent with antioxidant
properties [45-47]. Loading an emulsion with L-menthol creates an antioxidant interface that
effectively protects the lipids and delays lipid oxidation in an emulsion [48].

PLOS ONE | https://doi.org/10.1371/journal.pone.0303964  June 6, 2024 17/23


https://doi.org/10.1371/journal.pone.0303964.g009
https://doi.org/10.1371/journal.pone.0303964

PLOS ONE

Synergistic stabilization of a menthol Pickering emulsion by zein nanoparticles and strach nanocrystals

100

80

60

FFA Released (%)

40

20

3.8 In vitro digestive simulation

The pH-stat method [18] is used to determine the rate of free fatty acid release from emulsions
during digestion. Pickering emulsions prepared from SNCs and soybean oil were chosen as
the blank control, and the results are shown in Fig 10. There was a rapid increase in the free
fatty acid content of the emulsions during the first 30 min of digestion. This was owing to the
fact that the fats were broken down during the initial stages of digestion, producing large
amounts of glycerol and free fatty acids. After 120 min of simulated small intestinal digestion,
the free fatty acid release rate of the menthol Pickering emulsion synergistically stabilized by
ZNPs and SNCs was 75.06 + 1.23%, which was lower than that of the Pickering emulsion stabi-
lized by SNCs alone (83.46 + 1.08%). This indicates that the interfacial layer formed by the
ZNPs and SNCs had good barrier properties and effectively resisted and slowed down the
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Fig 10. Release rate of FFA from Pickering emulsion in an in vitro simulated digestion model.

https://doi.org/10.1371/journal.pone.0303964.g010
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hydrolysis of digestive enzymes, thereby slowing down the degradation of fats and oils. Emul-
sion systems have been used in a variety of industries such as food, agriculture, detergents, and
cosmetics [49], and the study of the in vitro simulated digestion characteristics of emulsions
may help to expand the application of emulsions in the food sector.

3.9 Bacteriostatic testing of the Pickering emulsion

Significant antibacterial and antifungal activity has been reported in gram-positive and gram-
negative bacteria, as well as yeasts and fungi, when exposed to peppermint essential oil. This
activity is mainly attributable to the main chemical constituents of the oil, i.e., L-menthol and
menthone [50]. However, the antibacterial activity of L.-menthol is greatly reduced by its poor
water solubility and volatility.

The delivery of target substances via o/w emulsion ternary systems has been reported fre-
quently. For example, Siddique et al. [51] developed a pE formulation comprising clove oil,
Brij-35, isopropanol, and water for loading into water-soluble fluoroquinolone antibiotics.
Saleem et al. [52] developed an o/w microemulsion formulation and successfully prepared
nanoparticles of fluoroquinolone antibiotics, which demonstrated a significant increase in the
antibacterial activity of the nanoparticles. To investigate the protective effect of an L-menthol
Pickering emulsion on the bacteriostatic efficacy of L-menthol, common E. coli and S. aureus
were selected for bacteriostatic testing according to the method described by Zhao et al. [53].
The minimum inhibitory concentration of L-menthol with regard to E. coli and S. aureus was
48 +0.08 pg/mL and 86 + 0.03 pg/mL, respectively. Therefore, 1 mL of an L-menthol Pickering
emulsion with a concentration of 40 pg/mL and an equivalent mass of L-menthol crystals was
selected as the drug-added group. The final results are shown in Fig 11. In the S. aureus group,
the total numbers of colonies were approximately 2.5 x 10° CFU/mL in the blank and control

comparison group L-Menthol group emulsion group

Fig 11. Plate colony diagrams of different samples.

https://doi.org/10.1371/journal.pone.0303964.9011
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groups, 2 x 10® CFU/mL in the .-menthol group, and 1 x 108 CFU/mL in the menthol Picker-
ing emulsion group. In the E. coli group, the total numbers of colonies were approximately

6 x 107 CFU/mL in the blank and control groups, 1.2 x 10’ CFU/mL in the L-menthol group,
and 6 x 10° CFU/mL in the menthol Pickering emulsion group.

Based on the experimental results, the Pickering emulsion without embedded r-menthol
had no effect on the total number of colonies. The total number of colonies in the L-menthol
group was greater than that in the menthol Pickering emulsion group in all cases, indicating
that the Pickering emulsion had a protective effect on L-menthol. This protective effect allowed
the antibacterial efficacy of L-menthol to be fully utilized.

4. Conclusions

In the present experiment, L-menthol was successfully embedded in a Pickering emulsion that
had been synergistically stabilized with ZNPs and SNCs. Response surface experiments opti-
mized the ratio of ZNPs to SNCs at 1:1, with a particle concentration of 2 wt%, an oil-to-water
ratio of 1:1, and an embedding rate of 83%. The Pickering emulsion was exceptionally stable
over 30 days and gradually released menthol while maintaining bioavailability. It had excellent
rheological and antioxidant properties, and a low MDA content (212.407 nmol/g) during stor-
age. Bacteriostatic evaluations indicated superior inhibition of S. aureus and E. coli. The pres-
ent study will extend the applicability of L-menthol and provides a theoretical basis for the
encapsulation of other active ingredients for use in the food industry.

Supporting information

S1 Text. The formula of the membership degree and composite score.
(DOCX)

$2 Text. The formula of the L-menthol embedding rate of the Pickering emulsion.
(DOCX)

S$3 Text. The formula of the FFA release rate.
(DOCX)

S1 Graphical abstract.
(TIF)

Author Contributions

Formal analysis: Zhonghui Han.
Funding acquisition: Shujin Cheng.
Visualization: Lei LU.

Writing - original draft: Minghe Yang.

Writing - review & editing: Jinxing He.

References

1. HuZM, Li SN, Wang SK, Zhang B, Huang Q. Encapsulation of menthol into cyclodextrin metal-organic
frameworks: Preparation, structure characterization and evaluation of complexing capacity. Food
Chemistry. 2021; 338. https://doi.org/10.1016/j.foodchem.2020.127839 PMID: 32822901

2. Mohammadifar M, Aarabi MH, Aghighi F, Kazemi M, Vakili Z, Memarzadeh MR, et al. Anti-osteoarthritis
potential of peppermint and rosemary essential oils in a nanoemulsion form: behavioral, biochemical,

PLOS ONE | https://doi.org/10.1371/journal.pone.0303964  June 6, 2024 20/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303964.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303964.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303964.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303964.s004
https://doi.org/10.1016/j.foodchem.2020.127839
http://www.ncbi.nlm.nih.gov/pubmed/32822901
https://doi.org/10.1371/journal.pone.0303964

PLOS ONE

Synergistic stabilization of a menthol Pickering emulsion by zein nanoparticles and strach nanocrystals

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

and histopathological evidence. Bmc Complementary Medicine and Therapies. 2021; 21(1). http:/10.
1186/s12906-021-03236-y.

ZhuY, Zhou Y, Tian T, Wang ZY, Qi BK, Zhang XY, et al. In vitro simulated digestion and microstructure
of peppermint oil nanoemulsion. Journal of Oleo Science. 2019; 68(9):863-71. https://doi.org/10.5650/
jos.ess19102 PMID: 31484902

Li M, Cui XQ, Wang X, Li ZJ. Synthesis of Amphiphilic Graphene Quantum Dots and Their Sustained
Release Effect on L-Menthol. Chemical Journal of Chinese Universities-Chinese. 2020; 41(2):324-30.
http://10.7503/cjcu20190445.

Nazar MF, Saleem MA, Basharat H, Nasrullah A, Asif H, Ashfaq M, et al. Architecting water-dispersible
organic nanopowder from volatile microemulsion: An emerging colloidal technology. Colloid and Inter-
face Science Communications. 2021; 45:100536. http://10.1016/j.colcom.2021.100536.

Nazar MF, Myakonkaya O, Shah SS, Eastoe J. Separating nanoparticles from microemulsions. Journal
of colloid and interface science. 2011; 354(2):624-9. https://doi.org/10.1016/j.jcis.2010.11.017 PMID:
21134683

Rana AS, Nazeer M, Abd El-Gawad HH, Inam M, Ibrahim MM, EI-Bahy ZM, et al. Microemulsions as
Potential Pesticidal Carriers: A Review. Journal of Molecular Liquids. 2023:122969. https://doi.org/10.
1016/j.molliq.2023.122969

Nazar MF, Khan AM, Shah SS. Microemulsion system with improved loading of piroxicam: a study of
microstructure. AAPS PharmSciTech. 2009; 10:1286—94. https://doi.org/10.1208/s12249-009-9328-9
PMID: 19876741

Saleem MA, Nazar MF, Siddique MY, Khan AM, Ashfag M, Hussain SZ, et al. Soft-templated fabrication
of antihypertensive nano-Irbesartan: Structural and dissolution evaluation. Journal of Molecular Liquids.
2019;292:111388. http://10.1016/j.molliq.2019.111388.

Nazar MF, Saleem MA, Bajwa SN, Yameen B, Ashfaq M, Zafar MN, et al. Encapsulation of antibiotic
levofloxacin in biocompatible microemulsion formulation: Insights from microstructure analysis. The
Journal of Physical Chemistry B. 2017; 121(2):437—43. https://doi.org/10.1021/acs.jpcb.6b09326
PMID: 28006901

Patel AR, Velikov KP. Zein as a source of functional colloidal nano- and microstructures. Current Opin-
ion in Colloid & Interface Science. 2014; 19(5):450-8. https://doi.org/10.1016/j.cocis.2014.08.001

Zou Y, van Baalen C, Yang XQ, Scholten E. Tuning hydrophobicity of zein nanoparticles to control rheo-
logical behavior of Pickering emulsions. Food Hydrocolloids. 2018; 80:130—40. https://doi.org/10.1016/
j.foodhyd.2018.02.014

Angellier H, Choisnard L, Molina-Boisseau S, Ozil P, Dufresne A. Optimization of the preparation of
aqueous suspensions of waxy maize starch nanocrystals using a response surface methodology. Bio-
macromolecules. 2004; 5(4):1545-51. https://doi.org/10.1021/bm049914u PMID: 15244476

Azfaralariff A, Farahfaigah F, Joe LS, Fazry S, Mohamed M, Nazar MF, et al. Sago starch nanocrystal-
stabilized Pickering emulsions: Stability and rheological behavior. International journal of biological
macromolecules. 2021; 182:197-206. https://doi.org/10.1016/j.ijbiomac.2021.03.132 PMID: 33774073

Azfaralariff A, Fazial FF, Sontanosamy RS, Nazar MF, Lazim AM. Food-grade particle stabilized picker-
ing emulsion using modified sago (Metroxylon sagu) starch nanocrystal. Journal of Food Engineering.
2020; 280:109974. http:/10.1016/j.jfoodeng.2020.109974.

Yaro NSA, Sutanto MH, Habib NZ, Napiah M, Usman A, Muhammad A. Comparison of Response Sur-
face Methodology and Artificial Neural Network approach in predicting the performance and properties
of palm oil clinker fine modified asphalt mixtures. Construction and Building Materials. 2022;
324:126618. https://doi.org/10.1016/j.conbuildmat.2022.126618

Sun HM, Li S, Chen SS, Wang CY, Liu D, Li XX. Antibacterial and antioxidant activities of sodium starch
octenylsuccinate-based Pickering emulsion films incorporated with cinnamon essential oil. International
Journal of Biological Macromolecules. 2020; 159:696—703. https://doi.org/10.1016/j.ijbiomac.2020.05.
118 PMID: 32439447

Minekus M, Alminger M, Alvito P, Ballance S, Bohn T, Bourlieu C, et al. A standardised static in vitro
digestion method suitable for food—an international consensus. Food & Function. 2014; 5(6):1113-24.
https://doi.org/10.1039/C3F060702J PMID: 24803111

Lemos PVF, Barbosa LS, Ramos IG, Coelho RE, Druzian JI. Characterization of amylose and amylo-
pectin fractions separated from potato, banana, corn, and cassava starches. International Journal of
Biological Macromolecules. 2019; 132:32—42. https://doi.org/10.1016/}.ijbiomac.2019.03.086 PMID:
30880053

TanH, Zhao L, Tian S, Wen H, Gou X, Ngai T. Gelatin particle-stabilized high-internal phase emulsions
for use in oral delivery systems: protection effect and in vitro digestion study. Journal of agricultural and
food chemistry. 2017; 65(4):900-7. https://doi.org/10.1021/acs.jafc.6b04705 PMID: 28064487

PLOS ONE | https://doi.org/10.1371/journal.pone.0303964  June 6, 2024 21/23


http://10.1186/s12906-021-03236-y
http://10.1186/s12906-021-03236-y
https://doi.org/10.5650/jos.ess19102
https://doi.org/10.5650/jos.ess19102
http://www.ncbi.nlm.nih.gov/pubmed/31484902
http://10.7503/cjcu20190445
http://10.1016/j.colcom.2021.100536
https://doi.org/10.1016/j.jcis.2010.11.017
http://www.ncbi.nlm.nih.gov/pubmed/21134683
https://doi.org/10.1016/j.molliq.2023.122969
https://doi.org/10.1016/j.molliq.2023.122969
https://doi.org/10.1208/s12249-009-9328-9
http://www.ncbi.nlm.nih.gov/pubmed/19876741
http://10.1016/j.molliq.2019.111388
https://doi.org/10.1021/acs.jpcb.6b09326
http://www.ncbi.nlm.nih.gov/pubmed/28006901
https://doi.org/10.1016/j.cocis.2014.08.001
https://doi.org/10.1016/j.foodhyd.2018.02.014
https://doi.org/10.1016/j.foodhyd.2018.02.014
https://doi.org/10.1021/bm049914u
http://www.ncbi.nlm.nih.gov/pubmed/15244476
https://doi.org/10.1016/j.ijbiomac.2021.03.132
http://www.ncbi.nlm.nih.gov/pubmed/33774073
http://10.1016/j.jfoodeng.2020.109974
https://doi.org/10.1016/j.conbuildmat.2022.126618
https://doi.org/10.1016/j.ijbiomac.2020.05.118
https://doi.org/10.1016/j.ijbiomac.2020.05.118
http://www.ncbi.nlm.nih.gov/pubmed/32439447
https://doi.org/10.1039/C3FO60702J
http://www.ncbi.nlm.nih.gov/pubmed/24803111
https://doi.org/10.1016/j.ijbiomac.2019.03.086
http://www.ncbi.nlm.nih.gov/pubmed/30880053
https://doi.org/10.1021/acs.jafc.6b04705
http://www.ncbi.nlm.nih.gov/pubmed/28064487
https://doi.org/10.1371/journal.pone.0303964

PLOS ONE

Synergistic stabilization of a menthol Pickering emulsion by zein nanoparticles and strach nanocrystals

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Tang J, Chen Q, Xu LG, Zhang S, Feng LZ, Cheng L, et al. Graphene Oxide-Silver Nanocomposite As
a Highly Effective Antibacterial Agent with Species-Specific Mechanisms. Acs Applied Materials & Inter-
faces. 2013; 5(9):3867—-74. https://doi.org/10.1021/am4005495 PMID: 23586616

Chung HJ, Reiner T, Budin G, Min C, Liong M, Issadore D, et al. Ubiquitous Detection of Gram-Positive
Bacteria with Bioorthogonal Magnetofluorescent Nanoparticles. ACS Nano. 2011; 5(11):8834—41.
https://doi.org/10.1021/nn2029692 PMID: 21967150

Yasir Siddique M, Nazar MF, Mahmood M, Saleem MA, Alwadai N, Almuslem AS, et al. Microemulsified
gel formulations for topical delivery of clotrimazole: structural and in vitro evaluation. Langmuir. 2021;
37(46):13767-77. https://doi.org/10.1021/acs.langmuir.1c02590 PMID: 34753286

Saleem MA, Yasir Siddique M, Nazar MF, Khan SU-D, Ahmad A, Khan R, et al. Formation of antihyper-
lipidemic nano-ezetimibe from volatile microemulsion template for enhanced dissolution profile. Lang-
muir. 2020; 36(27):7908—-15. https://doi.org/10.1021/acs.langmuir.0c01016 PMID: 32551692

Soltani S, Madadlou A. Two-step sequential cross-linking of sugar beet pectin for transforming zein
nanoparticle-based Pickering emulsions to emulgels. Carbohydrate Polymers. 2016; 136:738—43.
https://doi.org/10.1016/j.carbpol.2015.09.100 PMID: 26572407

Siddique MY, Nazar MF, Saleem MA, Haider S, Sumrra SH, Akhtar MS, et al. Formulation of Gelled
Microemulsion for Effective Permeation of Celecoxib Across the Skin Barrier. ChemistrySelect. 2024; 9
(3):2202302841. http://10.1002/slct.202302841.

Nazar MF, Yasir Siddique M, Saleem MA, Zafar M, Nawaz F, Ashfag M, et al. Fourth-generation antibi-
otic gatifloxacin encapsulated by microemulsions: structural and probing dynamics. Langmuir. 2018; 34
(36):10603—-12. https://doi.org/10.1021/acs.langmuir.8b01775 PMID: 30109940

Zafar S, Nazar MF, Siddique MY, Haider S, Alam K, Saleem MA, et al. Formulation and Evaluation of
Ophthalmic Microemulsion for Enhanced Topical Administration of Brinzolamide. Frontiers in Materials.
2024; 11:1363138. https://doi.org/10.3389/fmats.2024.1363138

Nallamilli T, Binks BP, Mani E, Basavaraj MG. Stabilization of Pickering Emulsions with Oppositely
Charged Latex Particles: Influence of Various Parameters and Particle Arrangement around Droplets.
Langmuir. 2015; 31(41):11200-8. https://doi.org/10.1021/acs.langmuir.5b02443 PMID: 26411316

Cerbelaud M, Aimable A, Videcoq A. Role of Electrostatic Interactions in Oil-in-Water Emulsions Stabi-
lized by Heteroaggregation: An Experimental and Simulation Study. Langmuir. 2018; 34(51):15795—
803. https://doi.org/10.1021/acs.langmuir.8002922 PMID: 30507135

Binks BP, Liu WH, Rodrigues JA. Novel stabilization of emulsions via the heteroaggregation of nanopar-
ticles. Langmuir. 2008; 24(9):4443-6. https://doi.org/10.1021/1a800084d PMID: 18361536

Wu J, Ma GH. Recent Studies of Pickering Emulsions: Particles Make the Difference. Small. 2016; 12
(34):4633-48. https://doi.org/10.1002/smll.201600877 PMID: 27337222

Nan FF, Wu J, Qi F, Liu Y, Ngai T, Ma GH. Uniform chitosan-coated alginate particles as emulsifiers for
preparation of stable Pickering emulsions with stimulus dependence. Colloids and Surfaces a-Physico-
chemical and Engineering Aspects. 2014; 456:246-52. https://doi.org/10.1016/j.colsurfa.2014.05.017

Nazar MF, Mujeed A, Siddique MY, Zafar M, Saleem MA, Khan AM, et al. Structural dynamics of
tween-based microemulsions for antimuscarinic drug mirabegron. Colloid and Polymer Science. 2020;
298:263-71. http://10.1007/s00396-020-04603-w.

Dickinson E. Use of nanoparticles and microparticles in the formation and stabilization of food emul-
sions. Trends in Food Science & Technology. 2012; 24(1):4—12. http://10.1016/}.tifs.2011.09.006.

Fonseca-Florido H, Vazquez-Garcia H, Méndez-Montealvo G, Basilio-Cortés U, Navarro-Cortés R,
Rodriguez-Marin M, et al. Effect of acid hydrolysis and OSA esterification of waxy cassava starch on
emulsifying properties in Pickering-type emulsions. LWT. 2018; 91:258-64. http://10.1016/j.Iwt.2018.
01.057.

Saha A, John VT, Bose A. In Situ Assembly of Hydrophilic and Hydrophobic Nanoparticles at Oil-Water
Interfaces as a Versatile Strategy To Form Stable Emulsions. Acs Applied Materials & Interfaces. 2015;
7(38):21010—4. https://doi.org/10.1021/acsami.5b06940 PMID: 26372053

Romanova YN, Koroleva MY, Musina NS, Maryutina TA. Rheology of gel-containing water-in-crude oil
emulsions. Geoenergy Science and Engineering. 2023; 226. https://doi.org/10.1016/j.geoen.2023.
211757

Wang S, Yang J, Shao G, Qu D, Zhao H, Zhu L, et al. Dilatational rheological and nuclear magnetic res-
onance characterization of oil-water interface: Impact of pH on interaction of soy protein isolated and
soy hull polysaccharides. Food Hydrocolloids. 2020; 99:105366. https://doi.org/10.1016/j.foodhyd.
2019.105366

Song X, Pei Y, Qiao M, Ma F, Ren H, Zhao Q. Preparation and characterizations of Pickering emulsions
stabilized by hydrophobic starch particles. Food Hydrocolloids. 2015; 45:256—63. http://10.1016/j.
foodhyd.2014.12.007.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303964  June 6, 2024 22/23


https://doi.org/10.1021/am4005495
http://www.ncbi.nlm.nih.gov/pubmed/23586616
https://doi.org/10.1021/nn2029692
http://www.ncbi.nlm.nih.gov/pubmed/21967150
https://doi.org/10.1021/acs.langmuir.1c02590
http://www.ncbi.nlm.nih.gov/pubmed/34753286
https://doi.org/10.1021/acs.langmuir.0c01016
http://www.ncbi.nlm.nih.gov/pubmed/32551692
https://doi.org/10.1016/j.carbpol.2015.09.100
http://www.ncbi.nlm.nih.gov/pubmed/26572407
http://10.1002/slct.202302841
https://doi.org/10.1021/acs.langmuir.8b01775
http://www.ncbi.nlm.nih.gov/pubmed/30109940
https://doi.org/10.3389/fmats.2024.1363138
https://doi.org/10.1021/acs.langmuir.5b02443
http://www.ncbi.nlm.nih.gov/pubmed/26411316
https://doi.org/10.1021/acs.langmuir.8b02922
http://www.ncbi.nlm.nih.gov/pubmed/30507135
https://doi.org/10.1021/la800084d
http://www.ncbi.nlm.nih.gov/pubmed/18361536
https://doi.org/10.1002/smll.201600877
http://www.ncbi.nlm.nih.gov/pubmed/27337222
https://doi.org/10.1016/j.colsurfa.2014.05.017
http://10.1007/s00396-020-04603-w
http://10.1016/j.tifs.2011.09.006
http://10.1016/j.lwt.2018.01.057
http://10.1016/j.lwt.2018.01.057
https://doi.org/10.1021/acsami.5b06940
http://www.ncbi.nlm.nih.gov/pubmed/26372053
https://doi.org/10.1016/j.geoen.2023.211757
https://doi.org/10.1016/j.geoen.2023.211757
https://doi.org/10.1016/j.foodhyd.2019.105366
https://doi.org/10.1016/j.foodhyd.2019.105366
http://10.1016/j.foodhyd.2014.12.007
http://10.1016/j.foodhyd.2014.12.007
https://doi.org/10.1371/journal.pone.0303964

PLOS ONE

Synergistic stabilization of a menthol Pickering emulsion by zein nanoparticles and strach nanocrystals

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Qin XT, Li B, Li L, Wang FP, Jia SR, Xie YV, et al. Cinnamon essential oil Pickering emulsions: Stabiliza-
tion by bacterial cellulose nanofibrils and applications for active packaging films. Food Bioscience.
2023; 56. http://10.1016/j.fbio.2023.103258.

Lu X, Huang Q. Bioaccessibility of polymethoxyflavones encapsulated in resistant starch particle stabi-
lized Pickering emulsions: Role of fatty acid complexation and heat treatment. Food & function. 2019;
10(9):5969-80. https://doi.org/10.1039/c9fo01541h PMID: 31475720

Wu ZH, Tan B, Liu YH, Dunn J, Guerola PM, Tortajada M, et al. Chemical Composition and Antioxidant
Properties of Essential Oils from Peppermint, Native Spearmint and Scotch Spearmint. Molecules.
2019; 24(15). https://doi.org/10.3390/molecules24152825 PMID: 31382468

YuY, Liu Q, Wang C, Zhang DL, Jiang B, Shan Y, et al. Zein/pullulan complex colloidal particle-stabi-
lized Pickering emulsions for oral delivery of polymethoxylated flavones: protection effect and in vitro
digestion. Journal of the Science of Food and Agriculture. 2022; 102(10):3952—-63. https://doi.org/10.
1002/jsfa.11742 PMID: 34958458

Yang YQ, Fang ZW, Chen X, Zhang WW, Xie YM, Chen YH, et al. An Overview of Pickering Emulsions:
Solid-Particle Materials, Classification, Morphology, and Applications. Frontiers in Pharmacology.
2017; 8. https://doi.org/10.3389/fphar.2017.00287 PMID: 28588490

Rayner M. Current status on novel ways for stabilizing food dispersions by oleosins, particles and micro-
gels. Current Opinion in Food Science. 2015; 3:94—109. https://doi.org/10.1016/j.cofs.2015.05.006

Jiang H, Sheng YF, Ngai T. Pickering emulsions: Versatility of colloidal particles and recent applica-
tions. Current Opinion in Colloid & Interface Science. 2020; 49:1—-15. https://doi.org/10.1016/j.cocis.
2020.04.010 PMID: 32390759

ZhouFZ, Zeng T, Yin SW, Tang CH, Yuan DB, Yang XQ. Development of antioxidant gliadin particle
stabilized Pickering high internal phase emulsions (HIPEs) as oral delivery systems and the in vitro
digestion fate. Food & Function. 2018; 9(2):959-70. https://doi.org/10.1039/c7fo01400g PMID:
29322140

Rahman HMAU, Afzal S, Nazar MF, Alvi DA, Khan AM, Asghar MN. Phase behavior of a TX-100/oleic
acid/water based ternary system: A microstructure study. Journal of Molecular Liquids. 2017; 230:15-9.
http:/10.1016/j.molliq.2017.01.011.

Reddy DN, Al-Rajab AJ, Sharma M, Moses MM, Reddy GR, Albratty M. Chemical constituents, in vitro
antibacterial and antifungal activity of Mentha x Piperita L. (peppermint) essential oils. J King Saud Univ
Sci. 2019; 31(4):528-33. http://10.1016/j.jksus.2017.07.013.

Siddique MY, Alamgir |, Nazar MF, Sumrra SH, Ashfaq M, Safdar M, et al. Structural and probing

dynamics of Brij-35-based microemulsion for fluoroquinolone antibiotics. Colloid and Polymer Science.
2021; 299:1479-88. http://10.1007/s00396-021-04871-0.

Saleem MA, Nazar MF, Yameen B, Khan AM, Hussain SZ, Khalid MR. Structural Insights into the
Microemulsion-Mediated Formation of Fluoroquinolone Nanoantibiotics. ChemistrySelect. 2018; 3
(41):11616-21. http:/10.1002/slct.201801925.

Zhao Z. Extraction and separation of essential oil from peppermint and study on antibacterial activity of
L-menthol PLGA. 2017; Anhui: Anhui Agricultural University.

PLOS ONE | https://doi.org/10.1371/journal.pone.0303964  June 6, 2024 23/23


http://10.1016/j.fbio.2023.103258
https://doi.org/10.1039/c9fo01541h
http://www.ncbi.nlm.nih.gov/pubmed/31475720
https://doi.org/10.3390/molecules24152825
http://www.ncbi.nlm.nih.gov/pubmed/31382468
https://doi.org/10.1002/jsfa.11742
https://doi.org/10.1002/jsfa.11742
http://www.ncbi.nlm.nih.gov/pubmed/34958458
https://doi.org/10.3389/fphar.2017.00287
http://www.ncbi.nlm.nih.gov/pubmed/28588490
https://doi.org/10.1016/j.cofs.2015.05.006
https://doi.org/10.1016/j.cocis.2020.04.010
https://doi.org/10.1016/j.cocis.2020.04.010
http://www.ncbi.nlm.nih.gov/pubmed/32390759
https://doi.org/10.1039/c7fo01400g
http://www.ncbi.nlm.nih.gov/pubmed/29322140
http://10.1016/j.molliq.2017.01.011
http://10.1016/j.jksus.2017.07.013
http://10.1007/s00396-021-04871-0
http://10.1002/slct.201801925
https://doi.org/10.1371/journal.pone.0303964

