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Abstract

In recent years, natural biodegradable nanoparticles as stabilizers of Pickering
emulsions have attracted extensive attention. In this work, a Pickering emul-
sion composed of chitosan/Arabic gum nanoparticles (CS/GA NPs), tea tree
oil and vitamin E was formulated. Then the antibacterial, anti-inflammatory
and wound healing abilities of the emulsion were evaluated. Pickering emul-
sion encapsulated the tea tree oil strengthened antibacterial activity towards
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa and Can-
dida albicans. Besides, this multi-phase system offered a platform to load with
vitamin E, which provides anti-inflammatory effects while antibacterial.
Meanwhile, Pickering emulsion avoided contact between bacteria and skin
when used in wound treatment.
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1. Introduction

Wound healing is a complex process that generally involves four sequential
processes such as hemostasis, anti-inflammation, new blood vessel formation
and new tissue maturation. Rapid restoration of the skin to its integrity can limit
dehydration and prevent the development of infection [1] [2] [3]. This requires
the synergistic action of antibacterial [4] [5], anti-inflammatory [6] and sub-
stances that promote fibroblast proliferation [7].

Pickering emulsions are stabilized by solid particles [8]. The multi-component

system consisting of particles, aqueous and oil phases allows Pickering emul-
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sions to be loaded with both hydrophilic and hydrophobic drugs to improve
their solubility and effectiveness [9]. In addition, solid particle stabilized Picker-
ing emulsions have higher biosafety and biocompatibility than conventional
surfactants stabilized classical emulsions [10]. Therefore, these properties pro-
mote the application of Pickering emulsions in the field of biomedical materials.
When Pickering emulsions are used as wound dressings in direct contact with
defective skin, it avoids the hemolytic, irritating, and toxic properties caused by
traditional surfactants. In addition, the special structure of the solid particle shell
allows Pickering emulsions to have a slow release.

Natural tea tree oil has high antibacterial, analgesic and scar inhibiting prop-
erties [9], and when used as an antimicrobial agent, natural oils do not cause any
resistance and are safer than traditional antibiotics [11] [12] [13]. Chitosan has
excellent adhesive properties and has various positive effects on wound healing,
such as hemostasis, accelerated tissue regeneration, and promotion of fibroblast
proliferation [14] [15]. Gum Arabic has good film-forming properties, protects
the skin from lipid peroxidation caused by continuous exposure to UV light, and
has the effect of preventing premature skin aging [16]. Vitamin E has antioxi-
dant and anti-inflammatory effects [17] [18].

In this study, we intend to use the antibacterial effect of tea tree oil, the anti-
oxidant effect of VE and the stabilizing effect of chitosan/Acacia gum nanopar-
ticles to develop Pickering emulsion with antibacterial, anti-inflammatory and

wound healing promoting properties.

2. Materials and Methods
2.1. Materials

Chitosan powder was purchased from Haizhiyuan Co., China; Gum Arabic, Tea
tree oil, and VE were procured from Shanghai McLean Reagent Co., Ltd; Acetic
acid was purchased from Tianjin Bodi Chemical Co., Ltd. The other reagents
used were analytically pure grade.

Kunming mice, 20 g of weight, were obtained from Qingdao experimental
animal and animal experiment center (Qingdao, China). This study was per-
formed in strict accordance with the Regulations for the Care and Use of Labor-
atory Animals and Guideline for Ethical Review of Animal (China, GB/T
35892-2018). All animal experiments were reviewed and approved by the Ani-
mal Ethics Committee of the Institute of Process Engineering (approval ID:
SCXK(LU)2020-0007).

2.2. Methods

2.2.1. Preparation of CS/GA Nanoparticles and Pickering Emulsion

Dissolve the required amount of chitosan in 1% acetic acid, then dissolve the
corresponding weight of Arabic gum in the same volume of deionized water.
Drop the Arabic gum solution into the chitosan solution with constant magnetic
stirring to prepare CS/GA nanoparticle (CS/GA NPs) dispersion with a concen-
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tration of 1.5%, ratio of 1:4, 1:2, 4:1 and 2:1. Same way to prepare CS/GA nano-
particle dispersion with ratio of 1:1 and concentration of 0.5%, 1.0%, 2.0% and
3.0% respectively.

Tea tree oil was selected as the oil phase because of its excellent properties for
wound healing, including antibacterial activity, anti-inflammatory properties
and scar prevention properties [19]. Pickering emulsions (PE) were prepared by
homogenization. The process was carried out at a pressure of 400 MPa for 5
min. Then different proportions and concentrations of nanoparticle dispersion
and different volumes of tea tree oil were used to prepare Pickering emulsion.
Same way to prepare the classical emulsion (CE), but no CS/GA nanoparticles.

VE was selected as its wonderful anti-inflammatory property [18]. Dissolved
VE into tea tree oil. Prepared the VE-Pickering emulsion (VE-PE) with the con-
centration of 1.5% nanoparticle dispersion and a mass ratio of 1:1 CS/GA, which
is the stable ratio to this emulsion in previous pre-experiments. Same way to

prepare the VE-classical emulsion (VE-CE).

2.2.2. Characterization of CS/GA Nanoparticles and Pickering Emulsion
The infrared spectra of CS, GA and CS/GA were measured by potassium bro-
mide (KBr) tablet pressing method and measured by FT-IR 8400 Fourier infra-
red spectrometer. The scanning was carried out in the range of 400 - 4000 cm™
with a resolution of 2 cm™.

The average size of the formed nanoparticles was measured using Zetasizer
Nano ZS zen3600. The sample is diluted 100 times with deionized water, and the
reported result is the average of three consecutive readings.

The contact angle of the formed nanoparticles was measured using a contact
angle meter. The sample shall be evenly coated on the glass plate, dried at 50°C.
Add 5 uL of deionized water dropwise with a high-precision syringe, and meas-
ure the contact angle.

The morphology of nanoparticles was analyzed by HT7800 transmission elec-
tron microscope. The prepared nanoparticle dispersions were deposited on a
copper grid and observed after evaporation of the liquid by mercury lamp irrad-
iation.

The creaming index (CI) was observed and measured 7 days, 14 days, 21 days
and 30 days after the preparation of the emulsion so as to evaluate the long-term
stability of Pickering emulsion. Creaming index = height of water layer/total

height of emulsion solution.

2.2.3. Entrapment Efficiency and Loading Content

Encapsulation efficiency (EE %) and drug loading (LC %) were determined to
evaluate VE retention in core oil droplets. Briefly, 1 g of the prepared emulsion
was diluted in 9 mL of methanol and ultrasound for 15 min to break the emul-
sion. After filtration with a 0.22 pm microporous membrane, 1 mL of the pre-
pared emulsion was diluted 10 times with methanol and measured absorbance at

282 nm. The total amount of VE in the emulsion was calculated from the VE
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standard curve.

Another 1 g of emulsion was diluted tenfold in 9 mL of distilled water, centri-
fuged at 4000 rpm for 10 min to separate the water layer from the oil layer, and
the quantitative analysis of the drug (free VE) in the aqueous layer was per-
formed by UV spectrophotometer. Then calculate EE % and LC % with Equa-
tions (1) and (2).

total amount of VE-free

EE (%) = x100 (1)
total amount of VE

LC(%) _ total amount of VE-free <100 2)
total amount of VE

2.2.4. In Vitro Vitamin E Release Study

To access the transdermal absorption effect of the Pickering emulsion, we created
mouse back skin without subcutaneous tissue and fat. The receiving solution was
100 mm pH 7.4 phosphate buffer. Put 200 uL VE-PE in the Supply cell of Franz
vertical diffusion cell, and conducted the transdermal test at the condition of
32°C and 300 rpm. Take a sample of 1 mL at 0.5, 1, 2, 4, 6, 8, 12 and 24 hours
respectively, and replenish the same amount of blank receiving medium at the
same temperature.

The cumulative permeability was calculated according to Equation (3).

Q. = (Cn xV, +I§Ci xV, j/A (3)

i=1

where Q, referred to the cumulative permeability at the nth hour, V, referred to
the volume of the receptor chamber, C, and C,referred to the sample concentra-
tion measured at the nth and ith hours, V; referred to the volume of each sam-
pling, and A was the diffusion area.

Drew the cumulative release time curve of VE in VE-PE and VE-CE within 24
hours, and used origin9.0 software to fit the zero order equation, first order equ-
ation, Higuchi equation and Ritger-Peppas equation to determine the release

model.

2.2.5. In Vitro Bacteriostatic Test

The Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa and Can-
dida albicans were chosen for this antibacterial activity test. For the quantitative
analysis, the bacterial suspensions previously cultured and diluted were divided
into five groups and then were separately treated with 1) Tea tree oil, 2) CE, 3)
Olive oil, 4) CS/GA NPs and 5) PE, as shown in Table 1. Then the five groups
were incubated for 18 - 24 hours. The temperature was adjusted to the optimum
temperature for each strain of bacteria. Finally, the biomass analysis was taken

by measuring the size of the inhibition zone.

2.2.6. In Vivo Anti-Inflammatory Test
To assess the anti-inflammatory activity of the Pickering emulsion in Vivo, we

designed an acetic acid-induced peritoneal vascular permeability test in mice. The
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Table 1. Creaming index, particle size and particle size change rate of Pickering emulsion
within 30 days.

Group Diameter (nm)
CIof 30 ds Change
CSIGA Ol CS/GA (%) 0d 204 rate (%)
concentration  ratio ratio

1:4 13.514 503.9 534.2 6.01
1:2 8.108 412.9 446.1 8.04
1.5% 40% 1:1 0 414.1 435.4 5.14
2:1 2.778 421.1 443.5 5.32
4:1 5.405 514.7 557.3 8.28
0.5% 65.714 568.3 840.6 47.91
1.5% 40% 1:1 13.889 414.1 435.4 5.14
3.0% 0 1339 1390 3.81
20% 13.889 593.6 647.7 9.11
1.5% 40% 1:1 0 414.1 435.4 5.14
60% 0 626.0 645.3 3.08

mice were divided into five groups with five mice in each group and were sepa-
rately treated with normal saline, compound dexamethasone acetate cream (2.4
g/kg), VE Pickering emulsion of high (4.8 g/kg), medium (2.4 g/kg) and low (1.2
g/kg) dose. Administered the drug for 7 days, once a day. Two hours after the
last administration, heated the tail of the mice and injected 0.5% Evans blue (0.1
mL/10g) as a marker of peritoneal capillary permeability. After 10 min, inject
1.2% glacial acetic acid (0.1 mL/10g) intraperitoneally. Then collected peritoneal
lavage fluid, was centrifuged at 3000 rpm for 15 min, and measured the absor-
bance at 610 nm with UV spectrophotometer. The peritoneal Evans blue content
of each mouse was calculated according to the standard curve.

The inhibition rate of intraperitoneal exudation of mice in the administration
group was calculated by taking the exudation amount of the dye in the blank
group as 100%. Permeability is expressed as inhibition rate value. The inhibition
rate was calculated by Equation (4), where C, was the exudation volume of the

control group, C, was the exudation volume of the treatment group.

Inhibition rate (%) = COC_CI x100 (4)

0

2.2.7. Wound Healing Test

Created full-thickness skin wounds with a diameter of 5 mm on the back of mice
with sterilized scissors. After that, the mice were divided into five groups with
five mice in each group and were treated with the PE, CE, CS/GA NPs, tea tree
oil and normal saline, respectively. Apply the drug twice a day according to the
amount of 2.4 g/kg for 10 consecutive days. Photographs of the wounds were

taken at different intervals by the smart phone camera.
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3. Results and Discussion

3.1. Characterization of Prepared CS/GA NPs

The intermolecular interactions can be characterized by Fourier infrared spec-
troscopy. The infrared spectra of CS, GA and CS/GA are shown in Figure 1.

Compared to CS and GA, CS/GA exhibits significant changes at the amine
and carboxyl groups, with the disappearance of the —COO stretching vibration
peak at 1732 cm™, the weakening of the —NH; in-plane bending vibration
peak at 1628 cm™’, and the enhancement of the amide C=0 stretching vibration
at 1623 cm™". This indicates that the complex is formed mainly by the electros-
tatic interaction of —NHj3 of CS and —COO of GA, and no new peaks are ob-
served, indicating no chemical interaction.

Different mixing ratios of chitosan and gum Arabic have different effects on
the particle size of nanoparticles. In Figure 2, when the ratio are 4:1, 2:1, 1:2 and
1:4, there are double peaks, and the peak shape is wide and the particle size dis-
tribution is wide. In contrast, the peak at the ratio of 1:1 is single and sharp, the
particle size distribution is narrow, appearing at 81.96 nm. The possible reason is
that the molecular weight of CS used in this experiment is about 200,000, and
the molecular weight of GA is about 200,000 as well. Therefore, under the mass
ratio of 1:1, chitosan and Arabic gum can form alternating aggregation with a
single peak, but they cannot form aggregates with uniform particle size under
other proportions.

The contact angle measurement phase results of CS/GA NPs show that with

the increase of the proportion of gum Arabic in the nanoparticle composition,

a
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8 b
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)
c
©
— 1623
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c, CS/IGA
T T T T T T T T T T T T T T
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Figure 1. FTIR spectra of (a) CS, (b) GA and (c) CS/GA NPs.
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Figure 2. Particle size distribution of CS/GA NPs with different proportions.

the degree of contact angle shows an upward trend (Figure 3). When the ratio of
CS and GA is 1:4, the contact angle increases the value of the angle is 93.92° +
0.04°. It has been reported that chitosan nanoparticles have a contact angle of
42.47° £ 1.19° [15]. The reason for this phenomenon may be that the presence of
hydrophobic polypeptide chains in the arabinogalactans protein component in
the gum Arabic structure improves the hydrophobicity of CS/GA nanoparticles.
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Figure 3. Contact angle of CS/GA NPs with different proportions.

In addition, when the CS/GA mass ratio is 1:1, the contact angle is closest to 90°,
indicating that it has a better tendency to stabilize oil-water emulsions.

The TEM image shows that the nanoparticles are irregular oval or spherical,
the surface is relatively rough, and the average particle size is about 80 - 100 nm
(Figure 4).

3.2. Characterization of Prepared Pickering Emulsions

Different ratios of chitosan/Arabic gum lead to differences in the hydrophilicity
and hydrophobicity of nanoparticles, which reflects in the change of contact an-
gle. The closer the contact angle is to 90°, the easier the nanoparticles are to be
stabilized at the oil-water interface, thus making the prepared emulsion more
stable. Figure 5(A) shows the long-term stability of Pickering emulsions with
CS/GA ratios of 1:4, 1:2, 1:1, 4:1, and 2:1, respectively. After standing for 30 days,
the emulsions with the ratio of 1:1 chitosan/Arabic gum show no delamination
phenomenon, which is the most stable and ideal group.

In normal emulsion systems, droplet size decreases and stability increases
with increasing surfactant concentration [20]. Similarly for Pickering emulsions,
emulsion size decreases and stability increases with increasing particle concen-
tration. As shown in Figure 5(B), when the particle concentration is 0.5%, the
emulsion is very unstable and shows significant delamination on the 7th day of
placement, after which the creaming index gradually increased in Table 1, indi-
cating that the amount of particles in the dispersed phase is not sufficient to sta-
bilize the emulsion. When the particle concentrations are 1.5% and 3%, no de-

lamination is observed within 30 days, indicating that the number of particles in
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Figure 4. TEM pictures of CS/GA nanoparticles.

both concentrations are sufficient to stabilize the emulsion. The volume ratio of
the dispersed phase to the dispersed medium is called the compatibility product
ratio, and the emulsion delamination is related to this value. Generally, the de-
lamination speed is inversely proportional to the phase volume ratio. When the
phase volume is too small, the emulsion will stratify quickly. With the increasing
of the oil-phase ratio, the movement space of the emulsion droplets is small, and

the emulsion develops towards stability. As shown in Figure 5(C) and Table 1,
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Figure 5. Diagram of stability results, (A) different CS/GA ratios, (B) different concentration, (C) different oil-water ratio.

the emulsions are most stable when the oil phase ratio is 40% and 60%, and there
is no emulsification. However, the particle size of the emulsion with 60% oil
phase ratio is larger than that of the emulsion with 40% oil phase ratio, so when
the CS/GA ratio is 1:1 and the concentration is 1.5%, the emulsion prepared with
40% oil phase ratio is chosen to be the most stable, which can be stored for at

least 10 months with no delamination.

3.3. Entrapment Efficiency and Loading Content

After demulsification and centrifugation of Pickering emulsion, the absorbance
of VE is measured and substituted into its standard curve Y = 2.6183X + 0.1848
to obtain the drug content, and then the encapsulation efficiency and drug load-
ing capacity. The results are demonstrated in Table 2; the encapsulation effi-
ciency of classical emulsion is 91.34% + 0.75% and the drug loading is 0.177% +
0.007%, while the encapsulation efficiency of Pickering emulsion is 94.54% +
0.62% and the drug loading is 0.187% + 0.009%. The encapsulation efficiency
and drug loading of Pickering emulsion stabilized by CS/GA nanoparticles are
significantly better than that of ordinary emulsion stabilized by Tween 80 and
glycerol, indicating that the 1.5% (w/v) concentration of CS/GA nanoparticles is
sufficient to establish a barrier at the oil-water interface and can successfully en-

capsulate VE in the oil phase.

3.4. In Vitro Vitamin E Release Study

It can be seen from Figure 6 that the cumulative penetration (Q,,) of VE per
unit area in 24 hours in VE-PE and VE-CE is similar. The release rate of VE-PE
group is more gentle in 24 hours, which may be due to the slow release effect of
the drug caused by the solid particle shells composed of macromolecules such as
chitosan and gum Arabic. The release of VE-CE group increased significantly
from the 2nd hour to the 6th hour. It might be that Tween 80, a surfactant in CE,
changed the integrity of the lipid layer of the stratum corneum, weakened the
barrier function of the stratum corneum, and temporarily increased the drug
penetration rate.

According to the 24-h cumulative permeability per unit area of VE in PE and
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Table 2. Encapsulation and loading content of emulsion ( X +SD).

Emulsion EE % LC %
PE 94.54 + 0.62 0.1872 + 0.86
CE 91.34 £ 0.75 0.1770 £ 0.75
200
. {| —=—CE
“.'E 1804 —e— PE
5 i
S, 160 -
= i
> 140+
E -
© 120
S
= i
5 100—-
S 80
o i
o 60-
o
° i
= 401
E i
S 204
g 207
S
o +——F7
0.5 1 2 4 6 8 12 24
Time (h)

Figure 6. A curve diagram of the cumulative permeability-time of basic remedy in vitro
(n=3).

CE measured, with the sampling time t(h) as the abscissa, the cumulative per-
meability per unit area Q,, (ug/cm®) as the ordinate, we plotted the cumulative
release of VE in PE and CE in vitro. From Figure 7 and Table 3, it can be con-
cluded that the in vitro cumulative release kinetics of VE in PE and CE conform
to the first-order equation; that is, the whole release process is more consistent

with the slow-release mode.

3.5. In Vitro Bacteriostatic Test

Figure 8 is a histogram of the diameter of the inhibition zone of tea tree oil,
classical emulsion, edible olive oil, CS/GA nanoparticles and Pickering emulsion
against four strains. Figure 9 is a visual diagram of the diameter of the inhibition
zone of the five substances on different strains. Compared to the edible olive oil
group, CS/GA NPs group and tea tree oil group both showed a certain bacte-
riostatic effect on these four bacteria. But after tea tree oil is made into the clas-
sical emulsion and Pickering emulsion stabilized by CS/GA NPs, respectively,
there is no significant change in the size of the inhibition zone of the four bacte-
ria in the ordinary emulsion compared with tea tree oil alone. However, the in-

hibition zone of Pickering emulsion is all significantly enlarged, indicating that the
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Figure 7. A fitting curve diagram of the cumulative permeability amount - time curve of
VE in emulsion (A) PE. (B) CE.

CS/GA NPs and tea tree oil can simultaneously exert synergistic antibacterial ef-

fects.

3.6. In Vivo Anti-Inflammatory Test

The In Vivo anti-inflammatory effect of VE Pickering emulsion is investigated
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Table 3. A summary table of the fitting results of the external release kinetics of VE in PE
and CE.

Material Kinetic Model Fit Equation R2
Zero-order model Q,=74.2859 + 6.0541t 0.4746
First-order model Q,=183.4176 (1-e-0.2845t) 0.9846
o Higuchi model Q,=23.1602 + 40.3532t1/2 0.7318
Ritger-Peppas model Q,=66.6792t0.3624 0.7890
Zero-order model Q,=55.6014 + 6.5418t 0.6806
First-order model Q,=180.7749 (1-e-0.1960t) 0.9951
F Higuchi model Q,=6.2254 + 41.1017t1/2 0.8881
Ritger-Peppas model Q,=51.0505t0.4303 0.9050
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Figure 8. Diameter of tea tree oil, common emulsion, chitosan, CS/GA nanoparticles and
Pickering emulsion against four bacteria.

using an acute inflammation model in which acetic acid induces peritoneal vas-
cular permeability. In this experiment, the content of Evans blue is used as an
indicator of peritoneal vascular permeability. The lower the vascular permeabil-
ity, the less Evans blue content, which indicates the stronger the inhibition. As
shown in Table 4, both the medium-dose and high-dose groups of VE Pickering
emulsion significantly reduce the peritoneal permeability of mice with Evans
blue content of 3.06 £ 0.0035 ug/mL and 1.58 + 0.0016 pg/mL, and the inhibition
rate is 64.13% and 81.48%, respectively. And at the same dose, there is little dif-
ference in the inhibition rate between the medium dose group (64.13%) and the

control group (71.16%). It indicates that Pickering emulsion with a specific
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Figure 9. Diameter of (A) Staphylococcus aureus (B) Escherichia coli
(C) Pseudomonas aeruginosa (D) Candida albicans. (1) Tea tree oil (2)
CE (3) Olive oil (4) CS/GA NPs (5) PE.

Table 4. Date of acetic acid induced Evans blue peritoneal permeability.

Evans blue Inhibition
Group Dose (g/kg) .
concentration + SD (ug/mL) rate (%)
Blank group 0 8.53 +£0.0021 -

Low concentration 1.2 7.22 £ 0.0031 15.36
Middle concentration 2.4 3.06 £ 0.0035 64.13
High concentration 4.8 1.58 £ 0.0016 81.48
Control group 2.4 2.46 +0.0021 71.16

amount of VE has a significant inhibitory effect on acetic acid-induced increase
in vascular permeability in the peritoneal cavity of mice, and it has a good acute

anti-inflammatory effect.

3.7. Wound Healing Test

Figure 10 reflects the healing process of the wounds. Among them, the wound
area treated with Pickering emulsion was the smallest on day 5, and healed com-
pletely on day 10. Table 5 shows the wound healing rate corresponding to dif-
ferent drugs. The healing rate of the Pickering emulsion group was the highest
on the 5th and 10th day, and the improvement of the healing rate was especially
obvious compared with the blank group. Even compared with the CE Group, the
effect of PE on wound healing was significantly higher (p < 0.001).

DOI: 10.4236/jbm.2022.1012012

147 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2022.1012012

J.Z. Peietal.

Figure 10. The picture of wound healing in different time periods (1) Pickering emulsion
(2) Classical emulsion (3) CS/GA nanoparticles (4) Tea tree oil (5) Blank group.

Table 5. Wound healing rate of different media.

Wound healing (%)
Group
Day 5 Day 10
PE 49.68 + 1.86**** 90.72 + 1.15%%**
CE 244 +1.26 72.8 £ 0.63
CS/GA NPs 29.52 £ 1.21 87.44 £ 1.40
Tea tree oil 17.68 £ 1.66 82.08 +0.72
Blank 15.12 + 1.00 63.04 £ 1.15

***Indicates an extremely significant difference (p < 0.001).

4. Conclusion

In summary, Pickering emulsion with good antibacterial, anti-inflammatory and
healing effects was successfully fabricated. This Pickering emulsion was stabi-
lized by CS/GA nanoparticles and composed of water and tea tree oil. In the sta-
bility test, the emulsions showed good stability, which made them easy to store.
In addition, Pickering emulsion had effective inhibition towards Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa and Candida albicans. Be-
sides, it also showed a good anti-inflammatory effect in Vivo. In the study of the
wound healing model, Pickering emulsion had the most obvious healing effect,
especially compared with classical emulsion. All the results indicated that the
CS/GA based Pickering emulsions are a promising candidate for wound healing.
Notably, further systematic research can be carried out on this Pickering emul-
sion, such as a system consisting of adjacent concentrations of each component

or loading specific drugs for different situations.
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