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Most of the current research only explored the loading of an active substance in active packaging. In this study,
cinnamaldehyde essential oil (CEO) and chlorogenic acid (CA) were co-encapsulated in chitosan (CS) nano-
particles based Pickering emulsion. The morphology and wettability of CS-CA particles were determined. In
addition, physicochemical characterizations and stability of the Pickering emulsion were also investigated. Re-
sults showed that the wettability of nanoparticles was improved with increasing the ratios of CS to CA, which is

helpful to stabilize the emulsion. CEO Pickering emulsion was stabilized by CS-CA nanoparticles and CEO
emulsion showed the best stability by using CS-CA nanoparticles with the ratios of CS to CA 1:0.75 with the
minimum creaming index value of 26.5 + 4.6% after 5 days of storage. These overall results presented in this
work demonstrate, for the first time, the potential of Pickering emulsion for the co-encapsulation of water-soluble

and water-insoluble ingredients.

1. Introduction

Rise in global demand for fresh fruits and vegetables during the
previous four decades associated mainly with income growth, and
consumers’ awareness from fresh foods nutritional and health benefits.
(Lin, Lin, Lin, Fan, & Lin, 2021). However, fruits and vegetables have
high water content, rich nutrition, and active metabolism (Liu, Gao,
Chen, Fang, & Wu, 2019). All fresh fruits and vegetables are susceptible
to oxidation and microbial infection during the harvest and storage
process, resulting in shortened storage period of fruits and vegetables,
and even deterioration and loss of edible value, causing economic losses
and food safety issues (Gao, Fang, Chen, Qin, Xu, & Jin, 2017). Active
packaging loaded antibacterial or antioxidant ingredient has been
widely studied (Jiang, Liu, Fang, Tong, Chen, & Gao, 2022). However,
most of the current research only explored the loading of an active
substance in an active packaging. Theoretically speaking, active pack-
aging loaded with antioxidant and antibacterial ingredients at same time
can further prolong the shelf life of food products, especially for fruits
and vegetables whose surfaces are prone to oxidative browning and
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microbial infection.

Cinnamaldehyde essential oil (CEO) is a kind of natural plant
essential oil extracted from different parts of cinnamon such as
branches, leaves and bark. Cinnamaldehyde is the representative active
components of CEO. CEO has been used as antimicrobial agents to
maintain quality and prolongs the shelf life of fresh fruits and vegetables
(Liu et al., 2022). Chlorogenic acid (CA) represent a large family of
phenolic compounds consisting of an ester formed from r-quinic acid
and hydroxycinnamic acid, with axial hydroxyls on carbons 1 and 3
versus equatorial hydroxyls on carbons 4 and 5 (Valeria et al., 2019). As
natural antioxidant agents, CA was drawing more and more attention in
food preservation (Jiao, Shu, Li, Cao, Fan, & Jiang, 2019).

However, the present application of CEO and CA is restricted due to
the environmental degradation (Cao et al., 2021). There is also a lack of
mature technology to co-encapsulate CEO and CA. Pickering emulsion is
universally applied in pharmacology, biomedicine, and food industries.
In addition, Pickering emulsion can also be elaborately designed to
improve the stability of bioactive substances. Most previous studies
focused on the encapsulating of individual bioactive components in
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nanoparticles at the oil-water interface or dispersed into the oil phase
(Xia, Xue, & Wei, 2021). Few studies have been reported the simulta-
neous encapsulating of different soluble active ingredients into the
emulsion.

Chitosan nanoparticles have long been used as carriers for controlled
release of active substances and could also be used as an emulsion sta-
bilizer (Rattanaburi, Charoenrat, Pongtharangkul, Suphantharika, &
Wongkongkatep, 2019). The dissolved chitosan molecules lack interfa-
cial activity and cannot be used directly to stabilize emulsions (Ho, Ooi,
Mwangi, Leong, Tey, & Chan, 2016). Chitosan nanoparticles can be
prepared by pH-regulated self-aggregation, ionic gelation, poly-
electrolyte complexation and hydrophobic modification, which can
improve the wettability of chitosan, and then Pickering emulsions could
be stabilized by CS nanoparticles (Ribeiro et al., 2020). The aim of this
study is to co-encapsulate oil-soluble essential oil and water-soluble CA
in Pickering emulsion system. Different amount of chlorogenic acid was
encapsulated into CS nanoparticles by ionic crosslinking with tripoly-
phosphate (TPP). The physicochemical characterizations including
microscopic observation, particle size and water contact angle of par-
ticles were determined. Then Pickering emulsion system stabilized by
CS-CA nanoparticles with different ratios was prepared. In addition,
physicochemical characterizations and stability of emulsion were also
investigated. The information in our research will provide basic
knowledge about CS nanoparticles and the results obtained by quanti-
tative analysis in this paper will be useful for the subsequent application
of co-encapsulating Pickering emulsion.

2. Materials and methods
2.1. Materials

Chitosan (degree of deacetylation~95%; molecular weight~10 kDa)
was purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai,China).
Cinnamaldehyde (purity: 95%) was purchased from Yuanye Bio-
Technology Co., Ltd. (Shanghai,China). Chlorogenic acid (purity:
95%) was purchased from Aladdin Chemistry Co., Ltd. (Shanghai,
China). Sodium tripolyphosphate (TPP) was bought from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were in
analytical grade unless specified.

2.2. Preparation of chitosan nanoparticles

CS-CA nanoparticles were prepared based on the ionic cross-linking
of chitosan with Sodium tripolyphosphate (TPP) according to the
method of Nallamuthu with some modifications (Nallamuthu, Devi, &
Khanum, 2015). Briefly, CS solution 0.5% (w/v) was made by dissolving
0.5 g CS in 100 mL aqueous acetic acid solution. After that, 20 mL CS
solution was transferred to another beaker and pH was adjusted to 4.6
by using 2 mol/L of NaOH. Various amount of CA were added to CS
solution to obtain 1:0.25, 1:0.5, 1:0.75, 1:1 wt ratios of CS to CA. The
mixed solution was stirred for 5 h in the dark. Subsequently, 50 mL TPP
solution (1 mg/mL) was added drop wise to mixed CS-CA solution under
magnetic stirring. The same procedure without CA addition was applied
for the preparation of CS particles. Then freshly prepared particles were
obtained and collected by centrifugation at 10,000 x g for 35 min at
4 °C. Eventually, the freshly prepared particles were dispersed in 25 mL
of water to produce a uniform suspension with ultrasound assisted
treatment.

2.3. Characterization of CA-loaded CS nanoparticles

2.3.1. Microscopic observation of CA-loaded CS nanoparticles

Scanning electron microscope (TM3000, Hitachi, Tokyo, Japan) was
used for the morphological characterization of the nanoparticles. The
freshly formed nanoparticles were diluted with purified water, and a
drop of the diluted dispersion was dried on tin foil at room temperature.
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Then, the dried sample was sputter-coated with gold for better con-
ductivity before examined.

2.3.2. Particle size, polydispersity index (PdI) and zeta ({)-potential

The Z-average diameter, zeta ({)-potential and polydispersity index
(PDI) of the nanoparticles were measured according to Ben Niu et al. by
using Malvern Mastersizer MS2000 (Malvern Instruments Ltd., Malvern,
UK) (Niu, Shao, & Sun, 2019). Before measurement, nanoparticle
dispersion was diluted with deionized water to an appropriate concen-
tration and shaken for 2 min to avoid multiple scattering effects of the
particles. Each sample was measured in triplicates.

2.3.3. Wettability measurement of chitosan nanoparticles

The contact angle measurements of CS nanoparticles and CS-CA
nanoparticles were determined by Automatic Video Micro Contact
Angle Measurement Instrument (OCA50, Dataphysics, Germany).

2.3.4. Encapsulation efficiency and loading capacity

The encapsulation efficiency (EE) and loading capacity (LC) of CA
was determined by ultraviolet-visible spectrophotometer (UV-9000,
Shanghai Metash Instruments Co., Ltd, Shanghai, China) according to
the method of Nallamuthu.et al with some modifications (Nallamuthu,
Devi, & Khanum, 2015). Briefly, the fresh nanoparticle dispersion
sample were centrifuged at 40,000 g, for 30 min to obtain a supernatant
containing free CA. The absorbance was measured at 327 nm. A stan-
dard curve was established for CA dissolved in aqueous medium. The
encapsulation efficiency (EE) and loading capacity (LC) of the
nanoparticle-loaded CA were calculated by the following formula:

EE(%)=(weight of CA in nanoparticles)/(weight of total CA) x 100.

LC(%)=(weight of CA in nanoparticles)/(weight of nanoparticles) x
100.

2.3.5. Fourier-transform infrared analysis

FTIR spectra of CS powder, TPP powder, CA powder, CS nano-
particles and CS-CA nanoparticles with the ratio of CS to CA 1:0.75 were
determined according to the method of Yuan et al (Yuan, Nie, Liu, &
Ren, 2021). FTIR spectra of samples were carried for evaluation of
chemical interactions of functional groups by using a Fourier transform
spectrophotometer (VERTEX 70, Bruker, German), at a spectral resolu-
tion of 4 cm ™! and in the frequency range between 400 and 4000 cm ™.

2.4. Preparation of Pickering emulsion

The Pickering emulsions (40 mL) stabilized by CS nanoparticles and
CS-CA particles with different ratios were prepared respectively. Cin-
namaldehyde essential oil was used as the dispersed phase, and the
continuous (aqueous) phase contained 0.1% w/v of particles. The pH of
the aqueous phase was set at 6.9. The mixture was emulsified with a
homogenizer (Ultra-Turrax Digital T25, IKA, Germany) operated at
5000 rpm and room temperature for 5 min. The oil was added pro-
gressively during the homogenization.

2.5. Characterization of Pickering emulsion

2.5.1. Optical micrographs and of Pickering emulsion

Optical micrographs of the emulsions were obtained using an optical
microscope (AxioVision Release 4.8, Zeiss, Germany) fitted with a dig-
ital camera. A drop of emulsion was placed at the center of the slide glass
and covered with a coverslip.

2.5.2. Droplet size and Zeta-potential measurement of Pickering emulsion

The droplet-size and Zeta-potential of Pickering emulsions were
obtained by Malvern Mastersizer MS2000 (Malvern Instruments Ltd.,
Malvern, UK) and ZS Zetasizer Nano (4 mW He/Ne laser emitting at 633
nm), respectively. The results reported were averaged over three
readings.
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2.5.3. Stability analysis of Pickering emulsion

The stability of emulsions was assessed by calculating the creaming
index of Pickering emulsion at first day and 5th days according to the
method of Aphibanthammakit et al. (Aphibanthammakit, Barbar, Nigen,
Sanchez, & Chalier, 2020). The clear liquid layer height (H¢) and total
emulsion height (Ht) were measured once a day. Creaming index was
calculated using the following equation:

Creaming index(%)=(Hc/Hr x 100%).

2.6. Data analysis

Statistical analyses were performed using Origin (ver. 6.0, IBM
software, Chicago, USA). One-way analysis of variance (ANOVA) was
used to evaluate the significance of differences between sample groups
at a level of P < 0.05.

3. Results and discussions

Morphology, particle size and surface charge of CA-loaded CS
nanoparticles.

The morphology of the nanoparticles with different CA contents was
examined by SEM and the results were shown in Fig. 1. The morphology
of nanoparticles with/without CA-loaded appeared as regular spherical
shapes. Compared with the particles loaded with CA, the diameter of
nanoparticles without CA-loaded was more uniform. With the increase
in the CA content, the particle size decreased. Moreover, the increasing
of the CA content promoted nanoparticles to form heterogeneous
nanoparticles.

The Z-average diameter, Zeta-potential, and PDI of CS-CA nano-
particles were shown in table 1. In comparison with the control group,
the Z-average diameter of nanoparticles decreased with the increasing of
CA content. The Z-average diameter of CS-CA nanoparticles after
decreasing the ratios of CS to CA from1:0.25 to 1:1 were 214.7 + 31.3
nm, 207.6 + 29.4 nm, 189.4 + 42.1 nm and 176.8 + 38.5 nm, respec-
tively. The reduction of Z-average diameter nanoparticles with
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increasing of the concentration CA could be a result of the large number
of amino groups in CS, which leads to a large accumulation of polymer
chains, which leads to interaction with CA (Nayeresadat et al., 2019).
The results were in accordance with that reported by Feyzioglu who has
reported small particles were obtained by encapsulating summer savory
(Satureja hortensis L.) essential oil into CS-TPP particles (Feyzioglu,
Cansu, Tornuk, & Fatih, 2016). The polydispersity index (PDI) value is a
key factor in evaluation of the particle size dispersion of nanoparticles.
In general, particles can be considered in monodisperse status when the
PDI value is<0.3, while in polydispersity status when the PDI value is
above 0.7 (Nidhin et al., 2008). In our research, the PDI values of
nanoparticles with the ratios of CS to CA from1:0.25 to 1:0.75were
around 0.23-0.29, suggesting that the nanoparticles were in a state of
monodispersity distribution. Zeta-potential is a critical factor indicative
of the colloidal stability. Specifically, the absolute value of the zeta
potential above 30 mV, which is due to the electric repulsion between
the particles, is indicating a stable dispersion status. In our research, as
shown in table 1, the Zeta potential of CS nanoparticles was 28.8 + 4.2,
larger than that of CA-loaded. CS-CA nanoparticles after decreasing the
ratios of CS to CA from 1:0.25 to 1:1 were 25.6 & 3.2, 21.7 &+ 3.1, 18.1
+ 3.8, 14.5 £ 3.7, respectively. The decrease of the absolute zeta po-
tential values of nanopaticles with higher content of CA was considered
to be caused by the interaction between CS and CA (Sotelo-Boyas,
Correa-Pacheco, Bautista-BaOs, & Corona-Rangel, 2017).

3.2. Wettability of CA-loaded CS nanoparticles

The contact angles of different CA-loaded CS nanoparticles represent
in Table 1. The contact angle of CS nanoparticles was 74.4 + 0.6, while
the contact angle of CA-CS nanoparticles were 76.5 + 0.7, 80.9 + 0.2,
82.5 + 0.8, 84.1 + 0.2 with decreasing the ratios of CS to CA from 1:0.25
to 1:1. The increasing of the hydrophobicity of CS-CA nanoparticles
could be attributed to the fact that the interaction between the hydroxyl
group of CS and the carboxyl group of CA, leading to the larger number
of N-acetyl-d-glucosamine units (Hu, Sun, Xie, Xue, & Shao, 2020). The

Fig.1. SEM images of (A) CS nanoparticles and CS-CA nanoparticles with different ratio CS to CA: (B) 1:0.25, (C) 1:0.5, (D) 1:0.75, (E) 1:1.
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Table 1
Characterization of CA-loaded CS nanoparticles.
CS: Z-average PDI &-potential EE (%) LC (%) Contact
CA diameter (mV) angle (°)
(nm)
0 237.5 + 0.232 28.8 + 4.28 - - 74.4 +
22.72 + 0.6
0.0414
1:0.25 214.7 + 0.286 25.6 +3.2°  50.47 10.28 76.5 +
31.3° + + + 0.7¢
0.058" 0.76° 1.244
1:0.5 207.6 + 0.257 21.7 £ 3.1°  45.62 17.17 80.9 +
29.4%¢ + + + 0.2¢
0.034¢ 0.87° 0.86°
1:0.75 189.4 + 0.297 18.1 +3.8¢  40.37 21.58 82.5 +
42.1° + + + 0.8°
0.039° 0.65¢ 1.05°
1:1 176.8 + 0.321 14.5 £ 3.7° 3527 24.28 84.1 +
38.5¢ + + + 0.2°
0.049% 1.16¢ 0.73°

a—e, means with different capital letters in the same column are significantly
different at p < 0.05 according to Tukey’s test.

number of these units is an important factor affecting the hydropho-
bicity of chitosan. When the number of these units increases, the hy-
drophobicity of chitosan increases (Sharkawy, Barreiro, & Rodrigues,
2020). The wettability of nanoparticles is a crucial factor affecting the
type of Pickering emulsion. When the particle contact angle is<90°, it
tends to form O/W emulsion, and when the particle contact angle is
greater than 90°, W/O emulsion is formed. When the contact angle
approaches 90°, the most stable Pickering emulsion is formed (Shar-
kawy, Barreiro, & Rodrigues, 2020). In our study, the contact angles of
chitosan particles were close to 90°, which can be used to stabilize the
emulsion.

3.3. Encapsulation efficiency and loading capacity

The encapsulation efficiency (EE) and loading capacity (LC) were
analyzed to assess the suitability of the CS nanoparticles as CA delivery
vehicles. As shown in Table 1, the encapsulation efficiency of CA
decreased significantly (P < 0.05) from 50.47 + 0.76 to 35.27 + 1.16
upon increase in initial CA concentration. The sample with the
maximum EE was obtained by using the minimum CA concentration.
The limitation for encapsulating more CA was probably because the
saturation of CA loaded into CS nanoparticles (Yoksan, Jir-
awutthiwongchai, & Arpo, 2010). As seen in Tablel, the loading ca-
pacity (LC) of CA was 10.28 + 1.24, 17.17 + 0.86, 21.58 + 1.05, 24.28
+ 0.73 with decreasing the ratios of CS to CA from 1:0.25 to 1:1. Con-
trary to EE, the LC of CA increased significantly (P < 0.05) with
decreasing the ratios of CS to CA. The results were in agreement with
that reported by AmirAmiri who also observed the decrease in EE and
increase in LC when encapsulated cumin essential oil into chitosan
particles (Amiri, Mousakhani-Ganjeh, Amiri, Guo, Singh, & Kenari,
2020).

3.4. FTIR spectroscopy

The FTIR spectrum of CS powder, TPP powder, CA powder, CS
nanoparticles and CS-CA nanoparticles with the ratio of CS to CA 1:0.75
were shown in Fig. 2. The FTIR spectra of CS powder had the charac-
teristic peaks at 2920 cm! (C—H), 1645 cm! (amide I), 1550 cm!
(amide IT) (Liu et al., 2022). In the pure CA, the broad band at 1614 cm™!
was related to stretching vibrations of benzene ring. The broad ab-
sorption band around 3300 cm™! was corresponded to the O—H
stretching vibration. The bands at 1685 cm™!, 1639 cm™! and 1442
em ! were assigned to C=0 vibrations, C=C vibrations and olefinic
C—H bending vibration, respectively (Zou, Zhang, Wang, Zhang, &
Zhang, 2020). For TPP , the absorption bands at 1143 and 898 em™!
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Fig. 2. FTIR spectra of (A) CS, (B) TPP, (C) CA, (D) CS nanoparticles and (E) CS-
CA nanoparticles with ratio of CS to CA 1:0.75.

related to stretching vibrations of P—O groups and P—O vibrations,
respectively. The typical absorption band for amide I group and amide II
group at 1645 cm ! and 1550 cm ! observed in CS powder were shifted
to 1639 cm™! and 1535 em ™! in CS nanoparticles which was due to the
interaction of phosphate groups in TPP and amine groups in chitosan.
The spectrum of CS-CA nanoparticles showed all characteristic peaks of
the CS nanoparticles and CA and not any new peak was observed, this
evidences that CA is successfully encapsulated into CS nanoparticles
without chemical modification (Ribeiro, Roos, Ribeiro, & Nicoletti,
2020).

3.5. Morphology, droplet size and Zeta-potential of Pickering emulsion

Microscopic images of the freshly made Pickering emulsions were
observed by optical microscopy. As shown in Fig. 3, the shape of droplets
in all produced emulsions were spherical which was in good agreement
with the previous works (Dammak and José do Amaral Sobral, 2018).
This is a common case with other Pickering emulsions, as the spherical
morphology results in the minimizing of the surface energy (Yang et al.,
2017). The Pickering emulsion droplets appeared smaller by using
nanoparticles with higher CA ratio. The uniformity of emulsion droplets
was increasing stabilized by using CS-CA nanoparticles. It seems that the
changes in morphology, size and distribution of emulsion droplets,
resulted by the characteristics of nanoparticles (e.g., wettability, size
and surface charge). These micrographic pictures and the following
droplet size of the Pickering emulsions (Fig. 4) showed that the largest
droplet sizes appeared in the sample stabilized by CS nanoparticles,
while the droplet size of emulsion stabilized by CS-CA were 17.9 £ 2.1,
15.2 + 3.4,14.7 + 3.2, 14.3 + 4.5 with decreasing the ratios of CS to CA
from 1:0.25 to 1:1, respectively. The results were in accordance with
Hasanein who has prepared Rutin-loaded Pickering emulsion with the
droplet size ranged between 5.8 + 1.1 and 18.7 + 3.4 pm (Hasanein
et al., 2017). It should be noted, the Z-average diameter of CS-CA
nanoparticles after decreasing the ratios of CS to CA from1:0.25 to 1:1
were 214.7 4 31.3 nm, 207.6 £ 29.4 nm, 189.4 4+ 42.1 nm and 176.8 &
38.5 nm. The droplet size of emulsion was decreased with the diameter
decreasing of nanoparticles. Generally speaking, the diameter of emul-
sion droplets increases as the diameter of particles adsorbed on the
oil-water interface increased. Larger particles have a longer adsorption
time at the oil-water interface, resulting in an increase in the diameter of
the emulsion droplets (Tsabet & Fradette, 2015).

Zeta potential can be used to characterize the charge on the surface
of emulsion droplets. The zeta potential of emulsion stabilized by CS
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Fig. 3. Optical micrographs of emulsion stabilized by (A) CS nanoparticles and CS-CA nanoparticles with different ratio CS to CA: (B) 1:0.25, (C) 1:0.5, (D) 1:0.75,
(E) 1:1.
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Fig. 4. Mean droplet size (A) and {-potential (B) of Pickering emulsion stabilized by CS nanoparticles and CS-CA nanoparticles.

nanoparticles and CS-CA nanoparticles with different ratios of CS to CA encapsulation of CA introduced negatively charged carboxyl groups. As
were shown in Fig. 4. The Zeta potential of emulsions were 14.1 + 0.7, the encapsulation of CA increased, the charge density of the particle
13.9+£0.6,11.9 £0.5,9.8 + 0.8, 7.9 + 0.7 with decreasing the ratios of adsorption layer on the surface of the droplet decreased, and the abso-
CS to CA from 1:0.25 to 1:1, implying a positively charged surface of the lute value of the {-potential increased accordingly (Pang, Liu, & Zhang,
droplets. The absolute value of the Zeta potential of the emulsions 2021).

gradually decreased with the increase of encapsulation efficiency and

loading capacity of CS-CA nanoparticles. This may due to the
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Fig. 5. Creaming index (A) and images (B) of Pickering emulsions stabilized by CS nanoparticles (Sample A) and CS-CA nanoparticles with different ratio of CS to CA.
Sample B: 1:0.25, Sample C: 1:0.5, Sample D: 1:0.75, Sample E: 1:1 during storage (5 days).
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3.6. Stability of Pickering emulsion

The creaming index, expressed as the height of clear liquid layer to
height of total emulsion, was an indicator for assessing the stability of
the emulsions. The creaming index and images of emulsions stabilized
by CS nanoparticles and CS-CA nanoparticles with different ratios of CS
to CA were shown in Fig. 5. As can be seen, phase separation of emulsion
occurred after storage for 5 days. However, the degree of phase sepa-
ration of emulsions stabilized by different particle was different signif-
icantly. The emulsion stabilized by CS-CA nanoparticles with the ratios
of CS to CA 1:0.75 showed the best stability with the minimum creaming
index value of 26.5 + 4.6% after 5 days of storage. There are many
reasons for this result. The stability of Pickering emulsion is affected by
many factors, and it is not determined by any one of them alone, it needs
to be considered comprehensively. Firstly, the contact angle is an
important factor affecting the stability of emulsion. In our research, the
contact angle of CS-CA nanoparticles with the ratios of CS to CA 1:0.75
was 82.5 + 0.8°, which was only 1.6° lower than the contact angle of CS-
CA nanoparticles with the ratios of CS to CA 1:1. Generally speaking,
when the contact angle is close to 90°, the most stable Pickering emul-
sion is formed (Alehosseini, Jafari, & Shahiri Tabarestani, 2021).
However, the emulsion stabilized by CS-CA nanoparticles with the ratios
of CS to CA 1:0.75 showed better stability than that stabilized by CS-CA
nanoparticles with the ratios of CS to CA 1:1, which might be related to
the {-potential of emulsion. The emulsion with low -potential has poor
stability due to lack of strong repulsion to aggregation (Cui et al., 2021).

4. Conclusions

In the present study, CEO and CA were co-encapsulated in CS
nanoparticles stabilized Pickering emulsion system. Different amount of
CA was encapsulated into CS nanoparticles. The Z-average diameter and
zeta potential decreased with the increase of CA content. The
improvement of the wettability of nanoparticles with decreasing the
ratios of CS to CA can be attributed to the fact that the interaction be-
tween the hydroxyl group of CS and the carboxyl group of CA, which is
helpful to stabilize the emulsion. The Pickering emulsion system stabi-
lized by CS-CA nanoparticles with different ratios of CS to CA was pre-
pared. The stability of emulsions stabilized by different particle was
different significantly. The emulsion stabilized by CS-CA nanoparticles
with the ratios of CS to CA 1:0.75 showed the best stability with the
minimum creaming index value of 26.5 + 4.6% after 5 days of storage.
The overall results presented in this work demonstrate, for the first time,
the potential of CS nanoparticles stabilized Pickering emulsion system
for the co-encapsulation of CEO and CA.
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