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In the present study, clove essential oil (CEO) Pickering emulsions were stabilized by octadecylamine-modified
carboxymethyl curdlan (CMCD-ODA) at different pH values. The droplet size and negatively charged zeta po-
tential of the CMCD-ODA emulsions decreased as the pH increased from 3.0 to 11.0. Rheology results indicated
that the CMCD-ODA polymer/emulsion prepared at pH 5.0 showed higher apparent viscosity and viscoelasticity
than other pH conditions, which might prevent droplets from flocculating. The Pickering emulsions obtained at
pH 5.0 were spherical droplets with a uniform size distribution and a mean diameter of 9.54 pm, and they
exhibited excellent stability during 28 days of storage. The morphological structures of the emulsions investi-
gated by confocal laser scanning microscopy and scanning electron microscopy indicated that the CMCD-ODA
Pickering emulsion obtained at pH 5.0 was stabilized by loading amphiphilic CMCD-ODA polymer around the
spherical oil droplets and forming a weak gel network structure. The CEO-loaded CMCD-ODA emulsions had
higher antioxidant capacity than free CEO after 28 days of storage at pH 5.0. Given the good emulsion stability,
antioxidant activity, and great antibacterial effect, the CEO-loaded carboxymethyl curdlan Pickering emulsion

has promising applications in food, cosmetic, and biomedicine industries.

1. Introduction

Clove essential oil (CEO) contains several active components, such as
eugenol and caryophyllene, which has been widely studied for their
antioxidant, antimicrobial, anti-inflammatory, and other biological ac-
tivities [1]. Thus, CEO is widely applied in food, cosmetic, pharma-
ceutical, and active packaging industries [2]. However, the practical
application of CEO is strictly limited by its light sensitivity, volatiliza-
tion, and low water solubility. Therefore, different encapsulation stra-
tegies, such as microcapsulation, microsphere, and nanoparticles, have
been developed to address these problems [1].

Pickering emulsions, as a kind of emulsion stabilized by colloidal
particles rather than traditional surfactants, have elicited extensive
research interest in food, cosmetic, and pharmaceutical industries
recently [3]. Unlike surfactants, Pickering emulsions have superior anti-
flocculation and anti-coalescence properties, high evaporation resis-
tance to volatile oils, good elastic responses due to the formation of
close-packed layers on the oil/water (O/W) interface by colloidal
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particles, and allow for the formation of a dense three-dimensional
network [4,5]. Amphiphilic polymers are used as “soft particles” in
Pickering emulsions; these polymers can easily self-assemble or disas-
semble depending on the surrounding conditions and provide attractive
characteristics for further utilization [6,7]. In particular, natural poly-
mer emulsifiers are eliciting increased attention in emulsion-related
fields due to their good biocompatibility [7].

Curdlan is a linear microbial exopolysaccharide bearing p-1,3-glucan
with a triple-helix structure [8]. Curdlan is widely used as a safe food
additive, gene/drug delivery carrier, and immune-stimulant in food,
cosmetic, and biomedicine areas due to its unique gelling capability,
biodegradability, biocompatibility, and strong bioactivity [9]. Carbox-
ymethyl modification of curdlan exhibits beneficial biological activity
(such as immunocompetence and antitumor activity) and excellent
water solubility, thus providing attractive properties for further appli-
cations in health and biomedical fields [10]. In recent years, carbox-
ymethyl curdlan (CMCD) has been used to prepare amphiphilic curdlan
derivatives, and then self-assemble to deliver hydrophobic drugs or
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bioactive ingredients [11-13]. CMCD has also been employed as emul-
sion microspheres for protein adsorption [14]. However, limited
research has been conducted on self-assembled CMCD particles as
Pickering emulsifiers because of the poor solubility of CMCD in the oil
phase. Therefore, amphiphilic CMCD polymers have been prepared
through hydrophobicity modification to improve the stability of CEO
emulsions.

N-octadecylamide-modified polysaccharides have an amphiphilic
property associated with many biological activities, including antibac-
terial, analgesic, and anti-inflammatory effects, which are promising for
the adsorption of cholesterol, fat, and other therapeutic agents [15]. For
example, N-octadecylamides of carboxymethylcellulose have been used
as lipid sorbents and cholesterol-lowering agents [16]. A previous study
has shown that octadecylamine (ODA)-modified hyaluronic acid forms
clearly defined hydrophobic domains for paclitaxel delivery [17]. N-
octadecylpectinamide has also been applied as stabilizers of O/W
emulsions [18]. Compared with these polysaccharides, curdlan, with its
excellent biological activities, can be mass-produced by bacteria and can
be potentially developed as a new emulsifier via octadecylamine
modification.

In this study, an amphiphilic curdlan polymer was synthesized by
grafting ODA on the surface of CMCD through an amidation reaction.
CEO-loaded CMCD-ODA O/W Pickering emulsions were prepared at
various pH values via homogenization. The effects of pH on the particle
size, stability, and rheological property of the emulsions were investi-
gated. The morphology of the Pickering emulsions and the antioxidant/
antibacterial activities of the CEO emulsions were also evaluated.

2. Materials and methods
2.1. Materials

Curdlan (91 %, absolute molecular weight = 1.31 x 10% Da) was
obtained from PT. Fermentech Indonesia (Lampung, Indonesia).
Chloroacetic acid (99 %) and CEO were supplied by Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China). ODA (96 %) was obtained from
Beijing InnoChem Science & Technology Co., Ltd. (Beijing, China). N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (98 %,
EDC) and N-hydroxysuccinimide (98 %, NHS) were obtained from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China)
together with 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich,
Germany). Escherichia coli ATCC-25922 and Staphylococcus aureus
ATCC-6538 were preserved in our laboratory.

2.2. Gas chromatography-mass spectrometry (GC-MS)

The chemical composition CEO was identified as described in a
previous study by using a GC-MS (Trace1310-TSQ 8000; Thermo Sci-
entific, San Jose, CA, USA) with a Thermo TG-WAXMS capillary column
(60 m x 0.25 mm x 0.25 pm) [19]. The components were confirmed by
comparison of the obtained spectra with standard NIST2014 library, and
the relative content of each component was obtained by calculating the
relative percent peak area with the peak area normalisation method
[20].

2.3. Modification of CMCD with octadecylamine

CMCD was prepared in accordance with the methods as described
previously with some modifications [21]. The degree of carbox-
ymethylation substitution of CMCD quantified by conductometric back
titration was 0.95 [22]. Moreover, after dissolving CMCD in D50, the H
NMR spectrum of CMCD was obtained by an Advance III 400 Hz NMR
spectrometer (Bruker, Switzerland) to verify its high carbox-
ymethylation. The relative molecular weight of CMCD was 3.12 x 108
Da, which was measured by high-performance gel filtration chroma-
tography (1525, Waters, Milford, USA) equipped with a 2410
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differential refraction detector and an Ultrahydrogel™ Linear column
(300 mm x 7.8 mm, Waters, Milford, USA). CMCD-ODA polymer was
synthesized by amidation of CMCD and ODA under the catalysis of EDC/
NHS [23]. In brief, CMCD (1.0 g) was dissolved in ultrapure water, and
NHS (0.13 g) was added to the solution and stirred at 25 °C for 30 min.
An equimolar amount of NHS with DEC was added to the suspension
under magnetic stirring for 1 h. Then, ODA equimolar to EDC/NHS was
dissolved in ethanol (10 mL) at 50 °C, and it was made to react with
CMCD with continuous stirring overnight at 50 °C. Afterward, the re-
action mixture was washed with 0.1 M HCI ethanol solution then with
ethanol solution. For further purification, the precipitate was dissolved
in ultrapure water and dialyzed (MWCO = 8000 - 14,000 Da) against
ultrapure water for three days. Then, the CMCD-ODA conjugate was
obtained by freeze-drying the dialyzed solution.

2.4. Characterization of CMCD-ODA polymer

The attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectra for curdlan, CMCD, CMCD-ODA, and ODA at 4000-500
cm ! were acquired using an FTIR spectrophotometer (Nicolet NEXUS,
Thermo, USA).

The solubility of the polymer was determined as described by Silva
et al. [24]. CMCD-ODA polymer was dispersed in ultrapure water, and
the pH value of the solution (1 mg/mL) was adjusted to 3.0, 5.0, 7.0, 9.0,
and 11.0, respectively. Those suspensions were stirred for 12 h at 25 °C
and centrifugated at 10,000 rpm for 15 min. Then, the supernatants
were dried at 105 °C to calculate the solubility. The light transmittance
of the polymer (1 mg/mL) at different pH values was determined ac-
cording to Jiang et al. [25]. Briefly, the absorbance of CMCD-ODA
polymer dispersions at different pH values was measured at 600 nm.
Ultrapure water was used as a blank control, and the light transmittance
was 100 % [26]. The water contact angles of CMCD-ODA polymer at
different pH values were investigated by an OCA15EC micro optical
contact angle measurement (Dataphysics Instruments, Germany) with a
pendant drop method [25].

2.5. Preparation of CMCD-ODA-stabilized Pickering emulsions

In preliminary experiments, the effects of parameters such as the
shear rate, shear time, CMCD-ODA concentration, and the volume ratio
of the water phase to the oil phase of the emulsion at pH 5.0 were
investigated by observing whether phase separation occurred after 24 h
of storage at 25 °C. At the same time, the droplet size and uniformity of
emulsions were observed under a microscope to optimize the prepara-
tion process of the emulsion. Finally, Pickering emulsions were prepared
at various pH values via homogenization. Briefly, the CMCD-ODA
dispersion aqueous solution (10 mg/mL) was prepared by dispersing
CMCD-ODA polymer in ultrapure water under continuous stirring for 12
h at 25 °C to ensure complete dissolution and hydration [9]. Then, the
solution's pH was adjusted to 3.0, 5.0, 7.0, 9.0, and 11.0. The O/W
Pickering emulsion was produced by adding CEO (8 mL) to the CMCD-
ODA solution (20 mL, 10 mg/mL). Afterward, the emulsions were
formed by homogenizing the mixture at 14,000 rpm for 5 min by using a
digital ULTRA-TURRAX® instrument (IKA T18, Germany) [5]. The
emulsions were ice-coated to avoid temperature variations during this
process.

2.6. Droplet size and zeta potential determination

A Mastersizer 3000 laser diffraction particle size analyzer (Malvern
instruments, UK) was employed to determine the particle size of the
CMCD-ODA polymers and the droplet size of the CEO-loaded CMCD-
ODA emulsions by static light scattering (SLS) as a function of pH. The
CMCD-ODA polymers/emulsions after the storage of different times
were added to the sample pump containing ultrapure water, and the
particles were suspended at a velocity of 2200 rpm with a refractive
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index of 1.466. Droplet size was expressed as volume-weighted average
diameter (D43) [27].

A Zetasizer Nano ZS90 instrument (Malvern Instruments, UK) was
used to investigate the zeta potentials of the CMCD-ODA polymers and
the CEO-loaded emulsions. Specifically, the CMCD-ODA water solution
(7.14 mg/mL, approximately equivalent to the concentration of CMCD-
ODA in the emulsion) or the freshly prepared emulsions were diluted
100 times with ultrapure water before measuring the zeta potential of
the samples to avoid multiple scattering effects [9,28].

2.7. Rheological measurements

2.7.1. Steady shear rheology

The apparent viscosity and shear stress properties of the CMCD-ODA
polymers/emulsions prepared at different pH values were tested using a
MCR302 rheometer (Anton Paar, Austria) equipped with parallel plate
geometry (plate diameter = 25 mm, gap size = 1 mm) at 25 °C [23]. The
shear rate was in the range of 0.1-200 s}, and the obtained data were
fitted with the Herschel-Bulkley model as follows [29]:

c=00+KY"

where o is the shear stress (Pa), o is the apparent yield stress (Pa), K is
the consistency coefficient (Pa-s™), y is the shear rate (s_l), and n is the
flow behavior index.

2.7.2. Dynamic viscoelastic measurements

All samples were initiated by first performing strain sweep (0.01 —
100 %) tests with a frequency fixed at 1 Hz to observe linear viscoelastic
range [30]. Then, dynamic frequency sweeps were performed in the
frequency range of 0.1 — 10 Hz with a fixed strain of 2 % to obtain the
elastic modulus (G') and viscous modulus (G”) results within the linear
viscoelastic region [3].

2.8. Determination of emulsion stability

The CEO-loaded CMCD-ODA Pickering emulsions prepared at
different pH values were placed in 10 mL glass tubes with screw caps.
Then, the emulsions were stored for 3 h, 7 days, 14 days, and 28 days at
25 °C. The creaming index (CI) of the emulsions was calculated through
the following equation in accordance with a previously reported method
[31]:

CI (%) = (Hc/Hy) x 100%

where Hc is the height of the serum layer (clear liquid) and Hry is the
total height of the emulsion.

2.9. Characterization of the emulsion microstructure

2.9.1. Confocal laser scanning microscope (CLSM)

The microstructures of the CMCD-ODA emulsions prepared at pH 5.0
were characterized through a CLSM (TCS SP8, Leica, Germany) as
described by Huang et al. [32]. Dye (50 pL, consisting of 1 % Nile red
and 0.1 % Nile blue) was added to the emulsions (1 mL) for internal oil
phase (red) and CMCD-ODA polymer (green) straining, respectively.
After diluted 10-fold with ultrapure water, the dyed emulsions (10 pL)
were dropped on a glass slide and covered with a coverslip. Then, the
CMCD-ODA emulsions were observed using CLSM with argon and he-
lium neon lasers at excitation wavelengths of 488 and 633 nm,
respectively.

2.9.2. Scanning electron microscope (SEM)

The surface morphology of the CMCD-ODA emulsions prepared at
pH 5.0 was analyzed using SEM (FEI Quanta 200, FEI Company, Eind-
hoven, The Netherlands) in accordance with the oil-phase solidification
method [33]. Azobisisobutyronitrile (AIBN) was used as the oil-soluble
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initiator to initiate the emulsion polymerizations of styrene. In brief, 8
mL of styrene containing AIBN (10 mg) was utilized as the oil phase to
replace CEO, and mixed with 20 mL of CMCD-ODA (pH 5.0, 10 mg/mL)
suspension continuous phase. The mixture was homogenized at 14,000
rpm for 5 min and then polymerized at 50 °C for 20 h [33]. Afterward,
the emulsion was washed with ultrapure water and freeze-dried for SEM
observation.

2.10. Antioxidant activity of CEO-loaded curdlan emulsions

The DPPH free radical scavenging method was used to determine the
antioxidant activities of free CEO and CEO-loaded CMCD-ODA emul-
sions by adopting a Hitachi U-3900 spectrophotometer (Hitachi High-
Tech., Tokyo, Japan) [2]. To investigate the effect of pH on the stabil-
ity of CEO, CEO was dissolved in 50 % (v/v) ethanol aqueous solution to
obtain 1 mg/mL CEO ethanol solution, and the pH of the solution was
adjusted to 3.0, 5.0, 7.0, 9.0 and 11.0. The antioxidant capacity of CEO
under various pH conditions was determined after sealed storage at
25 °C for different times. Similarly, the antioxidant capacity of emul-
sions prepared at different pH values was also determined after sealed
storage at 25 °C for different times.

To investigate the effect of CEO concentration on the antioxidant
capacity of emulsions, the emulsion was prepared at pH 5.0 according to
the method of Section 2.5 and then diluted with ultrapure water to
obtain dilutions containing different concentrations of CEO (0.1 — 1 mg/
mL, the density of CEO was 1.05 g/mL). Those dilutions (100 pL) were
mixed with 5 mL of 0.1 mM ethanol solutions of DPPH and incubated in
a dark condition for 30 min. The absorbance values of the samples were
determined at 517 nm. The DPPH radical scavenging activity was
calculated using the equation:

DPPH radical scavenging activity (%) = [(Ac — At)/Ac ] x 100%

where Ac is the absorbance of control samples substituted with ultrapure
water and Ar is the absorbance of the tested samples.

2.11. Antibacterial ability of CEO-loaded CMCD-ODA emulsions

The antibacterial performance of free CEO and CEO-loaded CMCD-
ODA emulsions prepared at pH 5.0 was assessed based on disc diffusion
assay [34]. In brief, 100 pL of bacterial suspension (1 x 10’ CFU/mL)
was spread on LB agar medium. Then, 20 pL of the CEO-loaded emul-
sions and the same amount of free CEO were added to the surface of a
sterile filter paper (6.0 mm in diameter) with PBS only as the blank
group. The strains were incubated for 24 h at 37 °C, and the inhibition
zones of the samples were determined.

2.12. Statistical analysis

All tests were performed three times, and the data were recorded as
mean + standard deviations. The results were analyzed with SPSS Sta-
tistics 22.0 software by using one-way ANOVA and Duncan's tests at a
significance level of 0.05.

3. Results and discussion
3.1. Composition of CEO

The volatile constituents of CEO were measured via GC-MS. Thirty
volatile compounds were identified in the CEO shown in Table 1, and
they accounted for 98.36 % of the total constituents. The main com-
pounds, including eugenol (58.50 %) and f-caryophyllene (21.06 %),
were significantly higher than the other components; this result was in
line with previous data reported by Campelo et al. [35]. Eugenol, a
phenolic compound, is the major bioactive component in clove oil and
plays a major role in its antioxidant, antibacterial, anti-inflammatory,
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Table 1
Volatile constituents of clove essential oil measured via GC-MS.
No. Amount Retention time Component Formula
(%) (min)

1 58.50 39.18 Eugenol 97-53-0

2 21.06 42.24 p-Caryophyllene 87-44-5

3 6.70 43.69 a-Caryophyllene 6753-98-6

4 2.90 46.22 3-Allyl-6-methoxyphenyl 1941-09-9

acetate

5 2.69 15.90 Benzocyclobutene 694-87-1

6 2.39 52.19 14-Hydroxycaryophyllene 50277-33-
3

7 1.68 49.05 Caryophyllene oxide 1139-30-6

8 0.27 41.37 Isoeugenol 97-54-1

9 0.19 48.62 (—)-Humulene epoxide II 19888-34-
7

10 0.18 41.64 (—)-Isocaryophyllene 118-65-0

11 0.65 46.14 §-Cadinene 483-76-1

12 0.16 40.22 a-Copaene 3856-25-5

13 0.15 40.00 Aromandendrene 489-39-4

14 0.13 45.47 a-Muurolene 31983-22-
9

15 0.09 26.83 Nonanal 124-19-6

16 0.08 44.52 (+)-Cyclosativene 22469-52-
9

17 0.07 45.07 a-Selinene 473-13-2

18 0.07 48.51 Caryophyllenyl alcohol 913176-
41-7

19 0.06 44.72 Isospathulenol 88395-46-
4

20 0.06 49.63 Humulene epoxide I 19888-33-
6

21 0.05 45.96 8-Guaiene 3691-11-0

22 0.05 51.22 (+)-Epicubenol 19912-67-
5

23 0.04 50.87 Humulenol-II 19888-00-
7

24 0.03 41.05 Methyleugenol 93-15-2

25 0.02 47.29 a-calacorene 21391-99-
1

26 0.02 44.01 Alloaromadendrene 25246-27-
9

27 0.02 38.94 a-Cubebene 17699-14-
8

28 0.02 31.57 Methyl salicylate 119-36-8

29 0.02 53.88 Spathulrnol 6750-60-3

30 0.02 26.64 Linalool 78-70-6

and anti-cancer properties [20,36]. Furthermore, other compounds,
such as a-caryophyllene (6.70 %), 3-allyl-6-methoxyphenyl acetate
(2.90 %), benzocyclobutene (2.69 %), 14-hydroxycaryophyllene (2.39
%), and caryophyllene oxide (1.68 %), were found in CEO (Table 1).
CEO's chemical composition may be influenced by seasonal variations,
drying and extraction methods, and the stages of plant growth [5]. This
could explain the possible differences between the compound concen-
trations or compositions determined in the current research and the
values obtained in other research.

3.2. Characterization of the CMCD-ODA derivative

The CMCD-ODA polymer was fabricated by hydrophobically modi-
fying the primary -COOH groups on the CMCD surface. In preliminary
experiments, the ratio of polar to non-polar groups was optimized by
changing the degree of substitution in the carboxymethylated and
amidation reactions, thus making amidated CMCD-ODA suitable for the
stabilization of Pickering emulsions. Carboxymethylation with a high
degree of substitution (0.95) was beneficial for unreacted carboxyl
groups to maintain solubility and the pH responsiveness of the polymer
after the esterification of some carboxyl groups (0.3 M) with amino
groups (0.3 M). In the present study, carboxymethylation with a high
degree of substitution (0.95) was performed to successively convert the
C6, C2, and C4-primary hydroxyl groups in the triple-helix crystalline
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structure of native curdlan to a highly dissociable amorphous CMCD
single-stranded chain containing carboxylate groups [37]. The structure
of CMCD was confirmed via 'H NMR (Fig. 1C). The peak of CMCD in the
range of 3.0 — 3.9 ppm was due to the proton signals of anhydroglucose
units. The signals in the range of 4.0 — 4.4 ppm were attributed to the
protons from carboxymethyl groups at C6, C2, and C4 [37], indicating a
successful synthesis of carboxymethylated curdlan with high degree of
substitution. Afterward, the amphiphilic CMCD-ODA polymer was syn-
thesized via covalent bonding with the -COOH groups of CMCD and the
—NH, groups of ODA through EDC/NHS activation [17] (Fig. 1A). A
schematic of the formation of the CEO-loaded CMCD-ODA O/W Pick-
ering emulsion was displayed in Fig. 1B. CMCD-ODA could be anchored
onto the O/W interface via the affinity of its alkyl chain groups to the oil
phase, leading to the formation of closed packing layers around the oil
droplets. In addition, the Pickering emulsion droplets were connected by
the molecular backbone of CMCD-ODA, resulting in a gel-like network.
Furthermore, the negative charge of the carboxylic groups (COO™) of
CMCD-ODA could provide strong electrostatic repulsion for inhibiting
droplet flocculation. Therefore, the closed-layer, gel-like network and
the electrostatic repulsion at the O/W interface helped improve the
stability of the CEO-loaded CMCD-ODA Pickering emulsions.

As shown in the FTIR spectrum of CMCD (Fig. 1D), the adsorption
peak at 3304 cm ™! corresponded to the stretching vibration of ~OH and
—COOH groups. After carboxymethylation, a new peak at 1588 cm ™
were attributed to the stretching vibration of the -COOH group, and the
peak at 1414 em ™! representing the symmetric vibration of the car-
boxymethyl group was significantly strengthened, which indicated that
the CMCD was successfully synthesized [13]. Compared with the spec-
trum of CMCD, the absorption peak of CMCD-ODA at about 2900 cm
corresponding to the stretching vibration of —-CHs and —-CHy of ODA
became double peaks (2914 indicating antisymmetric stretching and
2850 relating to symmetric stretching [16]). The intensity of the double
peaks was obviously enhanced after ODA modification, indicating that
ODA was successfully introduced into the structure of CMCD [17,38].
The characteristic band at 1730 em ™! corresponded to the stretching
vibration of the C=0 of carboxyls and esters of CMCD-ODA [15].

As the pH increased from 3.0 to 11.0 (Fig. 2B), the solubility and light
transmittance of the CMCD-ODA polymer solution increased signifi-
cantly (p < 0.05) from 48.58 % to 87.42 %, and from 18.47 % to 70.09
%, respectively. The small solubility of the CMCD-ODA polymer at pH
3.0 was also confirmed by the opalescent appearance of the polymer
solution (1 mg/mL) at pH 3.0 in Fig. 2A. On the contrary, at pH 11.0, the
CMCD-ODA solution presented clear dispersions. Since Pickering
emulsions were stabilized by insoluble particles, the incompletely
water-soluble amphiphilic CMCD-ODA polymer would facilitate the
formation of Pickering emulsions [39]. In addition, the CMCD-ODA
dispersions at pH 5.0 with high polymer concentrations (10 mg/mL)
could form weak gels (Fig. 2A). This phenomenon was also found in
carboxymethyl cellulose sodium [40].

The water contact angles of CMCD-ODA polymer at different pH
values were determined (Fig. 2C). The water contact angles decreased
from 133.80° to 60.28° as the pH value increased from 3.0 to 11.0,
indicating the lower surface hydrophobicity of the amphiphilic polymer
under alkaline conditions. This was consistent with the trend of the
contact angle of soybean fiber as a function of pH [41]. The aggregation
of hydrophilic curdlan chains at pH 3.0 might lead to more exposure of
hydrophobic chains, resulting in a greater hydrophobicity and a larger
contact angle at pH 3.0 [25]. Interestingly, the contact angle of CMCD-
ODA polymer at pH 5.0 was 93.93°, indicating the amphiphilic polymer
at pH 5.0 possessed a near-neutral and preferable wettability. The water
contact angle of CMCD-ODA polymer at pH 5.0 was closed to 90°, which
could facilitate the effective adsorption of the polymer on the O/W
interface [28], and improve the stability of CEO emulsions. Thus, CMCD-
ODA polymer at pH 5.0 might be suitable for stabilizing the Pickering
emulsions.
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Fig. 1. (A) Synthetic scheme of CMCD-ODA derivatives. (B) Proposed schematic of the formation of CEO-loaded CMCD-ODA emulsions. (C) 1H NMR spectrum of the
carboxymethyl curdlan. (D) FTIR spectra of the octadecylamine, curdlan, carboxymethyl curdlan and octadecylamine-modified amphiphilic curdlan polymers.

3.3. Droplet size and zeta potential

The droplet size/zeta potential of the amphiphilic CMCD-ODA
polymers and CEO-loaded modified curdlan emulsions obtained at
various pH values after the storage of different times are shown in
Figs. 3A-D. pH exerted a considerable effect on the size and zeta po-
tential of the CMCD-ODA polymers/Pickering emulsions, which
decreased as the pH increased at 3 h of storage. After 3 h of storage, the
particle size of the CMCD-ODA polymers decreased from 62.86 pm to
24.00 pm with the increasing pH values (Fig. 3A). The increased particle
size of CMCD-ODA polymer at pH 3.0 was confirmed by the increased
zeta potential at pH 3.0 (—2.98 mV), which was caused by the weakened
electrostatic repulsion force and intensive van der Waals attractive force
between particles [3]. The clumping and agglomeration of polymers led
to the increased particle size [42], which was also consistent with sol-
ubility and transmittance results (Fig. 2B). Coincidentally, the minimum
particle size of the polymer at pH 11.0 was 24.00 pm, which was
consistent with the increased solubility (87.42 %) and large absolute
zeta potential (61.60 mV) of the polymer at pH 11.0. The result implied
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that the enhanced electrostatic repulsion allowed the CMCD-ODA chains
to be uniformly dispersed in the solution.

After 28 days of storage, no obvious change in the particle size/zeta
potential of the polymer at pH 5.0, 7.0, and 9.0 was found (Fig. 3A and
C), indicating that the polymer was stable at those pH conditions.
However, the zeta potential value of the polymer at pH 3.0 decreased
after 28 days of storage, which was due to the swelling degradation of
the aggregates in the solution. Conversely, the zeta potential of the
polymer at pH 11.0 increased slightly after 28 days of storage, probably
due to the presence of Na* ions reducing the electrostatic repulsion
between particles [43].

As for CMCD-ODA emulsions, after 3 h of storage, the droplet size of
the emulsions (1.19 - 56.36 pm) at pH 3.0 — 11.0 was significantly lower
than that of the polymers (Fig. 3B).The tangled molecular chains of the
polymer were dispersed after homogenization and reassembled with the
CEO, forming small emulsion droplets. After 3 h of storage, the droplet
size of the emulsion increased with the decreasing pH values. At pH
11.0, the D4 3) of the Pickering emulsion reached the minimum value of
1.19 pm, but increased remarkably at pH 3.0 (56.36 pm). The droplet
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Water contact angle of the CMCD-ODA polymer as a function of pH. Different capital and lower case letters within the bars indicate significant differences (p < 0.05)

for solubility or transmittance, respectively.

size of the emulsion obtained at pH 11.0 was the smallest probably
caused by the reduced viscosity of the CMCD-ODA continuous phase,
which led to the improvement of homogenization efficiency during the
preparation of the emulsion and the reduction of droplet size [4]. The
D(4,3) of the CMCD-ODA emulsion was 9.54 and 4.49 pm for the emul-
sion prepared at pH 5.0 and 7.0, respectively, similar to the droplet size
of the emulsion stabilized by ferulic acid-grafted curdlan (5.22 pm) [9].

The droplet size distributions of emulsions after the storage of
different times were also shown in Fig. 3E and F. As shown in Fig. 3E,
after 3 h of storage, the droplet size distribution of emulsions obtained at
pH 5.0, 7.0, and 9.0 was relatively uniform, whereas the emulsions
obtained at pH 3.0 or pH 11.0 presented multimodal distributions. After
28 days of storage, compared to the initial droplet size of emulsions
(after 3 h of storage), the droplet size at pH 5.0 slightly increased with a
relatively uniform unimodal distribution, while the droplet size of
emulsions at other pH values significantly increased with wide range of
multimodal distributions (Fig. 3F). This change might be related to the
aggregation and precipitation between the emulsion droplets during the
storage, depositing into large droplets [42].

The zeta potentials of the emulsion droplets obtained at various pH
values were measured to quantify the intensity of the electrostatic in-
teractions between emulsion droplets (Fig. 3D). As the pH increased
from 3.0 to 11.0, the zeta potential of the CMCD-ODA emulsion
decreased significantly (p < 0.05) with a range of —55.03 mV to —11.90
mV. The zeta potential was positively correlated with droplet size. The
CMCD-ODA emulsions obtained at pH 3.0 showed the lowest negative
zeta potential (—11.90 mV) probably due to the protonation of the
carboxyl groups on the CMCD-ODA adsorbed on the emulsion interface
[13]. Under the strong acid conditions, the low charge electrostatic
repulsion between emulsions might have led to molecular entanglement
and aggregation, resulting in the largest droplet size at pH 3.0 [27,30].
Conversely, the CMCD-ODA emulsion at pH 11.0 exhibited the highest
negative charge (—55.03 mV) because of the deprotonation of carboxyl
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groups in CMCD-ODA, and the solubility of CMCD-ODA increased with
increasing pH values, resulting in a reduced droplet size. The absolute
zeta potential of emulsions at pH 9.0 and 11.0 became smaller after 28
days of storage. Due to the poor stability of the emulsion at pH 9.0/11.0,
the bridging between droplets formed static electricity, which reduced
the absolute potential value of the system [42]. However, the droplet
size and zeta potential of the polymer or emulsion at pH 5.0 did not
change significantly after 28 days of storage, suggesting that the emul-
sion exhibited good stability at pH 5.0.

These results demonstrated that the protonation-deprotonation
process of carboxyl groups in CMCD-ODA was controlled by pH,
which affected the charge density/droplet size of the emulsions, and was
critical to the stability of the emulsions. However, the zeta potential
alone without the other influential parameters could not predict the
stability of the emulsion [44]. Generally, the stability of emulsion sys-
tems can be improved by electrostatic interactions between particles,
but an excessive charge density adversely affects the particle adsorption
at the O/W interface [27]. Thus, the stabilization mechanism of the
CMCD-ODA emulsions was investigated via rheological determination.

3.4. Rheological analysis of CEO-loaded CMCD-ODA emulsions

The study of the rheology is an important method to provide useful
information on the stability and internal microstructure of O/W emul-
sions [44]. Rheological viscosity is directly related to fluid stability and
influences the suitability of emulsion processing [19]. The steady and
dynamic shear rheology properties of the CMCD-ODA emulsions pre-
pared at various pH values were investigated to further understand the
effect of pH on emulsion performance.

3.4.1. Steady shear rheology
As shown in Fig. 4A-B, the apparent viscosities of the CMCD-ODA
polymers and emulsions obtained at different pH values gradually
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decreased when the shear rate ranged from 0.1 s~ to 200 s~!. The
viscosity of the CMCD-ODA polymer first increased and then decreased
with the increasing pH values, and the viscosity of the polymer was the
highest at pH 5.0. As the pH increased from 3.0 to 5.0, the enhanced
viscosity was due to the increased solubility, the enhanced electrostatic
repulsion, and the formation of a weak gel by the swelled polymer at pH
5.0 [45,46].When the pH value of the system was higher than 5.0, the
viscosity of the polymer decreased with the increase in pH values. With
the increasing pH, carboxymethyl groups of CMCD-ODA were ionized,
leading to an increased electrostatic repulsion. Then, the molecular
chain of CMCD-ODA gradually expanded, resulting in a loose network
structure and a decreased viscosity under alkaline conditions [47].
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From Fig. 4B, the viscosity of CEO-loaded emulsion obtained at pH
5.0 was lower than the CMCD-ODA polymer, whereas the viscosities of
emulsion prepared at other pH conditions were higher than the polymer
at the same pH conditions. The viscosity of the emulsion at pH 5.0 was
lower than that of the polymer, probably due to the high-speed shearing
during the homogenization of the mixture of polymer and CEO, which
might destroy some molecular weight hydrogen bonds, leading to a
slightly decreased viscosity of the emulsion. However, at other pH
conditions, the addition of CEO to the CMCD-ODA polymer with low
viscosity might enhance the intermolecular forces of compounds in
emulsion, resulting in an increased viscosity of emulsion [48].

The Herschel-Bulkley model was used to fit the steady shear rheology
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Table 2

Experimental data of the CMCD-ODA polymer and the CEO-loaded CMCD-ODA emulsions obtained using the Herschel-Bulkley model.
pH values oo (Pa) K (Pa.s™) n R?

polymer emulsion polymer emulsion polymer emulsion polymer emulsion

3.0 2.36 + 0.06 0.11 £+ 0.08 0.81 = 0.03 0.76 = 0.03 0.47 £+ 0.006 0.58 & 0.006 0.998 0.999
5.0 1.93 £1.03 50.44 + 0.61 17.77 +£ 0.45 5.44 £ 0.18 0.48 £+ 0.004 0.61 £ 0.006 0.999 0.999
7.0 0.45 £+ 0.27 3.70 + 0.40 3.08 + 0.08 5.48 £ 0.14 0.61 + 0.004 0.56 + 0.004 0.999 0.999
9.0 0.00 £+ 0.09 0.00 £ 0.73 0.34 +£0.01 3.27 £0.18 0.82 £+ 0.007 0.66 &+ 0.009 0.999 0.998
11.0 0.06 + 0.02 0.00 £ 0.05 0.05 £ 0.01 0.19 £+ 0.01 1.00 + 0.006 0.88 £ 0.005 0.999 0.999

Note: oy is the apparent yield stress (Pa), K is the consistency coefficient (Pa-s™), n is the flow behavior index, and R? is the correlation coefficient.
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results in Fig. 4C-D and the fitted data are given in Table 2. The corre-
lation coefficient (R%) was higher than 0.998, signifying that the Her-
schel-Bulkley model fitted well with the rheological data in this study.
The flow behavior index (n) of all samples was < 1.0, demonstrating that
the emulsion displayed the behavior of shear thinning non-Newtonian
fluid, which was pseudoplastic [31]. The shear-thinning flow behavior
can be interpreted as the disruption of the formed entangled polymer
network during the shearing process because of the breakage of the
bridge connecting the emulsion droplets and the untangling of long-
chain polymers [29]. In addition, when the destruction rate of inter-
molecular entanglement was greater than that of recombination at high
shear rates, the intermolecular flow resistance and viscosity of the
emulsions decreased [9]. The reduction of viscosity with increasing
shear rate has also been observed in cellulose-based Pickering emulsions
[23]. In particular, the highest consistency coefficient (K) value (17.77)
for the polymer at pH 5.0 was in agreement with the largest viscosity at
pH 5.0 presented in Fig. 4A. The viscosity of the polymer at pH 11.0 (K
= 0. 05) was significantly lower than those prepared at other pH con-
ditions. In addition, the low n values for the polymer at pH 5.0 (n = 0.48)
confirmed the strong shear-thinning behavior. In this study, the highest
apparent viscosity of CMCD-ODA polymer at pH 5.0 might prevent
droplets from flocculating [47], which could be verified by the emulsion
stability results.

3.4.2. Dynamic shear properties

Dynamic frequency sweeps of the CMCD-ODA polymers and emul-
sions obtained at various pH values were carried out. According to
Fig. 4E, the elastic modulus (G') of the CMCD-ODA polymers at some pH
conditions (pH 3.0, 5.0 and 7.0) was larger than the viscous modulus
(G"). The elastic behavior dominated over the viscous behavior, sug-
gesting an elastic gel-like structure in the CMCD-ODA polymers at pH
3.0, 5.0 and 7.0 [29]. Moreover, the G'and G” of the polymer exhibited
frequency dependence over the entire sweep range, indicating that the
formation of gel-like networks was mainly caused by non-covalent
physical interactions [49]. Besides, the amphiphilic carrier material
CMCD-ODA was highly aggregated at pH 3.0 but most polymer dis-
solved at pH 9.0 and 11.0, resulting in an unstable system at pH 3.0, 9.0
and 11.0.

The change trends of G' and G" of the emulsions as a function of pH
were consistent with those of the polymers. As shown in Fig. 4F, the
presence of CEO in the emulsions slightly increased the G' and G”. This
result indicated that the CMCD-ODA polymer incorporating CEO could

pH 5.0 pH 7.0

Day 7

Day 14

Day 28 |
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create stronger intermolecular interactions in emulsions, resulting in
greater strength of the CMCD-ODA gel structure [48]. The G' and G” of
the emulsions (at pH 3.0, 9.0, and 11.0) were significantly lower than
that of other emulsions. At pH 9.0 and 11.0, G’ was slightly lower than
G, indicating a liquid-like behavior. A transition from well-formed gel
behavior to solution-like behavior with increasing pH was also observed
in carboxymethyl cellulose [40]. Particularly, the CMCD-ODA emulsions
obtained at pH 5.0 showed a relatively higher viscoelastic modulus than
the emulsions at other pH values, indicating the formation of a stronger
elastic network structure at pH 5.0. Furthermore, the decreased charge
density of CMCD-ODA at pH 5.0 facilitated interchain associations and
increased the gel strength, resulting in gel formation. These results
suggest that pH could modulate the viscosity and the viscoelasticity of
emulsions, thus influencing the stability of the emulsions.

3.5. Stability of CMCD-ODA Pickering emulsions

Emulsion stability is influenced by the structure of molecules and the
intermolecular interaction [50]. To evaluate the effect of pH on the
stability of the emulsions stabilized by CMCD-ODA polymer, the
appearance, optical microscopic images, and CI of the emulsions pre-
pared at various pH values (3.0 — 11.0) after different storage times (3 h
— 28 days) were investigated. As can be observed from the appearance of
emulsions shown in Fig. 5, the pH values significantly affected the for-
mation and subsequent stability of the CMCD-ODA emulsions. At 3 h of
storage, obvious phase separation occurred in the emulsions prepared at
pH 3.0. The upper layer comprised a transparent continuous phase, and
the cream layer was located in lower layer (Fig. 5), which may be due to
droplet coalescence during storage [47]. The emulsions obtained at pH
5.0 — 11.0 were stable after storage at 25 °C for 3 h, and no apparent
differences were observed among them. Particularly, the CMCD-ODA
emulsions displayed good interface stability at pH 5.0 aqueous me-
dium during 28 days of storage. However, different degrees of destabi-
lization and separation were found in the CMCD-ODA emulsions
prepared at other pH values after 28 days of storage. After 28 days of
storage, the emulsions prepared at pH 9.0 and 11.0 showed obvious
phase separation, which was due to the poor hydrophobicity of the
polymer under alkaline conditions (Fig. 2C), resulting in the release of
some oil droplets from the emulsions. Finally, some brown oil droplets
were deposited in the lower layer of the emulsion because of the large
density of the CEO and the tendency to deteriorate under strong alkali
conditions.

pH 9.0

pH11.0

Fig. 5. Optical images and appearance of CEO-loaded CMCD-ODA emulsions prepared at different pH values after storage at 25 °C for different times (3 h — 28 days).
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Light microscopic images of the Pickering emulsion stabilized by
CMCD-ODA at different pH values were displayed in Fig. 5. The droplet
size of the emulsion decreased with increasing pH in the first 3 h of
storage, which was in agreement with the SLS results. The droplet size of
the emulsion prepared under strong acid (pH 3.0) conditions was
significantly larger than that of other emulsions at 3 h of storage. After
storage for 7 days, the microscopic morphology of the emulsions at pH
5.0 — 9.0 showed no obvious change. The emulsion obtained at pH 11.0
was unstable after 7 days of storage, and the size of the emulsion
droplets obtained at pH 11.0 became irregularly gathered probably due
to the decreased viscosity and the poor hydrophobicity of the CMCD-
ODA polymer under strongly alkaline conditions [4]. The emulsion
prepared at pH 5.0 showed a uniform size distribution, and the droplet
size did not change significantly after 28 days of storage, indicating that
its stability was better than that of the others. Those results were
consistent with the droplet size distribution determined by SLS (Fig. 3E —
F).

CI, which indicated the degree of aggregation or separation of oil
droplets during storage, was applied to measure the stability of the
emulsions during long-term storage [32]. The smaller the CI value is, the
more stable the system is [51]. The CIs of the different emulsions at
various pH values are presented in Table 3. After 3 h of storage, the CI of
all the emulsions was 0.00, except for that at pH 3.0, indicating good
stability during the first 3 h of storage. The CI of the emulsions at pH 7.0
- 11.0 increased gradually with the prolonged storage time, indicating
that the stability of emulsions decreased with the storage time. In
addition, the CI of the emulsions at pH 3.0 was significantly greater than
that of other emulsions during the whole storage (p < 0.05). At 28 days,
CI increased with pH in the range of pH 5.0 — 11.0, indicating that the
stability of emulsions decreased with the increasing pH. The degree of
phase separation increased with increasing pH values due to the
increased dissolution of CMCD-ODA particles in the high-pH solution
[52].

The CI of the emulsions at pH 5.0 remained 0.00 during 28 days of
storage. Thus, the optimum condition for emulsion stabilization was pH
5.0. As demonstrated by the rheological results, at pH 5.0, the superior
viscosity and viscoelasticity of CMCD-ODA facilitated the formation of a
stronger gel-network structure, which could resist the strain stress pro-
duced by the deformation of droplet and prevent the coalescence of
droplet, thereby improving the stability of the emulsion system [53].
Furthermore, the hydrophobic interaction of the alkyl chains of CMCD-
ODA affected the CMCD-ODA-mediated fibrillary network generated
across the aqueous continuous phase, thereby enhancing the viscoelas-
ticity of the entire emulsion phase [23]. Hence, the network formed by
CMCD-ODA at pH 5.0 in the continuous phase appeared to fully covered
oil droplets in the Pickering emulsions together with strong electrostatic
repulsion (—46.87 mV), and this prevented the macroscopic oil phase
separation, resulting in a highly stable emulsion system at pH 5.0 [31].
In this experiment, the CMCD-ODA emulsions under alkaline conditions
showed a strong electrostatic repulsion that inhibited droplet floccula-
tion and helped to improve stability, but the decrease in viscosity and
viscoelasticity led to an unstable network structure. Therefore, stability

Table 3
Creaming index of CMCD-ODA Pickering emulsions at different pH values after
different storage times (3 h — 28 days) at 25 °C.

pHvalues  Creaming index (%)

3h 7 day 14 day 28 day
3.0 919+1.05a 4555+0.98a 44.37+091a 46.66+1.27a
5.0 0.00 b 0.00d 0.00d 0.00 d
7.0 0.00 b 0.00 d 0.00 d 10.46 £ 0.81 e
9.0 0.00 b 6.25 + 0.26 ¢ 11.50 + 0.82¢c  15.94 +0.43 ¢
11.0 0.00 b 10.12+0.51b  1475+1.65b  20.01 £0.78 b

Note: Values are presented as mean =+ standard deviation (n = 3). Different
letters in the same column indicate statistical significance differences (p < 0.05).
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could be influenced by changes in steric hindrance and electrostatic
interactions in the emulsions [30]. Cui et al. also found that the stability
of the system depended on the combined action of steric hindrance and
electrostatic repulsion, and stability was maintained for the balance
between these interactions [54].

3.6. Morphology and microstructure of CEO-loaded curdlan emulsions

The morphology of the CMCD-ODA emulsions stabilized at pH 5.0
was observed via CLSM. As shown in Fig. 6, the CEO phase displayed red
fluorescence after dyeing with Nile red and appeared as individual oil
droplets, with sphere-shaped loading in the interior of the droplets ac-
cording to the merged images (Fig. 6C and F). The CMCD-ODA particles
displayed green fluorescence after dyeing with Nile blue, and the Nile
blue images indicated that the amphiphilic curdlan polymer might have
been absorbed at the O/W interface, forming a packed layer on the
droplet boundary [55]. High-magnification CLSM images were shown in
Fig. 6D and E, CMCD-ODA might form a viscoelastic film around the oil
droplet surface through the hydrophobic interaction between the alkyl
chain in the polymer and the oil phase, which was confirmed in the
merged images (Fig. 6F, the light green contour surrounding the oil
droplets) [1]. This result indicated that most of CMCD-ODA might be
located on the oil-water interfaces by hydrophobic interaction, resulting
in a strict barrier against coalescence and maintaining the emulsions'
long-term stability [52].

SEM was employed to analyze the distribution of amphiphilic cur-
dlan on the surface of droplets and the spatial structure of the poly-
merized styrene beads (Fig. 6). The SEM images revealed that the
droplets were sphere-shaped with a uniform droplet size distribution.
The droplet size of all emulsions were < 20 pm, which verified the
droplet size of the emulsion at pH 5.0 determined with the SLS method.
Furthermore, a bridging structure between adjacent droplets and the
thin film flakes on the surface of the microspheres were found in the
high-magnification SEM images of the CMCD-ODA emulsions (Figs. 6 H
and 61), which could be contributed to improve system stability [4]. In
short, the O/W Pickering emulsion fabricated by the amphiphilic self-
assembly of CMCD-ODA formed a continuous network structure,
which provided steric hindrance to prevent the droplets from contacting
and coalescing, thereby improving the stability of the emulsions [55].

3.7. Antioxidant activity of CEO-loaded CMCD-ODA emulsions

The DPPH scavenging capacity of CEO (1 mg/mL) at pH 3.0 - 11.0
after different storage times was investigated. As shown in Fig. 7A and D,
pH exhibited a great impact on the antioxidant capacity of the CEO.
After 3 h of storage, the antioxidant capacity of CEO at pH 3.0 - 11.0
ranged from 76.47 % to 88.59 %, and the CEO at pH 5.0 showed the best
antioxidant capacity (88.59 %). After 28 days of storage, the antioxidant
capacity of CEO under pH 5.0 — 9.0 decreased slightly. However, the
antioxidant capacity of CEO decreased sharply at pH 3.0 (38.44 %) and
pH 11.0 (45.04 %) after 28 days of storage. This indicated that the active
components of CEO were destroyed under strong acid and alkali con-
ditions, but were stable at pH 5.0 — 9.0. After the CEO encapsulated by
CMCD-ODA polymer at pH 5.0 — 9.0, the antioxidant capacity decreased
slightly with the prolongation of storage time (Fig. 7A). However, the
antioxidant capacity of the emulsion decreased significantly at pH 3.0
and pH 11.0 after 28 days of storage, which was related to the instability
of the emulsion at pH 3.0 and pH 11.0. These results suggested that the
free CEO was stable at pH 5.0, and the emulsions prepared at pH 5.0
could protect the antioxidant activity of essential oils from being
destroyed during the storage.

The CMCD-ODA emulsion obtained at pH 5.0 was diluted with ul-
trapure water to obtain CEO dilutions with different concentrations of
CEO, and then the DPPH scavenging capacity of the dilutions was
investigated. As shown in Fig. 7B, at low concentrations of CEO (0.1 —
0.4 mg/mL), the CEO-loaded CMCD-ODA emulsions showed higher
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Fig. 6. CLSM and SEM images of CMCD-ODA emulsions prepared at pH 5.0.

oxidation resistance than free CEO. CEO was prone to volatilization and
deterioration during the experimental process, resulting in a decrease in
CEO content of the free CEO samples. However, Pickering emulsion
could protect the CEO from volatilization or deterioration, making the
antioxidant capacity of the emulsion higher than that of the free CEO.
Conversely, under high CEO concentrations (0.8 — 1.0 mg/mL), the
antioxidant capacity of the unencapsulated CEO was higher than that of
the CEO-loaded CMCD-ODA emulsions. The existence of eugenol and
B-caryophyllene contributed to the DPPH scavenging activity of CEO
[2]. At high CEO contents, the antioxidant activity of the CEO-loaded
emulsions was slightly lower than that of free CEO probably because
of the interactions between the phenolic compounds in CEO and the
encapsulating material [56]. Furthermore, the formation of a contin-
uous network by the amphiphilic CMCD-ODA loading around the
droplets could physically separate CEO from the free radicals, thereby
reducing their interaction with free radicals [52]. However, at low CEO
concentrations (0.1 — 0.4 mg/mL), the polymer concentration was also
reduced after dilution, and the antioxidant capacity of emulsion was
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higher than that of free CEO. When the concentration of the CMCD-ODA
amphiphilic polymer in the reaction system was lower than the critical
aggregation concentration, the disassembled behavior of the amphi-
philic curdlan derivative led to the release of CEO from the emulsions
droplets. It has been reported that amphiphilic polymers can form ag-
gregates with hydrophobic cores for loading hydrophobic components
above the critical aggregation concentration, whereas the aggregates
disassembled below the critical aggregation concentration [57]. Thus,
the slow release of CEO from the emulsion improved the antioxidant
capacity of the volatile free CEO at 0.1-0.4 mg/mL CEO concentrations.

3.8. Antibacterial potential of CEO-loaded curdlan emulsions

Gram-positive bacteria (S. aureus) and gram-negative bacteria
(E. coli) were employed to evaluate the antibacterial capacity of the CEO
emulsions. All of the CEO and CEO emulsion samples exerted a good
antibacterial effect on the two tested strains (Fig. 7C). The antimicrobial
activities of CEO are attributed to its primary active ingredients,
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of storage at 25 °C.

including eugenol and p-caryophyllene [3]. CEO exhibits antimicrobial
action possibly by penetrating through the cell membrane of the bac-
terium for its lipophilic characteristic then altering the permeability of
the microbial membranes, resulting in the leakage of cytoplasmic con-
tents and impaired functional properties of cells [3,56].

The inhibition zones of the CEO emulsions (2.83 c¢cm for S. aureus and
2.07 cm for E. coli) were larger than the inhibitions zones formed by free
CEO at an equivalent CEO concentration (2.70 cm for S. aureus and 1.87
cm for E. coli), indicating the improved antibacterial capacity of CEO
after emulsification. This result is consistent with the higher antibacte-
rial capacity of the CEO cellulose Pickering emulsion compared with free
CEO [1]. The superior performance of the CEO-loaded CMCD-ODA
emulsions compared with free CEO may be attributed to the efficient
adherence to the bacterial membrane and the slow sustained release of
volatile CEO from the CMCD-ODA emulsions during the experiment [1].
In addition, the volatilization or deterioration of free CEO during the
antibacterial experiment also reduced its antibacterial ability.

Particularly, the CEO emulsion exhibited greater antibacterial ac-
tivity in S. aureus than E. coli probably due to the different constituents
of the bacteria wall. The negatively charged CMCD-ODA emulsion
droplets might have self-assembled with the cell membrane of the gram-
positive bacteria and facilitated the interaction with the cellular com-
ponents of the bacteria, resulting in enhanced antibacterial activity
[58].

4. Conclusions

An amphiphilic curdlan derivative (CMCD-ODA) was successfully
synthesized by incorporating hydrophobic octadecylamine groups into
CMCD. The CEO-loaded Pickering emulsion was stabilized by CMCD-
ODA loading at the O/W interface. The emulsifying properties of the
CMCD-ODA polymers were significantly affected by pH, and the
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emulsion stabilized at pH 5.0 showed the best stability with a relatively
uniform size distribution during 28 days of storage. The rheological
results further confirmed that the emulsions prepared at pH 5.0
exhibited superior viscosity and higher viscoelasticity than the other
emulsions. The CLSM and SEM images revealed that the self-assembled
CMCD-ODA polymer formed a packed layer around the oil droplets'
surface and a gel network against droplet coalescence. These results
suggest that emulsion stability was affected by the balance between
electrostatic interaction and steric hindrance at varying pH. The CEO-
loaded curdlan emulsions exhibited higher DPPH radical scavenging
activity at low CEO concentrations and stronger antibacterial activity
compared with the unencapsulated CEO. These findings point to an
approach for enhancing the utilization efficiency of CEO and a pH-
responsive emulsifier for potential application in food, hydrophobic
drug delivery, and other areas.
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