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ARTICLE INFO ABSTRACT

Keywords: In this study, Pickering emulsions stabilized by chitosan (CS), chitosan-Laminaria japonica polyphenols (CP) and
Pickering emulsion chitosan-Ascophyllum nodosum polyphenols (CB) were fabricated. This study also evaluated the stability of CS,
Chitosan

CP, and CB under different environmental factors including pH (2-9), NaCl concentrations (0-500 mM), heat
treatments (50-100 °C) and storage period (0-8 weeks). The characterization on interfacial layer of emulsion
droplets demonstrated that macroalgal polyphenols could combined with the amorphous regions of chitosan
particles through hydrogen bond and electrostatic interactions, providing stronger dual wettability with
enhanced ability of interfacial layer in stabilizing Pickering emulsions. All three emulsions showed best droplet
distribution, highest emulsion stability and specific surface area at pH 6 and 0 mM NaCl concentration as fresh
emulsion. Moreover, CS, CP, and CB exhibited the rheological behaviour of pseudoplastic fluids at different pH
and NaCl concentration. It should be noted that CP and CB exhibited higher emulsion stability than CS under a
variety of environmental stresses. Overall, this research proved that chitosan-macroalgal polyphenol co-
stabilized Pickering emulsion had enhanced stability against various environmental stimuli, which could be

Macroalgal polyphenols
Environmental stimuli
Emulsion stability

utilized as potential delivery and protection system for hydrophobic bioactive compounds.

1. Introduction

Food-grade Pickering emulsions are currently gaining momentum in
the functional food sector as they can act as biocompatible and biode-
gradable stabilizers of bioactive compounds, protecting them to reach
their target organs [1]. High energy inputs are regularly required to
dissociate stabilizer particles from the interface of Pickering emulsions
and thus, these systems are generally considered to be extremely stable
before the preservation of bioactive compounds at their oil phase during
extended periods of time [2]. Chitosan is a cationic polysaccharide that
is Generally Recognized as Safe (GRAS) by the US Food and Drug
Administration (U.S. FDA) with multiple applications, including its use
as food additive, drug delivery and dietary supplement due to its rela-
tively inexpensive price, high market availability, and biocompatibility
[3-5]. Although chitosan can self-aggregate and act as a Pickering
emulsion stabilizer, its strong hydrophilicity limits its stability in
response to environmental stimuli [6,7]. Recent studies have shown that
Pickering emulsions stabilized by chitosan and other polymers have
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higher stability than only by chitosan nanoparticles [8]. Layer-by-layer
electrostatic deposition is an efficient and promising technique for
developing co-stabilized emulsion systems by using two oppositely
charged stabilizers deposited at the oil-water interface to improve
emulsion stability [9].

Moreover, recent studies have shown that chitosan-based Pickering
emulsions have many attractive and innovative applications in the de-
livery systems for several hydrophobic bioactive ingredients such as
curcumin [10], lycopene [11], resveratrol [12], rutin [13], eicosa-
pentaenoic acid (EPA) [14], and essential oil [15]. It is worth noting that
the industrial application of Pickering emulsion as a food ingredient is
very complicated, while many external environmental factors (such as
pH, ionic strength, temperature, and storage time) could affect its
properties [16]. Therefore, before the Pickering emulsion is applied to
complex food systems, its stability against different external environ-
ments should be explored to further prove its potential application
prospects.

Brown macroalgae (Phaeophyceae), such as Laminaria japonica and
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Ascophyllum nodosum are exploited worldwide, being mainly produced
by China and Chile [17]. Moreover, brown macroalgae have been
recently explored as a source of multiple compounds, such as poly-
phenols, that can display a wide array of health benefits including
antioxidant [17], antimicrobial [18], and anti-inflammatory [19],
antihypertensive [20], antidiabetic [21], and anticancer activities [22].
Despite the huge potential of macroalgal polyphenols and their potential
health benefits, the use of these compounds as pharmaceuticals, cos-
meceuticals, nutraceuticals and functional foods is still limited [17,23].
Numerous studies have shown that polyphenols from multiple sources
can act as effective stabilizers for oil in water (O/W) emulsions [2,6] and
thus, exploring the use of these compounds as Pickering emulsion sta-
bilizers could contribute to broaden the utilization of these molecules as
food additives or ingredients. In our previous study [24], the prepara-
tion process of Pickering emulsions co-stabilized by chitosan and mac-
roalgal polyphenols from Ascophyllum nodosum by layer-by-layer
electrostatic deposition was optimised. However, there is still limited
understanding of how this novel chitosan-macroalgal polyphenol co-
stabilized emulsions respond to environmental stimuli that will be
necessary to determine the stability and the future processing conditions
of these emulsions needed when formulating novel foods and other uses
by the pharmaceutical and cosmeceutical industries.

This study aims to characterize the binding properties between chi-
tosan and polyphenols from different macroalgal species by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), contact
angle, and transmission electron microscopy (TEM) when developing
Pickering emulsions. At the same time, the effect of environmental
stimuli (pH, ionic strength, heat treatment, and storage period) on the
morphology, stability, droplets specific surface area and rheology
properties of emulsions were also determined. This study demonstrated
the potential advantage of chitosan-macroalgal polyphenols stabilized
Pickering emulsion against various environment effects than emulsion
stabilized only by chitosan particles as delivery systems of hydrophobic
bioactive compounds. Moreover, this research also explored further
applications of naturally extracted polyphenols in innovative emulsion
with future applications in the pharmaceutical, cosmeceutical and food
industries, beyond those commonly explored of inclusion in food for-
mulations directly.

2. Materials and methods
2.1. Biological materials and chemical reagents

Macroalgal A. nodosum was purchased from the Qingdao Mingyue
Company (Qingdao, Shandong, China). Polyphenols from A. nodosum
were prepared by ultrasonic assisted enzymatic extraction and liquid-
liquid participation, the extract which was not soluble in water and n-
hexane was collected with purity of 73.85 % (Meng et al., not published
yet). Polyphenols from L. japonica (84.13 % purity) were purchased from
Xi'an Baichuan Technology Co. Ltd. (Xi'an, Shaanxi, China).

Low molecular weight (MW) chitosan (MW ranging from 50 to 190
kDa, deacetylation degree of 75-85 %) and Nile Red were purchased
from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Other reagents were of
analytical grade and purchased from Beijing Chemical Reagents Co.
(Beijing, China). Deionized water with a resistivity of not <18.2 MQ was
used in all experiments. Corn oil for the preparation of emulsions was
purchased from Arawana (Beijing, China).

2.2. Preparation of chitosan and macroalgal polyphenol solution

Chitosan powder was dissolved in an aqueous HCI solution (pH 3)
under magnetic stirring at 300 rpm for 4 h (HJ-6, Changzhou Zhongbei
Instrument Co. Ltd., Changzhou, Jiangsu, China), and then adjusted pH
to 6 by adding 1 M NaOH and incubated overnight at room temperature
to generate chitosan dispersions (1 %, w/v, zeta potential: 25.7 mV).
Macroalgal polyphenols dispersions (1 %, phenolic content/v, zeta
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potential: —37.4 mV (L. japonica) and —34.6 mV (A. nodosum)) were
prepared using an ultrasonic bath (SK8210HP, Kudos, Shanghai, China)
at 53 kHz, 500 W, 25 °C for 15 min to disperse polyphenols in an
aqueous HCI solution at pH 6.

2.3. Preparation of emulsions

Chitosan stabilized Pickering emulsions (CS), chitosan-L. japonica
polyphenols stabilized Pickering emulsions (CP), and chitosan-
A. nodosum polyphenols stabilized Pickering emulsions (CB) were
generated based on the layer-by-layer electrostatic deposition method
following the protocol as developed by our previous research [24].
Briefly, the chitosan and polyphenol dispersions are diluted to the
desired concentration. Then, 165 mL of chitosan dispersion was mixed
with 15 mL of corn oil, and then mixed at 10,000 rpm for 1 min using
high-speed homogenizer (125, IKN Co., Shanghai, China) and then ho-
mogenized 3 cycles with a high-pressure homogenizer (D-3L, PhD
Technology LLC, USA) at a pressure of 60 MPa to prepare the primary
emulsion. 120 mL of water or macroalgal polyphenol dispersion were
slowly added to the primary Pickering emulsion, respectively. The
mixtures were homogenized at 10,000 rpm for 1 min, and then 3 cycles
at 60 MPa using a high-pressure homogenizer to prepare CS, CP and CB,
respectively. The final chitosan concentration was 0.5 % (w/v), and the
ratio of chitosan to macroalgal polyphenols was 9.5:1 (chitosan content:
phenolic content) in each type of emulsion. The pH of CS, CP and CB
were 5.86, 5.96, and 5.94, respectively. Zeta potential of these emul-
sions were 20.6 mV (CS), 16.4 mV (CP), and 17.5 mV (CB), respectively.

2.4. Characterization of emulsion stabilizers

2.4.1. Separation of interfacial layer stabilizers

The methods of interfacial layer stabilizers separation was referred to
[25] with slightly modification. Briefly, emulsions were centrifuged at
10,000 g for 20 min at 4 °C and then mixed with n-hexane at 65 °C for 30
min for oil removal. The n-hexane fraction was separated at 10,000 g
centrifugation for 20 min at 4 °C. The interfacial layer stabilizers were
collected and freeze-dried for further research.

2.4.2. Fourier transform infrared spectroscopy (FTIR) analysis

FTIR analyses were performed as described by [26] with slightly
modifications. Briefly, interfacial layer of CS, CP, and CB were triturated
with potassium bromide (KBr) to yield pellets, respectively. The FTIR
absorbance spectrum at IR ranges of 600 and 4000 cm ™! with a reso-
lution of 2 cm ™! were recorded by Tensor 27 FTIR spectrometer (Bruker,
Karlsruhe, Germany).

2.4.3. X-ray diffraction (XRD)

XRD were determined by an X-ray diffractometer (Brucker D8
Advance, Germany) as described by [10] with slightly modification. The
instrument was equipped with a copper anode that produced Cu Ka
radiation, and was operated at 40 kV of an accelerating voltage
(wavelength: 1.5418 f\). 260 was set from 2° to 60° with scanning rate as
2°/min.

2.4.4. Contact angle

Contact angles of interfacial layer of CS, CP and CB were obtained
with a DSA 30 Contact Angle System (with goniometer equipped with a
system of drop shape analysis, Kriiss, Germany).

2.4.5. Transmission electron microscopy (TEM)

The morphology of stabilizers of CS, CP, and CB were investigated by
TEM (H-7500, Hitachi, Tokyo, Japan) with 80 kV voltages. The emul-
sion stabilizers were diluted to 10 pg/mL with deionized water. A
droplet of diluted solution dispersion was put onto a carbon support film
on a copper grid and allowed to dry in air. Particle dimension was
determined by ImageJ software.
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Fig. 1. (A) FTIR spectra, (B) XRD, contact angle of (C) CS, (D) CP, and (E) CB and TEM of (F) CS, (G) CP, and (H) CB.

2.5. Application of environmental stresses and characterization of
emulsions

Once the emulsions were generated, they were subjected to several
environmental stresses aiming to determine their stability under
different processing conditions. The effect of the pH on Pickering
emulsions was studied by adjusting the pH of the emulsions to 2, 4, 6, 7,
and 9 using 0.1 M HCl or NaOH solutions. The ionic strength of Pickering
emulsions was tested by the addition of 0, 100, 300 and 500 mM of NaCl.
The heat stability was tested by heating the emulsions to 50, 60, 70, 80,
90, and 100 °C using a water bath (DSHZ-300A, Taicang Experimental
Equipment Factory, Taicang, Jiangsu, China) for 30 min followed by
cooling down to room temperature. The storage stability of Pickering
emulsions was also tested by storing all the emulsions at 25 + 1 °C for 8
weeks.

Optical microscopy, macroscopic observation, emulsion physical
stability, droplet size distribution. Rheology properties and multiple
light scattering stability were used to characterize these environmental
stresses on emulsions.

2.5.1. Optical microscope observation of emulsion

Optical microscopic observations were performed as described by
[27] with some modifications. 0.5 mL of emulsions were transferred into
4.5 mL of deionized water, and vortexed for 5 s. 20 pL mixtures were
carefully placed between the microscope slide and the cover glass. The
microscopic morphology of the droplets was evaluated using an optical
microscope (CX41, Olympus Corporation, Tokyo, Japan) equipped with

a 40x magnification objective lens and a 10x magnification eyepiece.
The images were recorded by CCD camera (EOS 450D, Canon, Japan).

2.5.2. Macroscopic observations

Macroscopic observation were performed based on [28] with slightly
changes. 7 mL of fresh emulsion was pipetted into a 10 mL clear glass
bottle accurately and screw the cap tightly to seal it. Emulsions were
stored 12 h at room temperature or during storage period. Macroscopic
observations of each emulsion were taken by CCD camera aiming to
determine the water and/or oil phase delamination.

2.5.3. Emulsion physical stability
Emulsion physical stability was determined referred to [29] with
slightly changes. Briefly, 10 mL of fresh emulsion was centrifuged at
3000 g for 15 min at 4 °C. Emulsion physical stability was measured
based on the following equations:
Final emulsion volume

Emulsion physical stability (%) = Initial erulsion volame 100 (@D)]

2.5.4. Measurement of specific surface area

The specific surface area of emulsion droplets was measured by laser
particle size analyser (Bettersizer 2000, Dandong Bettersize Instrument
Co., Ltd., Dandong, Liaoning, China) as indicated by [30] with slightly
modifications. 0.5 mL of emulsions was diluted in 400 mL solutions with
the same pH or NaCl deionized water to avoid the influence of light
scattering caused by dispersant before measurements. The relative
refractive index of the emulsion was taken as 1.107, corresponding to
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Fig. 2. Images of the evaluation of Pickering emulsions stabilized with chitosan (CS), chitosan-Laminaria japonica polyphenols (CP) and chitosan-Ascophyllum
nodosum polyphenols (CB) at different pH values (2, 4, 6, 7 and 9). Images correspond to (A) optical microscopic evaluation and (B) macroscopic evaluation. The bars

in the images represent 10 pm.
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Fig. 3. Images of the evaluation of Pickering emulsions stabilized with chitosan (CS), chitosan-Laminaria japonica polyphenols (CP) and chitosan-Ascophyllum
nodosum polyphenols (CB) at different NaCl concentrations (0, 100, 300, and 500 mM). Images correspond to (A) optical microscopic evaluation and (B) macroscopic

evaluation. The bars in the images represent 10 pm.

the ratio of the refractive indices of corn oil and the deionized water
(1.472 and 1.33, respectively).

2.5.5. Rheological properties

The rheological properties of the emulsions were determined as
referred by [27] with slightly modifications. Briefly, the rheological
properties of the emulsions at different pH and NaCl concentration were
performed using an Anton Paar rheometer (Physica MCR 301, Austria)
with a Peltier system temperature controller (HePTD 200) and a parallel
plate geometry (PP50, 50 mm diameter, and a 0.500 mm gap). For each
measurement, 1.20 mL of fresh emulsions were carefully deposited over
the plate of the rheometer. When the emulsions contacted with the
parallel plate geometry, the emulsions were equilibrated for 30 s and
then were taken in a steady-rate flow mode with shear rate ranging from
0.01 to 100 s~! during 15 min. The apparent viscosity of the emulsions

was expressed as a viscosity value at a shear rate of 100 s~ 1.

2.5.6. Multiple light scattering stability analysis

Multiple light scattering stability analysis was performed using a
Turbiscan Lab instrument (Formulaction Co., L'Union, France) as indi-
cated by [31] with slight modifications. Multiple light scattering sta-
bility analysis is an important approach to assess the combined effects of
multiple environmental factors. Therefore, 20 mL of emulsions at
different pH and NaCl concentration were placed in a flat-bottomed
cylindrical glass tube. The backscattering (BS) and transmission (T)
data were recorded for 6 h at 15 min intervals at the wavelength of 880
nm and 50 °C. Turbiscan stability index (TSI) was calculated according
to the change of T and BS intensity by Turbiscan Tower software (For-
mulaction Co., L'Union, France) using Eq. (2).
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Fig. 4. CLSM of Pickering emulsions stabilized with chitosan (CS), chitosan-Laminaria japonica polyphenols (CP) and chitosan-Ascophyllum nodosum polyphenols (CB)
at different heat treatments. The oil phase is shown in green in all the images and the scale bars are represented in red colour in the bottom left of the images

representing 10 pm.
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where scan;(h) is the average backscattering for each time (i) of mea-
surement, scan;_j(h) is average backscattering for the time (i — 1) of
measurement, and H is the height of the sample.

TSI can be used to characterize the combined effects of multiple
instability phenomena by the changes in light intensity [32]. In the
emulsification process, flocculation and aggregation are the main factors
affecting emulsification, and the higher TSI related to poorer stability
[33].

2.5.7. Confocal laser scanning microscopy (CLSM)

Microstructure of the emulsions were visualized by confocal scan-
ning laser microscope (TCS SP8, with 63 x objective lens, Leica
Microsystems, Heidelberg, Germany) as described by [7] with slight
modifications. 1 mL of emulsions were stained with 50 pL of a blended
fluorescent colorant solution consisting of Nile Red (1 mg/mL) for 1 h.
The dyed samples were diluted 10 times and 20 pL of diluted samples
were carefully transferred onto the concave glass slide and covered with
a glass cover slip (Citotest labware manufacturing Co., LTD, Haimen,
Jiangsu, China). Nile red staining the oil phase were visualized at
excitation wavelength of 514 nm. The optical resolution of the obtained
digital images was 2048 pixels x 2048 pixels.

2.6. Statistical analyses

All measurements were performed in triplicate. Results were
expressed as mean + standard deviation (SD). One-way ANOVA and
Duncan's multiple range tests were conducted to identify differences
inside each treatment group using SPSS version 27.0 (IBM, Armonk, NY,
USA). In all cases, the criterion for statistical significance was P < 0.05.

3. Results and discussion
3.1. Characterization of emulsion stabilizers

3.1.1. FTIR

FTIR spectra of the CS, CP and CB interfacial layer stabilizers were
presented in Fig. 1A. The characteristic spectra of CS were as follows:
3412.0 em ™! (O—H stretch overlapped with N—H stretch), 2943.3 and

2871.9 cm ™! (C—H stretch), 1645.2 cm ™! (amide I band, C=0 stretch),
1541.1 cm™! (amide II band, NH2 bending), 1394.5 cm™! (amide III
band, C—N stretch), 1172.7 em™! (C—0—C asymmetric stretching vi-
bration) and 1109.0 cm™! (C—O stretch), similar to the previously re-
ported chitosan spectrum [34,35]. In CP and CB, the decrease in the
intensity of the peak located at 3412.0 cm™! of CS indicated the gen-
eration of hydrogen bonds between macroalgal polyphenols and chito-
san [36]. Moreover, the peak position of the amide I band of chitosan
particles was significantly shifted from 1645.2 cm™! (CS) to 1625.9
cm™! (CP and CB), while the amide II band was shifted from 1541.1
em™! (CS) to 1523.7 (CP) and 1521.8 cm™! (CB). At the same time, the
intensity of these two peaks also showed decrease trend after macroalgal
addition. The reason for the change in peak position and intensity was
the electrostatic interaction of NH3 of chitosan with macroalgal poly-
phenols [37]. Overall, FTIR analyses suggested that chitosan and mac-
roalgal polyphenols was combined by intermolecular hydrogen bonds
and electrostatic interactions.

3.1.2. XRD

The XRD of stabilizers of CS, CP, and CB were shown in Fig. 1B. The
interfacial layer of CS had two broad peaks with low intensity at 26 =
11.2° and 20.0°, which reflected the destruction of the natural chitosan
stacking structure by strong intermolecular forces during the prepara-
tion of the emulsion [38,39]. Compared with CS, both CP and CB had
broad peaks around 20°, which was due to the binding of macroalgae
polyphenols to the amorphous region of chitosan, contributing to lower
relative crystallinity degree (RCD) of CP (18.5 %) and CB (20.2 %) than
that of CS (42.1 %). Similar results were also consistent with the change
trend of chitosan combined with substances such as ascorbyl palmitate
[40] and gum Arabic [41]. In CS, CP and CB, crystalline regions located
at 27°, 32°, 46° and 57° all existed, indicating that the addition of
macroalgal polyphenols did not change the structure of these crystal
planes. Similar crystalline XRD diffraction peaks were also observed in
chitosan from fishery waste [35] and chitosan-silver nanoparticles [42].
The results of XRD determined that macroalgal polyphenol bond to the
amorphous region of the chitosan particles without affecting the crys-
talline region structure.

3.1.3. Contact angle

As Pickering emulsion stabilizer, chitosan particles had strong hy-
drophilicity, and was considered that certain modifications are needed
to improve dual wettability [43]. The oil/water three-phase contact
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Fig. 5. Images of the evaluation of Pickering emulsions stabilized with chitosan (CS), chitosan-Laminaria japonica polyphenols (CP) and chitosan-Ascophyllum
nodosum polyphenols (CB) at storage period ranging from 0 to 8 weeks. Images correspond to (A) optical microscopic evaluation and (B) macroscopic evaluation. The

bars in the images represent 10 pm.

angles (0,/w) of CS, CP, and CB was shown in Fig. 1C, D, E, respectively.
Interfacial layer of CP (91.5°) and CB (87.8°) had higher 6,/ than CS
(69.0°), indicating their better ability to stabilize Pickering emulsion as
0,/w approaching 90° [44]. Therefore, the conclusion of the contact
angle proved that the addition of polyphenols leaded to the weakening
of the hydrophilicity of chitosan particles as well as provided better
hydrophilic-hydrophobic balance and dual wettability. Thus, CP and CB
may also have stronger stability than CS when dealing with external
environmental stimuli.

3.1.4. TEM

TEM images of CS, CP, and CB were shown in Fig. 1F, G, H,
respectively, the interfacial layers of the three emulsions were all
composed of particles. The mean diameters of the interfacial layer
particles of the three Pickering emulsions were 21.81 nm (CS), 28.46 nm
(CP), 23.62 nm (CB), respectively. These results were similar to the
chitosan nanoparticles diameters of 25-50 nm previously reported by
[40]. Moreover, particles of CP and CB showed better cross-linking than

CS, which was because of the electrostatic adsorption of polyphenols
with chitosan. It is worth noting that chitosan and polyphenol did not
form new particles to stabilize Pickering emulsions during the prepa-
ration of emulsions. This phenomenon indicated that the electrostatic
adsorption between chitosan and polyphenols in the emulsion is at the
interface layer rather than bonded by hydrogen bonds to form a new
solid particle. Overall, the results of TEM showed the polyphenol and
chitosan particles interact with each other to stabilize the oil-water
interface.

3.2. Effects of pH values on emulsion properties

3.2.1. Morphology

Emulsions may experience various pH conditions during
manufacturing and digestion, which played a crucial role in the degree
of ionization of the pendant functional groups carried by biopolymers
[16]. The droplet optical microscope observation of emulsions with
different pH was shown in Fig. 2A. At pH range was 2-6, all fresh
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emulsions had good dispersion without visible difference, which was
similar to previous results [45]. When the pH was 7, the emulsion
droplets began to aggregate while all dispersed droplets were formed as
large aggregates but not destroyed at pH 9. As shown in Fig. 2B, there
was no water precipitation and oil phase leakage a pH 2-7 while a large
amount of emulsion aggregation and precipitation of aqueous phase at
pH 9. This result may relate to the dispersed chitosan in the mobile
phase of the emulsion participated in the self-agglomeration of the
emulsion droplets leads to a decrease in the emulsion stability of the
emulsion [3].

3.2.2. Emulsion physical stability

Emulsion physical stability of CS, CP and CB at different pH values
were shown in Fig. 6A. All emulsions had the highest emulsion physical
stability at pH 6, which was related to equilibrium between protonation
and deprotonation of chitosan, resulting in the formation of sufficient
nanoscale aggregated particles to stabilize the emulsion droplets [45].
When the pH of emulsions was <6, the emulsion physical stability
decreased together with pH, which were related to the thinning of the
interfacial film caused by the dissolution of chitosan particles and the
increase of protonation and electrostatic repulsion of amine groups in
chitosan [7]. All emulsions had significantly lowest emulsion physical
stability at pH 9, which may be related to the coalescence of the droplets
which was previously analysed in Section 3.2.1. When coalescence
occurred, the macroalgal polyphenols and chitosan in the dispersed
phase of the emulsion were bound to the previous droplet surface,

resulting in a significant decrease in emulsion physical stability
compared to lower pH values. When the pH range was 2-7, the emulsion
physical stability of CS was smaller than those of CP and CB, while larger
than those of CP and CB at pH 9. The amino groups of chitosan may be
deprotonated at pH 9 [46], and the NH3 of chitosan particles and
polyphenols were bound by electrostatic interactions (as mentioned in
Section 3.1.1), promoting the aggregation of chitosan particles and
coalescence of droplets. This enhanced aggregation effect was also
observed at pH 10 for Pickering emulsions stabilized by sodium alginate
and chitosan [47].

3.2.3. Specific surface area

High specific surface area in emulsions indicate that their droplets
have small particle size and high fluidity, contributing to improve the
stability of Pickering emulsions [48]. Specific surface area of CS, CP and
CB at different pH are shown in Fig. 7A. Specific surface area was at its
highest at pH 6 in all emulsions, which would contribute to enhanced
emulsion physical stability reported in Section 3.2.2. Previous re-
searches had also appreciated the smaller droplet size and higher spe-
cific surface area on the emulsion stability [7,45]. When pH changed,
further protonation (pH 2-6) or deprotonation (pH 7-9) of chitosan
would lead to changes in the interfacial film formed by chitosan particles
located at the oil-water interface, and eventually lead to the reduction of
the specific surface area [6,49]. In addition, the specific surface area of
the emulsion droplets decreased significantly due to the strong aggre-
gation between droplets at pH 9 (Fig. 2A) which was related to
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deprotonation of chitosan [3,46].

3.2.4. Rheology

As shown in Fig. 8A, the apparent viscosities of all emulsions at
different pH values decreased when increasing the shear rates, sug-
gesting that the emulsions follow a pseudoplastic fluid pattern and
exhibit shear-thinning properties. The apparent shear-thinning behav-
iour of the emulsion was indicative of weak associative interactions,
indicating the formation of weak droplet network structures in Pickering
emulsions stabilized by chitosan-macroalgal polyphenols [50]. At shear
rates of 100 s™1, the apparent viscosity (Fig. 8B) of all emulsion showed
the maximum value at pH 9 (23.50 mPa-s (CS), 53.97 mPa-s (CP) and
44.50 mPa-s (CB)), with the second largest value at pH 7 (14.60 mPa-s
(CS), 18.13 mPa-s (CP) and 24.50 mPa-s (CB)), minimum at pH 6 (10.37
mPa-s (CS), 11.25 mPa-s (CP) and 11.57 mPa-s (CB)). CP and CB
exhibited higher viscosities compared to CS at all pH values, which was
attributed to the interaction between chitosan and polyphenols [36]. At
pH within the range 2-6, the apparent viscosities of the all emulsions
increased with a decrease in pH, which may be due to the chitosan
particles originally distributed in the interface layer would be desorbed
and dissolved into the dispersed phase due to the protonation of chitosan
amino groups [7]. When the pH ranged from 6 to 9, the apparent vis-
cosities of all emulsions showed an increasing trend with the increase of
pH. When the pH value is higher than the pKa of chitosan (x6.8), chi-
tosan aggregated at the droplet interface of the emulsions, leading to the
generation of large aggregates of droplets (shown in Fig. 2) and a

significant increase in viscosity [51].

3.2.5. TSI

As shown in Fig. 9A, all emulsions had the lowest TSI values at pH 6,
which was same with previous results of emulsion physical stability
(Section 3.2.2). In the case of pH 9, the TSI value of CS was lower than
CP and CB. This could be explained as CP and CB have stronger aggre-
gation effect at this pH, which reduced their stability. For CS, the TSI
was greatly affected by pH changes and ordered from highest to lowest
the TSI was at its highest at pH 6 followed by pH 7, pH 4, pH 2 and pH 9.
These results were consistent with the conclusion of laser particle size
analysis experiments (Fig. 7A), the larger the specific surface area could
contribute to higher stability of the emulsions. For CP and CB, the TSI
values did not varied widely when the pH remained within the range 2-7
and lower than CS, indicating the enhanced stability in low pH. These
results may be related to the stable three-dimensional (3D) network of
the interface layer [52] that can be created by the combination of chi-
tosan and polyphenols. However, when the pH ranged from 2 to 6, lower
pH reflected on higher TSI and poorer stability for all emulsions. With
the decrease of pH, the protonation of the amino groups on the d-
glucosamine unit, which led to greater electrostatic repulsion and led to
the dissolution of the chitosan particles [3,45].
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3.3. Effects of NaCl concentration on emulsion properties

3.3.1. Morphology

The ionic strength could affect the charged particles at the interface
between particles of emulsion [38]. This effect was very important in
Pickering emulsions prepared by layer-by-layer electrostatic deposition.
CP and CB had good dispersion at the NaCl concentration ranged 0-500
mM (Fig. 3A), while CS droplets aggregated at 500 mM NaCl concen-
tration (Fig. 3A). This result indicated that CP and CB had higher sta-
bility against ionic strength than CS. Chitosan-based emulsions had
lower stability at high NaCl concentrations because NaCl can reduce the
charge density of chitosan particles [53]. In the CP and CB, the effect of
NaCl concentration on stabilizers may be reduced because of the tighter
binding of chitosan and macroalgal polyphenols. It could be found that
the three emulsions have no leakage of oil phase or water phase in the
NaCl concentration range of 0-500 mM (Fig. 3B) which was same with
observation of chitosan-phytic acid-cyclodextrin Pickering emulsion at
0-500 mM NaCl concentration [38].

3.3.2. Emulsion physical stability

Emulsion physical stability of CS, CP and CB at different NaCl con-
centrations were shown in Fig. 6B. Emulsion physical stability was
significantly decreased with the increase of NaCl concentration, which
was also observed in some other chitosan-based Pickering emulsions
[38,50]. Because of the electrostatic shielding effect at high ionic
strength, the electrostatic repulsion between droplets was reduced as
NaCl concentration increased, resulting in the enhanced instability of

the emulsion [49]. When the NaCl concentration ranged from 0 to 500
mM, CS had lower emulsion physical stability than CP and CB. This was
consistent with the conclusion observed in 3.3.1 that the chitosan-
macroalgal polyphenols Pickering emulsion had enhanced stability
against NaCl concentration stimuli because of tighter network structure.

3.3.3. Specific surface area

The effects of different NaCl concentrations on droplets specific
surface area of the emulsions was shown in Fig. 7B. Specific surface area
was decreased as NaCl concentration increased, indicating that the
droplets of the emulsions were smaller, uniformly distributed, and had
the best stability at lower NaCl concentration. This effect of NaCl on the
emulsions could also be appreciated in the microscopic observation
(Fig. 3A) and emulsion physical stability (Fig. 6B) which was reported in
Sections 3.3.1 and 3.3.2, respectively.

3.3.4. Rheology

As shown in Fig. 8C, the apparent viscosity of CS, CP and CB emul-
sions decreased when increasing the applied shear rates at all NaCl
concentrations (0-500 mM), suggesting again the pseudoplastic fluid
mode and the shear-thinning properties of these emulsions. At a shear
rate of 100 s—* and a NaCl concentration ranging from 0 to 500 mM, the
apparent viscosity of each emulsion (Fig. 8D) decreased with the in-
crease of NaCl concentrations, reaching minimum at 500 mM NaCl
concentration (9.20 mPa-s (CS), 9.80 mPa-s (CP), and 9.71 mPa-s (CB)),
which may be attributed to electrostatic shielding effect at high ionic
strength, leading to the aggregation of chitosan and macroalgal
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polyphenols on the surface of the emulsion droplets [54]. This results in
a reduction of the distribution of chitosan and macroalgal polyphenols
in the continuous phase, which further reduces the viscosity of the
emulsion. At all NaCl concentrations, CP and CB exhibited higher vis-
cosity compared to CS, indicating stronger molecular interactions be-
tween chitosan and polyphenols and promoted cross-linking [49].

3.3.5. TSI

TSI value of CS was higher than that of CP and CB at all NaCl con-
centrations studied, indicating lower stability of the emulsions at higher
ionic strength conditions (Fig. 9B). This phenomenon indicated that the
addition of macroalgal polyphenols would contribute to the improve-
ment of emulsion stability, which may because of enhanced 3D network.
For CS, CP, and CB, the TSI stability was greatly affected by the change
of NaCl concentration. With the increase of NaCl concentration, the TSI
stability of the three emulsions decreased which was same with the
trend of emulsion physical stability reported in Section 3.3.2.
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3.4. Effects of heat treatment on emulsion properties

3.4.1. Morphology

Since many foods processing and preservation require high temper-
ature treatment, it was very important for the formulated emulsion
samples to have high temperature stability in practical applications
[47]. As shown in Fig. 4, when the three emulsions were not heat-
treated, the droplets (green) of the emulsions had good distribution,
and there was no tendency for the emulsion droplets to aggregate. When
the heat treatment temperature was 50 °C, CS began to show the ten-
dency of droplet aggregation. Droplets of CP and CB began to aggregate
at higher temperature (80 °C). When CS was heat-treated at 100 °C for
30 min, the emulsion droplets broke up and formed larger droplets,
while the droplets of CP and CB did not form a similar droplet state. The
charge on the chitosan surface increased and became more hydrophilic
at increased temperature, at the same time, the kinetic energy of the
chitosan particles increased, and the Brownian motion leaded to the
desorption and redistribution of the particles, which promoted droplets
collision and coalescence [3]. CP and CB had significantly better droplet
distribution than CS at all treatments, indicating that the addition of
macroalgal polyphenols could reduce droplets aggregation against high
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temperature treatment.

3.4.2. Physical stability

Emulsion physical stability of CS, CP and CB at different heat pro-
cessing conditions are shown in Fig. 6C. Emulsions without heat treat-
ment had the highest emulsion physical stability. As the temperature of
heat treatment increased, all types of emulsions had significantly lower
emulsion physical stability, indicating that heat treatment could
significantly weaken the stability of all emulsions, as aggregation of
droplets reported in Section 3.4.1. The decrease trend of emulsion sta-
bility as increased temperature was similar to that of [10] for Pickering
emulsion stabilized by chitosan-gum Arabic nanoparticle. After heat
treatments of 100 °C water bath for 30 min, the emulsion physical sta-
bility of CS (10.67 %) was significantly lower than CP and CB (95.00 %).
The increase in physical stability of CP and CB may be related to the
droplet aggregation resistance provided by the addition of macroalgal
polyphenols reported in Section 3.4.1.

3.4.3. Specific surface area

The effects of different heat treatments on the specific surface area of
emulsions were represented in Fig. 7C. The variations of the specific
surface area of the emulsion droplets were similar to the emulsion
physical stability (Fig. 6C). During the temperature increase, the gen-
eration of large-sized droplets (Fig. 4) resulted in a significant decrease
in the specific surface area of the emulsion. It is worth noting that the
specific surface area of CP (2.25 mz/g) and CB (2.22 mz/g) were much
higher than that of CS (1.35 m2/g) even after heat treatments at 100 °C.
This phenomenon suggested that CP and CB maintained the specific
surface area and fluidity of emulsions than that of CS more attractively.

3.5. Effects of storage on emulsion properties

3.5.1. Morphology

Storage stability determined to a certain extent whether the food
product can be widely used [50]. The microstate and macroscopic ob-
servations of the emulsions stored at pH 6 during 8 weeks are shown in
Fig. 5A and B, respectively. Overall, the droplets had a good distribution
in all the emulsions after 1 week of storage, with increased tendency to
aggregation with increased storage time. CS droplets aggregated after 2
weeks of storage, while both CP and CB started to aggregate after 4
weeks of storage, showing higher stability compared to CS. At the end of
8-week storage, CS showed significant droplet aggregation compared to
that of CP and CB (Fig. 5A). Meanwhile, a small amount of water phase
separation at the bottom of the CS at 6 weeks storage while no water
phase separation at 8 weeks storage for CP and CB (Fig. 5B). All these
observations indicate that the addition of macroalgal polyphenols could
contribute to improve the droplet distribution of chitosan-based Pick-
ering emulsions over an 8-week storage period.

3.5.2. Emulsion physical stability

Emulsion physical stability of CS, CP and CB at different storage
periods are shown in Fig. 6D. Emulsion physical stability of all emulsions
showed a decreasing trend with the prolongation of storage time. This is
also consistent with the conclusion obtained from the macroscopic
aqueous phase separation and microscopic droplets aggregation
observed in Section 3.5.1. The emulsion physical stability of CS showed
a significant downward trend after 4 weeks of storage, resulting in the
destruction of the original steric hindrance because of droplets aggre-
gation. This result was consistent with the conclusions previously re-
ported for chitosan-stabilized Pickering emulsions by [45], which
related to the rupture of the chitosan particle layer leading to emulsion
flocculation. After 8 weeks of storage, the emulsion physical stability of
CS was only 38.33 %, which was significantly lower than that of CP
(88.67 %) and CB (87.67 %), respectively. During the 8-week storage
period, CS showed consistently lower emulsion physical stability
compared to CP and CB, indicating that CS had worse stability against
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aggregation.

3.5.3. Specific surface area

The effect of different storage periods on the specific surface area of
emulsions could be observed in Fig. 7D. Overall, the specific surface area
of all emulsions decreased at increased storage time. After 8 weeks of
storage, CS decreased from 2.01 m?/g to 1.67 m%/g, CP decreased from
2.54 m?/g to 2.18 m%/g, and CB decreased from 2.38 m?/g to 2.09 m?/g.
The increase in specific surface area may be due to the aggregation of
small droplets to form aggregates with larger particle size (shown in
Fig. 5A), which was also found by [45] in chitosan particle stabilized
Pickering emulsion. The combination of chitosan and macroalgal poly-
phenols could support a more stable interface layer and provide a larger
specific surface area and better long-term storage.

4. Conclusions

In this research, polyphenols from different variety of macroalgal
were used to generate chitosan-macroalgal polyphenol Pickering
emulsion. FTIR, XRD, contact angle, and TEM results indicated that
macroalgal polyphenols could bind to the amorphous regions of chitosan
particles through hydrogen bonding and electrostatic interactions to
jointly stabilize the emulsion. Emulsions stabilized by macroalgal
polyphenols and chitosan had increased stability at pH ranged 2-7, NaCl
concentrations ranged from 0 to 500 mM), heat treatments within the
50-100 °C range, and can be stored up to 8-weeks. Moreover, the
pseudoplastic behaviour of chitosan and chitosan-polyphenols Pickering
emulsions were observed at different pH and NaCl concentrations. This
research provided complete and effective support for the utilization and
application of Pickering emulsions stabilized with chitosan and
chitosan-macroalgal polyphenols. It exhibited complete analysis of the
behaviour of these emulsions of the stability to external environmental
stimuli. Current results are necessary for the practical application of
these emulsions to enhance the protection of different bioactive mole-
cules that could be useful in the pharmaceutical, nutraceutical, and
functional food industries. In the following studies, more research in-
terests should focus on the protective effect of this chitosan-macroalgal
polyphenol Pickering emulsion on various bioactive components, and
explore the application in industrial production.
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