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Abstract: This work studies the stabilization of Pickering-like emulsions using dispersions
of interpolyelectrolyte complexes (IPECs) formed by chitosan (CS) and sodium alginate
(ALG), two polymers from natural resources, as the aqueous phase and soybean oil as the
oil phase. The ability of these bio-based IPECs to form stable emulsions was evaluated by
varying the compositional ratio of CS to ALG (Z-ratio) and the o0il volume fraction (¢,). Tur-
bidity, zeta potential, and dynamic light scattering measurements revealed the dependence
of IPEC properties on the Z-ratio, with phase separation observed near stoichiometric ratios.
Phase diagram analysis showed that stable oil-in-water (O/W) and water-in-oil (W/O)
emulsions could be obtained under certain combinations of the Z-ratio and ¢,. Emulsion
stability increased with higher Z-ratios due to increased interfacial activity of the com-
plexes and reduced coalescence. Emulsions with high ¢, exhibited transitions from discrete
droplets to bicontinuous interfacially jammed emulsion gels (bijels), suggesting tunable
morphologies. These results highlight the potential of CHI-ALG IPECs as eco-friendly
and efficient stabilizers of Pickering-like emulsions for applications in food, cosmetics
and pharmaceuticals.

Keywords: chitosan; interpolyelectrolyte complexes; Pickering emulsions; sodium alginate;
soybean oil

1. Introduction

Emulsions, mixtures of two immiscible liquids stabilized by emulsifiers, play an
important role in many areas including food, pharmaceuticals, cosmetics and materials
science. Conventional emulsions typically rely on the use of surfactants to reduce interfacial
tension and to inhibit droplet coalescence [1-5]. However, environmental concerns, toxicity,
and limited stability under harsh conditions have led to the need for alternative stabilizers.
Pickering emulsions, which are stabilized by solid particles adsorbed at the liquid /liquid
interface, are recognized as a good alternative [6-12]. These emulsions exhibit exceptional
stability due to the irreversible adsorption of particles that provide a robust steric and
mechanical barrier to droplet coalescence [13-17].

The choice of stabilizing particles plays a key role in the performance of Pickering
emulsions, as particle properties directly affect interfacial tension, wettability, and overall
emulsion stability [14,16,18]. Inorganic particles, such as silica and clays, have been ex-
tensively studied as stabilized in Pickering emulsions [19-24]. However, these materials
are not biodegradable and their use has raised toxicological concerns in relation to their
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effect in human and environmental health. This has shifted the focus to the use of sustain-
able materials, such as natural biopolymers and their derivatives [25-27]. In particular,
the use of interpolyelectrolyte complexes (IPECs) represents an innovative approach to
designing particle-like stabilizers for Pickering emulsions [28,29]. These complexes are
formed through electrostatic interactions between oppositely charged polyelectrolytes,
with the significant entropy gain associated with the release of counterions into the bulk
solution, which accompanies complex formation, being a key factor driving this process.
This results in nanoscale or microscale structures with unique interfacial properties. Their
tunable composition, charge density, and size make IPECs attractive candidates for emul-
sion stabilization [30]. It is worth noting that polyelectrolytes alone exhibit very limited
surface activity and only induce a measurable change in surface tension at relatively high
concentrations, which restricts their utility as stabilizers for emulsions. However, IPECs
formed in the aqueous media exhibit particle-like properties, which can be exploited to
stabilize emulsions. In fact, these IPECs can adsorb at the water/oil interface as a result
of their amphiphilic nature at the oil/water interface. Upon adsorption, the IPECs form
an interfacial layer that reduces the interfacial tension, inhibits droplet coalescence, and
provides steric and electrostatic stabilization. Additionally, the IPEC layer contributes to the
mechanical barrier properties, further enhancing the emulsion stability by preventing the
migration and fusion of droplets [28]. This situation is different to that occurring when the
complex includes proteins. These present interfacial activity themselves and can contribute
to stabilize emulsions before the complexation [31-33].

The seminal work on the stabilization of Pickering emulsions by IPECs was devel-
oped by Bago-Rodriguez et al. [28], who employed synthetic polyelectrolytes such as
poly(allylamine hydrochloride) and poly(4-styrene sulfonate) sodium salt. They system-
atically examined the effects of varying the polyelectrolyte mixing ratio, pH, and con-
centration, revealing that IPECs with compositions near charge neutralization produce
the most stable oil-in-water emulsions. Compared to coacervate-stabilized emulsions,
IPEC-stabilized emulsions demonstrated superior resistance to coalescence, with increased
polyelectrolyte concentrations yielding smaller droplet sizes and improved stability. How-
ever, at very high IPEC concentrations, stability decreased due to particle aggregation.
This approach was subsequently extended to other synthetic polyelectrolyte pairs, such as
poly(diallyldimethylammonium chloride) and anionic polyelectrolyte poly(acrylic acid),
further broadening the applicability of IPECs in emulsion stabilization [29]. Sun et al. [34]
explored the use of IPECs based on the combination of carboxymethyl-modified tamarind
seed polysaccharide and chitosan for the stabilization of Pickering emulsions. They found
that IPECs with a 1:1 mass ratio of components exhibited optimal properties, including
the smallest particle size, strong interfacial activity, and enhanced emulsifying capacity.
Emulsions stabilized by these complexes demonstrated excellent stability and viscoelastic
properties, with high internal phase emulsions achievable at very low concentrations. De-
spite the remarkable potential of IPECs in stabilizing Pickering emulsions, their application
remains largely underexplored, particularly when utilizing polyelectrolytes derived from
natural sources.

Chitosan (CS) and sodium alginate (ALG) are good candidates for the formation of
IPECs [35,36]. CS, a cationic polysaccharide derived from chitin—the second-most abun-
dant polysaccharide in nature—is known for its excellent biocompatibility, antimicrobial
activity, and film-forming ability, making it highly versatile for a range of applications. On
the other hand, ALG, an anionic polysaccharide derived from seaweed, is valued for its
robust gelling properties, biocompatibility, and stability in aqueous environments. The
electrostatic interactions between the amine groups of CS and the carboxylate groups of
ALG can be exploited to form stable IPECs, which may present interfacial properties ideal
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for Pickering emulsion stabilization [37-42]. Therefore, the use of CS and ALG to form
IPECs offers several advantages, including their renewable nature, cost-effectiveness, and
low toxicity. These aspects are very important due to the growing emphasis on sustainable
materials in industrial applications. Additionally, the modular nature of IPECs enables
precise control over their physicochemical properties, allowing for the customization of
emulsion systems for specific applications.

This work investigates the stabilization of Pickering-type emulsions using CS-ALG
IPECs as stabilizers within a water—soybean oil system. Soybean oil was chosen because of
its extensive use in food and cosmetic formulations [43-45]. The research focuses on the
effect of the charge ratio between CS and ALG-referred to as the compositional ratio or
Z-ratio-on the preparation and performance of the IPECs on the stabilization of Pickering-
like emulsions. In particular, the study investigates how the Z-ratio affects the adsorption
of IPECs at the water/oil interface and the IPECs’ ability to form a robust particle layer
at the fluid—fluid interface. In addition, the relationship between IPEC properties and the
resulting emulsion properties, including stability, are investigated. Moreover, the role of
the volume fractions of liquid phases on the phase behavior of the obtained emulsions will
also be explored. The insights gained from this study will contribute to the development
of environmentally friendly, stable, and efficient emulsion systems suitable for various
practical applications, including food products, pharmaceutical delivery systems, and
cosmetic formulations. Furthermore, the inherent tunability of IPEC properties through
straightforward modifications presents exciting opportunities for designing responsive or
multifunctional emulsions, expanding their potential.

2. Materials and Methods
2.1. Materials

Low molecular weight chitosan (50-190 kDa), with a degree of deacetylation ranging
from 75% to 85%, and sodium alginate, with a molecular weight in the range 1240 kDa,
were purchased from Sigma-Aldrich (Darmstadt, Germany). Soybean oil was obtained
from Fisher Scientific (Hampton, NH, USA). All chemicals were used as received without
further purification. The pH of the aqueous solutions was adjusted using glacial acetic
acid (purity > 99%) and sodium hydroxide (purity > 97%), supplied by Sigma-Aldrich
(Darmstadt, Germany) and Fisher Scientific (Hampton, NH, USA), respectively.

The samples were prepared using ultrapure deionized water of Milli-Q quality with
a resistivity exceeding 18 M()-cm and a total organic carbon content below 6 ppm. This

XTM

highly pure water was produced using an AquaMAX""-Ultra 370 Series multicartridge

purification system (Young Lin Instrument Co., Ltd., Anyang, Republic of Korea).

2.2. Experimental Methods

All the experiments described in the present work were conducted at a controlled
temperature of 25.0 £ 0.1 °C, and a fixed pH of 4.5. Thus, it was possible to ensure
the absence of any influence associated with the environmental conditions between
independent experiments.

2.2.1. Preparation of the Dispersions Containing IPECs

The preparation of CS and ALG solutions (pH = 4.5) for the formation of IPECs was
performed in accordance with the procedure proposed in our previous studies [46,47].
Briefly, the stock solutions of CS and ALG, with a concentration of 10 g/L, were prepared
by weighing the appropriate quantities of CS or ALG and transferring them into a 50 mL
flask. The flask was then partially filled with water, followed by the addition of 100 uL of
glacial acetic acid to lower the pH. The pH of the resulting solution was carefully adjusted
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to 4.5 by dropwise adding a 10~2 mM sodium hydroxide solution. Finally, the final volume
of the solutions was reached by adding an aqueous solution of glacial acetic acid with its
pH fixed at 4.5.

The IPECs were prepared using a mixing method adapted from the original procedure
developed by Ravera et al. [48], which was originally established for the preparation of
particle-surfactant mixtures. In this approach, equal volumes of the CS and ALG solutions
(pH = 4.5) were combined to form the IPEC dispersion. Specifically, a solution of CS at a
concentration twice that of the final mixture was added dropwise to a stirred ALG solution
at 0.2 g/L (also twice the final target concentration). This stepwise addition was designed
to minimize concentration gradients during mixing [49,50]. The resulting dispersions were
stirred at 1000 rpm for 30 min to ensure homogeneity and then left undisturbed overnight
to allow equilibration. Given that acetic acid does not act as a buffer, pH measurements
were conducted both after the ageing period and immediately prior to sample utilization,
to ensure stable pH conditions in the vicinity of 4.5. This was also applied to CS and
ALG solutions.

2.2.2. Preparation of the Pickering-like Emulsions

Emulsions with a total volume of 10 mL were prepared using a high-speed laboratory
mixer ULTRA TURRAX T25 (IKA, Staufen, Germany) operating at 12,000 rpm for 1 min.
The emulsions were formulated with varying volume fractions of soybean oil and aqueous
dispersions of IPECs. This allows us to define the composition in term of the oil volume

fraction as:
Vo

o= Ve v

with V, and Vi, being the volumes of soybean oil and aqueous phase (aqueous dispersion

(1)

of IPECs) in the emulsion, respectively, and, therefore, the volume fraction of the aqueous
phase can be defined as ¢, =1 — ¢o.

2.2.3. Characterization of the Dispersions Containing IPECs

The turbidity of the mixtures was determined from absorbance measurements accord-
ing to the following relationship:
T=1-1074, )

where A represents the absorbance of the sample. The measurements were performed
at a wavelength of 450 nm using a Jasco FP-6500 spectrophotometer (Jasco Inc., Tokyo,
Japan). This wavelength was selected to prevent interference from adsorption bands of
the components.

The effective charge of the complexes was determined by measuring their elec-
trophoretic mobility (u,) using Laser Doppler Velocimetry with a Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK). The electrophoretic mobility and zeta potential
(0) can be related through the Henry’s equation:

e = 3-f (k) ®
where € and 7 represent the dielectric permittivity and the viscosity of the medium, respec-
tively. { is the zeta potential and f(xa) is the Henry function, which, in our case, assumes a
value of 1.5 as the particle size is larger than the thickness corresponding to the electrical
double layer [51].

The apparent hydrodynamic diameter (dzp P) of the IPECs dispersed in water, rep-
resenting their average size, was determined using dynamic light scattering (DLS). The
measurements were conducted using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
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Malvern, UK), which was equipped with an He-Ne laser (wavelength 632 nm) operating
in a quasi-backscattering configuration (scattering angle of 173°). Prior to measurements,
samples were filtered through a 0.45 pm inert filter of cellulose acetate (Fisher Scientific,
Hampton, NH, USA) and placed in the measurement cell. The intensity auto-correlation
function obtained from DLS experiments was analyzed using the CONTIN method, which
allows one to obtain the size distribution of the IPECs. Further details on the DLS method-
ology and data analysis can be found in previous studies [52,53].

2.2.4. Characterization of the Pickering-like Emulsions Stabilized by IPECs

The characterization of Pickering-like emulsions was performed 2 months after their
preparation. This time can be expected to be long enough for emulsions to reach steady state
conditions, considering the typical destabilization kinetics of Pickering emulsions [54-57].

The stability of the emulsions was assessed using the average stabilization index (SI),
defined as the ratio of the volume of the emulsified phase (V¢) to the total volume of the
liquid column (V7). This relationship is expressed as:

Ve
SI = W 4)

A SI value of 0 indicates complete separation into two pure liquid phases, whereas a
SI of 1 corresponds to 100% emulsification of the liquid column. It is worth noting that the
definition of the SI is based on the commonly used creaming index [54,58].

To determine the nature of the emulsions obtained, the droplet dispersion test was
used. In this test, a drop of the emulsified column is introduced into a large volume
of each of the two pure liquids involved in the emulsion. If the liquid phase matches
the continuous phase of the emulsion, the drop disperses uniformly without any phase
separation. Conversely, if the continuous phase of the emulsion differs in nature from the
liquid phase into which it is added, the emulsion droplet exhibits phase separation. A
Nikon Eclipse 80i, (Nikon Inc., Minato, Japan) microscope fitted with a CCD camera (model
C8800-21C, Hamamatsu Corp., Yokohama, Japan) was used to obtain optical microscopy
images of the emulsions.

3. Results

3.1. Assembly of IPECs in Solution
3.1.1. Turbidity Measurements

The first step of this work involved the preparation of IPECs formed by the combi-
nation of CS and ALG. These IPECs were later utilized as stabilizers for Pickering-like
emulsions. To ensure a comprehensive understanding of their role in emulsion stabiliza-
tion, the complexes had to be thoroughly characterized, with particular attention to their
compositional ratio and physicochemical properties. The IPECs were prepared by varying
the compositional Z = ¢cCS/cALG, i.e., the molar ratio of CS amino groups to ALG carboxyl
groups, where cCS represents the concentration of deacetylated monomers of CS in the
mixture and cALG denotes the concentration of charged monomers of ALG in the mixture.
This ratio is a critical parameter for tailoring the properties of the complexes, as it influences
the degree of electrostatic association, as well as different physicochemical properties of
the obtained IPECs, e.g., particle morphology and overall stability. Figure 1a displays the
relationship between the turbidity of the samples and the compositional ratio Z.
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Figure 1. (a) Dependence of the turbidity of the mixtures on the compositional ratio Z. The figure
presents data for freshly prepared samples (M) and samples after 24 h of ageing (e). The lines
are visual guides, and the yellow-highlighted region corresponds to the phase separation region.
(b) Image of a set of samples with different Z (indicated in the vial) values after equilibration. The
two vertical yellow lines indicate the beginning and end of the phase separation region. The nature of
each sample is indicated in the image: 1¢» corresponds to single-phase systems, and 2¢ corresponds
to biphasic systems.

Turbidity measurements offer valuable insights into the formation and characteristics
of IPECs, serving as a direct indicator for the assessment of interactions between constituent
biopolymers. In the specific case of the CS-ALG system, the dependency of turbidity on
the charge ratio parameter Z provides critical information about the extent and nature of
complexation, as well as the resulting particle characteristics. Variations in Z directly impact
the charge balance between CS and ALG, thereby modulating the degree of complexation
and the structural attributes of the IPECs. At the lowest Z values, where sodium alginate is
the dominant component in the mixture, the excess of negatively charged ALG monomers
in comparison to the positively charged CS monomers results in the formation of negatively
charged complexes. These complexes remain stable in dispersion, forming a single-phase
compositional region (1¢) characterized by low turbidity. In this region, the turbidity
values are so low that the samples appear nearly transparent, as illustrated in Figure 1b.
Similarly, at the highest Z values, where CS is in excess, stable dispersions are also observed.
In this case, the excess of positively charged CS monomers results in the formation of
positively charged complexes, which similarly exhibit low turbidity and form a stable 1¢
region. These findings underscore the stabilizing influence of charge imbalance in these
regions, as repulsive interactions between charged complexes are responsible for preventing
aggregation. A different behavior was observed in the vicinity of the stoichiometric charge
ratio (Z~1). At this point, the charges of CS and ALG are nearly balanced, thereby promoting
the formation of charge-compensated complexes. The resulting neutralization diminishes
the electrostatic repulsion, thereby facilitating the aggregation or precipitation of the IPECs.
This is reflected in a pronounced turbidity peak, which indicates a significant degree of
particle aggregation or phase separation. The phase behavior transition to a biphasic system
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(2¢) is also evidenced by the formation of a dense sediment in the sample containers.
The sediment observed for compositions around Z~1 confirmed the transition from a
stable dispersion to a phase separated system. It is noteworthy that the phase separation
mediated by the aggregation of neutral IPECs, followed by the sedimentation of the
resulting aggregates, is clearly evidenced by the temporal evolution of the turbidity peak.
In particular, the turbidity of samples with compositions within the phase separation
region decreased over a period of 24 h. This reduction in turbidity is consistent with
the sedimentation of IPEC aggregates, as turbidity measurements evaluate the optical
properties of the liquid phase, i.e., the supernatant in phase-separated mixtures. This
phenomenon is corroborated by observations in Figure 1b, where sedimentation is visually
apparent, further confirming the biphasic nature of these samples. The above discussed
evolution of turbidity with the ageing of the IPECs and the Z-ratio is not new. In fact, similar
behaviors have been observed in mixtures of oppositely charged polyelectrolyte [59], but
also in oppositely charged polyelectrolyte—surfactant mixtures [49,60].

3.1.2. (-Potential Measurements

The {-potential of the samples was analyzed to gain a better understanding of the
association process in the formation of IPECs. This parameter provides a quantitative
measure of the charge density at the slipping plane that can be considered proportional
to the effective charge of the IPECs and its sign, giving insight into the surface charge
characteristics of the IPECs formed in solution. The  potential is particularly valuable for
assessing the extent of charge compensation and the stability of the complexes in different
compositional regimes. Figure 2 shows the dependence of the { potential on the Z-ratio for
the oppositely charged polyelectrolyte mixtures investigated in this study.

{ Potential (mV)

0.1 1

Figure 2. Dependence of the (-potential of IPECs on the Z-ratio. Note that only single-phase
samples can be evaluated by electrophoretic mobility measurements for the determination of the
{-potential. The line is a guide for the eyes and the yellow shaded area corresponds to the phase
separation region.

The electrophoretic mobility measurements are in close agreement with the findings
from turbidity analysis, thus providing a coherent picture of the system’s behavior. Two
different compositional regions were identified in which charged interpolyelectrolyte
IPECs were formed. These regions overlap with the samples exhibiting low turbidity
values, which indicates the formation of stable complexes. This can be understood by
considering that the effective charge of the complexes is governed by the polysaccharide
with the higher molar fraction in the mixtures, as may be expected for a complexation
driven by electrostatic interactions. Therefore, when the value of Z is less than one, the
complexes exhibit an excess of sodium alginate monomers, which results in a negative net
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charge for the IPECs. Conversely, for Z values greater than one, the molar fraction of CS in
the IPECs is higher than that of ALG, leading to a charge inversion phenomenon, whereby
the IPECs display a positive charge. The transitional zone between these two regions
is characterized by unstable complexes, with an effective charge that approaches zero.
This instability region is characterized by high turbidity values, which indicate significant
heterogeneity and potential aggregation within the system. This transition reflects the
progressive neutralization and inversion of charge as the result of the complexation between
the polyelectrolytes, thereby highlighting the critical role of Z in determining the stability
and charge characteristics of the complexes as occurs in oppositely charged polyelectrolyte—
surfactant mixtures [49], but also in the assembly of polyelectrolyte layers on charged
liposomes as shown by Ruano et al. [61].

3.1.3. Dynamic Light Scattering Measurements

Dynamic light scattering (DLS) measurements were carried out to gain further insight
into the properties of the IPECs as particle-like materials for stabilizing Pickering emulsions.
These measurements provide information on the average size and polydispersity of the
aggregates formed in the aqueous medium, expressed in terms of the distribution of
apparent hydrodynamic diameters. Figure 3 shows a set of intensity autocorrelation
functions (¢®(#) — 1) and the apparent hydrodynamic diameter distributions obtained
from their analysis.

1.
% g(0-1
0.75

0.50

0.25

0.00
7
'
Pad
T T |"H T T T
10° 10 10° 10° 10* 10°
lag time (us)
15
T 10F
=
(%}
c
o L0) . .
10° 10’ 10° 10° 10*

Figure 3. DLS results: intensity autocorrelation function for aqueous dispersions of IPECs with
different values of Z (a) and apparent hydrodynamic diameter distribution obtained from the analysis
of the intensity autocorrelation functions (b). In both panels the color code is the same: (—) Z = 0.05,
(—)Z2=123,()Z=245and (—) Z=2.87.

The analysis of the intensity autocorrelation functions reveals a monotonic, exponential-
like decay over time, characterized by a single distribution of relaxation times. This suggests
that the IPECs in the aqueous medium display relatively simple monomodal dynamics,
which indicates the formation of particles with a wide but single-size distribution. Fur-
thermore, the data reveal a shift to smaller characteristic decay times in the intensity
autocorrelation functions as the Z-ratio increases, suggesting a decrease in the size of the
complexes. On the other hand, as the composition separates from the boundaries of the
phase separation region, the intensity autocorrelation functions undergo a displacement to
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lower values of the characteristic relaxation time, which is a signature of the decrease in the
size of the IPECs. This is confirmed by the apparent hydrodynamic diameter distributions
displayed in Figure 3b. In addition to the above discussion, the apparent hydrodynamic di-
ameter distributions show that even though the formed IPECs present a single population,
it is relatively broad, indicating complexes with a high polydispersity.

A clearer understanding of the characteristic dimensions of the formed IPECs can
be obtained from the analysis of the average apparent hydrodynamic diameter. For this
purpose, Figure 4 shows the dependence of the average apparent hydrodynamic diameter
of the IPECs on the Z value for CS-ALG complexes.

450 -

300 - +

150

0.1 1
Z

Figure 4. Dependence of the average apparent hydrodynamic diameter of IPECs on the Z-ratio. The
yellow shaded area corresponds to the phase separation region. The error bars indicate the standard
deviation between the average values of the 5 independent measurements obtained for each sample.

The results indicate that the IPECs in solution tend to increase in size as the Z value
approaches the phase separation region. This behavior is important for the formation of
Pickering emulsions as particle size and colloidal stability are key parameters influencing
their effectiveness as stabilizers. At Z values close to the phase separation region, the
complexes experience conditions of low colloidal stability, favoring the formation of larger
aggregates which eventually sediment as a solid phase for Z about 1. Conversely, for
compositions far from Z = 1, the size of the aggregates decreases and reaches a stable value
of around 200 nm, regardless of the mixture composition. The smaller, more stable particles
may be particularly important for the formation of stable emulsions as their size is in the
optimal range for adsorption at oil/water interfaces. It is important to note that a direct
comparison of the IPEC sizes obtained in this study with those reported in the literature is
not possible, as there is no consensus on the relationship between complex composition
and aggregate size [28]. This highlights the need for systematic studies to establish size—
composition correlations, particularly for applications in Pickering emulsions.

3.2. Phase Diagram of Pickering-like Emulsions Stabilized by IPECs

The previous sections focused on the examination of the understanding of the elec-
trostatic association between CS and ALG in aqueous solution, resulting in the formation
of interpolyelectrolyte complexes. These complexes exhibit a surface charge and, conse-
quently, a degree of affinity for the aqueous medium that can be modulated in terms of
the compositional ratio (Z-ratio), that is, by the mole fraction of the components in the
mixture. It may, therefore, be assumed that by modifying Z, it will be possible to tune the
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complexes’ affinity for the water/oil interfaces, including the water/soybean oil interface,
which will consequently affect their capacity to stabilize emulsions. The stabilization of
emulsions with these complexes may be considered analogous to the stabilization of Pick-
ering emulsions with solid colloidal particles. It is noteworthy that the ability of both CS
and ALG to stabilize emulsions in the system studied is negligible, with phase separation
occurring almost immediately after preparation. This indicates that the surface activity
of the chosen polymers pair is very limited at the soybean oil/water interface. However,
when complexation occurs, for specific compositions, IPECs formation may be exploited to
stabilize emulsions. Figure 5 shows the appearance of the water/oil/biopolymer ternary
mixtures for specific compositions after the homogenization process.
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Figure 5. Set of images for emulsions stabilized by IPECs with different values of the Z-ratio (indicated
in the images) and different volume fractions of the liquid phases (a) ¢, = 0.10, (b) ¢, = 0.75, and
(¢) ¢o = 0.90. Images correspond to emulsions aged for 2 months.

It is noteworthy that, in the case of mixtures with Z values close to one, an optimal
emulsification capacity might be expected due to the neutrality of the complexes formed,
which would favor their depletion from the aqueous phase. However, due to the instability
of these complexes, it is not possible to study emulsions using mixtures with compositions
close to phase separation. The images provide valuable insights; firstly, they reveal the
absence of transitional phase inversion, i.e., a phase inversion driven by changes in the
concentration of the stabilizing agent or, in this case, by variations in the Z-ratio [62]. This
indicates that for the Z values at which emulsions form, given a constant value of ¢,, the
nature of the emulsion remains independent on the value of Z. The absence of transitional
phase inversion suggests that the amphiphilic balance of the IPECs remains relatively
constant across the studied Z-ratios, favoring stabilization of the dispersed phase without
abrupt changes in interfacial affinity. On the other hand, the emulsions form in the minority
phase, that is, in the region corresponding to the phase that is in the lower proportion
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in the system. This suggests that the formation of emulsions involves the dispersion of
droplets of the phase with higher volume fraction within the phase with lower volume
fraction. The excess of the phase that cannot be dispersed as droplets appears as a creamed
or sedimented liquid column, depending on the density differences between the phases
involved. It is also important to note that the images evidence an increase in the size of the
emulsified column as Z increases, which is an indication of the reduction of the importance
of the destabilization phenomena. Furthermore, it is worth analyzing the effect of the ratio
between the volume fractions of the liquid phases at fixed Z values. Figure 6 presents four
series of emulsions prepared at constant Z values but with varying volume fractions of the

oil phase.
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Figure 6. Set of images for emulsions stabilized by IPECs with fixed value of the Z-ratio and different
volume fractions of the liquid phases (indicated in the images). (a) Z = 1.23, (b) Z = 2.45, and
(c) Z =3.28. (d) Z = 5.12. Images correspond to emulsions aged for 2 months.

The results indicate that emulsion formation and its characteristics vary depending
on both the value of Z and ¢,. The images reveal that, at low Z values, emulsions do
not form regardless of the value of ¢,. As the Z value increases, emulsions begin to form
when ¢, is small. A further increase in Z leads to the formation of emulsions with different
characteristics compared to those observed at low ¢, values, particularly at higher ¢,
values. However, emulsions do not form for intermediate values of the oil phase volume
fraction. This behavior suggests the existence of a catastrophic phase inversion driven by
the ratio between the volume fractions of the liquid phases.

To identify the nature of the emulsions obtained, the droplet dispersion test was
employed. Figure 7 illustrates an example of the results obtained from this test, which
provide insights into the characteristics of the emulsions studied. In Figure 7a, the addition
of an emulsion droplet to water results in the appearance of a cream layer at the top of
the liquid. Conversely, in Figure 7b, the emulsion droplet completely disperses in the
vial containing soybean oil. This indicates that the emulsion in question has a water-
in-0il (W/O) character, as adding it to water causes creaming at the top of the liquid.
Following the same approach, the addition of an oil-in-water (O/W) emulsion droplet to
a vial containing water would result in dispersion, forming a homogeneous liquid phase.
On the contrary, adding the same O/W emulsion to a vial containing soybean oil led to
sedimentation of the water-rich droplet at the bottom of the liquid phase. This behavior is
observed in Figure 7c,d, respectively.
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Figure 7. Images obtained from the test for the determination of the type of emulsion obtained.
(a) Dispersion of a drop of W/O emulsion in water. (b) Dispersion of a drop of W/O emulsion in
soybean oil. (c) Dispersion of a drop of O/W emulsion in water. (d) Dispersion of a drop of O/W
emulsion in soybean oil. Images correspond to emulsions aged for 2 months.

From the above observations, it can be inferred that O/W emulsions tend to form at
the top of the liquid column. Conversely, W/O emulsions tend to form at the bottom of
the liquid column. Based on the analysis of the nature of the different types of emulsions,
a compositional map for the system was developed, as shown in Figure 8. This map
illustrates the narrow compositional range in which Pickering emulsions stabilized by
IPECs (formed from CS and ALG) can form at pH = 4.5.
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Figure 8. Compositional map ¢,-Z for two-phase systems formed by aqueous dissolution of IPECs
and soybean oil. The diagram shows the different types of systems obtained with different symbols:
(X) Phase-separated systems, (@) W/O emulsions and (£) O/W emulsions. Results correspond to
emulsions aged for 2 months.
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The analysis of the compositional map reveals that, in systems where water is the
main component (¢, = 0.10), O/W emulsions form when Z > 2. On the other hand, in
systems where the oil phase is dominant (¢, > 0.75), W/O emulsions form when Z > 2.
For other compositions, emulsion formation was not observed. Interestingly, for a fixed Z
value, as ¢, increases, a transition was observed from O/W emulsions to W/O emulsions
through a phase separation region. Several studies have reported that phase inversion,
particularly catastrophic phase inversion, can occur due to changes in the volume fractions
of the liquid phases [63,64]. In the case of O/W emulsions, increasing the oil volume
fraction drives the system toward the formation of a W/O emulsion. This transition occurs
as the coalescence of oil-phase droplets leads to the reorganization of the continuous phase,
with water forming discrete droplets. Typically, this type of phase inversion is manifested
as a sharp transition, where phase inversion occurs through a state where the entire liquid
column is fully emulsified [63], at a specific ratio between the volume fractions of the
two liquid phases. However, unlike systems stabilized by solid particles, in this study,
the catastrophic phase inversion of emulsions stabilized by IPECs does not appear as a
sharp transition. Instead, a region is observed where complete phase separation occurs
between the compositional domains corresponding to O/W and W /O emulsions. This
behavior can be explained by considering the role of IPECs in stabilizing emulsions. As
the ¢, increases, the number of IPECs available in the water/oil system decreases. Thus,
once ¢, exceeds a threshold value, the concentration of IPECs may become insufficient to
form a dense interfacial film at the water/oil interface, leading to emulsion destabilization
and phase separation. At higher values of ¢,, despite the reduced availability of IPECs,
the volume fraction of the minority phase (water) is also significantly reduced. Under
these conditions, the available IPECs may be sufficient to stabilize the water/oil interface,
preventing coalescence and resulting in the formation of W/O emulsions. It is worth
noting that the change in the hydrophilic-lipophilic balance (HLB) of the IPECs may alter
the phase inversion pattern. This may be especially important under extreme conditions,
i.e., highly hydrophilic or hydrophobic IPECs. However, within the compositional region
explored in this study, there is no evidence of modification in the capacity of the IPECs to
stabilize O/W or W/O emulsions with the modification of Z.

3.3. Stability of IPECs Pickering-like Emulsions

The above results have pointed out that IPECs can act as emulsifying agents under
specific conditions. These emulsions can undergo either creaming or sedimentation pro-
cesses depending on their nature. The stability of the emulsions can be assessed using the
stabilization index (SI), which measures the volumetric fraction of the emulsion relative to
the total volume of the liquid column. Figure 9 shows the dependence of SI on the Z-ratio
for emulsions with varying ¢, values.

For conditions where stable emulsions were obtained after 2 months of ageing, the
stability index (SI)—and hence emulsion stability—tends to increase with increasing Z. At
first glance, it may seem counter-intuitive, since an increase in Z (beyond Z = 1) increases
the charge on the complexes, and hence their solubility in the continuous phase, potentially
destabilizing the emulsion. However, this increase in Z also increases the concentration of
CS available for complexation, and, given the amphiphilic nature of CS characterized by a
molar fraction of acetylated monomer of approximately 15-25%, higher CS concentrations
increase the availability of amphiphilic residues. These amphiphilic residues can preferen-
tially adsorb at the water/oil interface where they help to reduce the interfacial tension and
stabilize the emulsion. This dual behavior—increased solubility coupled with enhanced
interfacial activity—highlights the critical role of Z in modulating emulsion properties.
On the other hand, the stability of W/O emulsions increases as ¢, approaches the limit
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where emulsions cease to form. This trend is similar to the behavior observed in Pickering
emulsions stabilized with conventional particles, where stability increases near the phase
inversion region [62,63,65-67]. This phenomenon can be explained by considering the
interplay between interfacial adsorption and the volume fraction of the dispersed phase.
For a fixed number of particles, decreasing the volume fraction of the dispersed phase leads
to the formation of a denser interfacial layer of complexes of fixed composition around
the droplets. This denser interfacial structure is likely to increase resistance to coalescence
and improve overall emulsion stability. These findings highlight the complex interplay
between composition, interfacial activity, and phase fraction in determining the stability
of emulsions.
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Figure 9. Dependence of the stabilization index, SI, on the value of the Z-ratio for emulsions with
different volume fractions of liquid phases. Note that the emulsions obtained for ¢, = 0.10 are of
W /O type while the emulsions obtained for ¢, = 0.75 and 0.90 are of O/W type, while for ¢, = 0.25
no emulsion was obtained as shown by the values of SI close to 0. Results correspond to emulsions
aged for 2 months.

3.4. Morphological Characterization of Pickering-like Emulsions

Microscopic characterization may provide insights into droplet morphology and size.
Figure 10 presents optical microscopy images of emulsions prepared by varying ¢, and the
Z-ratio of the IPECs used for stabilization.

A general observation is that the density of emulsions increases as the Z-ratio increases,
which is consistent with the increased stability of emulsions under these conditions. This
trend is particularly evident in emulsions with a value of Z where a bigger number of
droplets or denser emulsion films can be observed in the images. The increase in the
number of emulsion droplets is a signature of reduced coalescence and/or reduced Ostwald
ripening tendencies. These results emphasize the role of the compositional ratio, not only
in promoting stability, but also in influencing emulsion microstructure.

For O/W emulsions formed at low ¢, values, the droplets exhibit high polydisper-
sity with sizes ranging from a few microns to tens of microns, with most of the droplets
having a diameter in the range 20-30 pm. As Z increases, the droplet size distribution be-
comes narrow, the polydispersity decreases, and the droplets assume a diameter of around
20-30 um. This can be ascribed to the reduction on the average size of the particles that
allows the formation of denser interfacial layers as occurs for colloidal particles, preventing
coalescence and Ostwald ripening [68]. At low Z values, the stabilization provided by the
complexes is insufficient, leading to a tendency of the system to reduce the interfacial area.
This promotes droplet coalescence and, ultimately, phase separation due to insufficient
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coverage and stabilization of the water/oil interface. On the contrary, the narrowing of the
size distribution at higher Z-ratios indicates improved interfacial coverage and stabilization
efficiency, suppressing destabilizing mechanisms such as coalescence. In contrast, for W/O
emulsions formed at high ¢, values, a distinct transition is observed as ¢, increases. At
the lower values of ¢, for which emulsion formation is possible, discrete water droplets
are stabilized within the oil phase. However, as ¢, increases, the system undergoes a
transition to a bicontinuous emulsion structure [69-71]. This structure, often referred to as
a bicontinuous interfacially jammed emulsion gel (bijel), results from the gelation of the
interfacial layer. In this state, the system forms a continuous water network within the oil
phase, with the stabilizing complexes forming a highly structured, interfacially jammed
network. This transition reflects the preference of the system to minimize free energy by
forming a less thermodynamically unstable structure.

Do

Figure 10. Optical microscopy images for emulsions prepared by varying the volume fraction of the
oil phase and the Z-ratio of the IPECs used for their stabilization. Images correspond to emulsions
aged for 2 months.

4. Conclusions

The stabilization of Pickering-like emulsions using bio-based IPECs composed of
CS and ALG represents a transformative approach to designing sustainable and effective
emulsifying systems. The findings of this study underscore the critical role of the composi-
tional ratio (Z) and oil volume fraction (¢,) in determining the physicochemical properties,
stability, and morphology of the emulsions. The Z-ratio, which governs the relative concen-
trations of CS amino groups and ALG carboxyl groups, was shown to modulate the stability
of the complexes, with stable single-phase IPECs forming when the Z-ratios were either
below or above the stoichiometric balance (Z~1). Far from this boundary, charge imbalance
prevents aggregation, whereas near Z~1, charge neutrality leads to aggregation, resulting in
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phase-separated systems. This highlights the importance of precise compositional control
in designing effective stabilizers.

Emulsion stability was found to improve significantly with increasing Z, which may
be ascribed to an enhanced interfacial activity of the IPECs, associated with the amphiphilic
character of CS, playing a crucial role in stabilizing emulsions by preferentially adsorbing
at the oil/water interface. Therefore, the dual functionality—reducing interfacial tension
while forming robust interfacial layers—leads to reduced coalescence and Ostwald ripening.
The phase diagram analysis revealed well-defined regions of O/W and W/O emulsions,
demonstrating the tunability of these systems. At low ¢,, O/W emulsions are formed,
with lower polydispersity as Z increases, reflecting improved stabilization. On the other
hand, at high ¢, W/O emulsions are formed and undergo a transition to bicontinuous
interfacially jammed emulsion gels (bijels) as ¢, increases. This transition is significant as
bijels offer unique structural properties with potential applications in advanced material
design, such as templating porous materials or delivering active agents.

These insights highlight the versatility of CS-ALG IPECs as eco-friendly stabilizers.
Their biodegradability, biocompatibility, and renewable origin make them particularly suit-
able for applications in food, cosmetics, and pharmaceuticals, aligning with the increasing
demand for sustainable materials. Furthermore, the modularity of IPECs allows for the
fine-tuning of their properties to achieve specific stability and performance requirements.
For instance, modifying the degree of acetylation in CS or the molecular weight of the
components could enable precise control over emulsion characteristics, expanding their
applicability to customized formulations.

Future research could explore how IPECs influence interfacial properties and emul-
sion behavior across a wider range of conditions. Investigations into scalable production
methods for CS-ALG IPECs would also be critical to ensure their industrial viability while
retaining their eco-friendly advantages. Application-specific optimizations, such as tailor-
ing emulsions for active compound delivery or enhancing stability in food, pharmaceutical,
or cosmetic formulations, may expand the use cases of these systems. Moreover, evaluating
the long-term stability of these emulsions under varying storage conditions, including tem-
perature and ionic strength, would provide valuable insights for real-world applications.
Finally, assessing the environmental impact and lifecycle of these bio-based systems would
help solidify their position as sustainable alternatives to synthetic stabilizers.

In summary, the unique properties of these bio-based complexes, coupled with their
adaptability, place them as a promising alternative to synthetic stabilizers, advancing the
field of colloidal and interfacial science toward a more sustainable future.
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