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Emulsion gels (emulgels) have emerged as cost-effective and versatile platforms in formulation engineer-
ing. In this study, we introduce Attractive Pickering Emulgels (APEGs), stabilized by the synergistic action
of two oppositely charged green nanoparticles, e.g., chitin nanofibers (ChNF) and cellulose nanocrystals
(CNC). The CNC, featuring anionic sulfate half-ester groups, and the cationic ChNF, possessing amine
groups, form adhesive bridging networks within the continuous aqueous phase, effectively inhibiting oil
droplet coalescence. This network supports micro-clustering, significantly increasing the effective droplet
volume fraction by entrapping substantial amounts of the continuous phase. Consequently, the emulgels
demonstrate a robust viscoelastic response and effectively modulate lipid digestibility, as evidenced by a
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stabilization mechanism relies on noncovalent interactions and nanoparticle coassembly, validated
through quartz crystal microgravimetry and molecular dynamics simulations. APEGs present significant
rsc.li/greenchem potential for advancing sustainable nanotechnologies in pharmaceutical, food, and health formulations.

Green foundation

1. This work reports the first all nanopolysaccharide-based Attractive Pickering Emulsion Gel (APEG) developed using a
two-step sequential addition method. The inherently green nature of polysaccharide nanoparticles highlights their poten-
tial applications in pharmaceutical, food, and health formulations.

2. A simple strategy involving sequential addition of nanochitin and nanocellulose can initiate interdroplet interactions
through an electrostatic attraction-induced bridging effect. This approach enhances the emulgel rheological properties of
the emulgel by over 10 times, opens the way to 3D printed structures with minimum particle dosage, and reduces free fatty
acid (FFA) release during in vitro digestion.

3. In future work, the APEG system can be expanded to a broader range of natural polymers and nanoparticles, such as pro-
teins, alginates, DNA. These materials are particularly promising for applications in 3D-printed healthy foods.
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Introduction

Pickering emulsion gels (emulgels) integrate the structural
benefits of both emulsions and gels, forming stable multiphase
systems through the irreversible interfacial packing of colloidal
particles." This Pickering stabilization imparts resistance to
coalescence, Ostwald ripening, and phase separation, resulting in
ultra-stable systems with promising mechanical properties and
complex hierarchical structures.” These features make Pickering
emulgels highly relevant across complex fluids, materials science,
pharmaceuticals, and food technology.>™

Engineering interdroplet interactions in Pickering emulgels
is crucial for enhancing their viscoelastic properties, which is
essential for applications like 3D printing and cell culturing.
These interactions can be either repulsive or attractive.
Repulsive emulgels typically involve single-type Pickering
stabilizers, where electrostatic repulsion between charged sta-
bilizing particles dictates the rheological behavior. This behav-
ior is influenced by the type of stabilizer used and the volume
fraction of the dispersed phase. For instance, high internal
phase emulsions (with internal phase fractions greater than
74%) exhibit significantly higher viscosity compared to regular
emulsions due to the densely packed droplets, which kineti-
cally trap the multiphase system and limit droplet diffusion,
resulting in predominantly elastic behavior.®

Conversely, attractive Pickering emulgels (APEGs) form
through the aggregation of oil droplets into fractal clusters due
to attractive interactions, resulting in the creation of physically
cross-linked networks.” The clustering of oil droplets in APEGs
significantly enhances their rheological properties. Unlike
repulsive emulgels, where the effective oil volume fraction is
dictated by particle repulsion, APEGs exhibit increased
effective oil volume fractions as droplet clustering occurs. This
clustering enables the development of elastic properties at
much lower oil fractions, even below the threshold of random
close packing.®

APEGs, often involving chemical modification of stabilizing
particles, are underexplored in current literature. Zein nano-
particles have been demonstrated to alter the interfacial pro-
perties of anionic emulsifiers in oil-in-water emulsions, promot-
ing the formation of droplet-bridging networks.” APEGs can also
be formed in water-in-oil emulsions using a,o-diamino functiona-
lized polymers that interact with carboxyl-functionalized nano-
particle-stabilized droplets."®! In these systems, controlling the
salt concentration and pH allows fine-tuning of the electrostatic
attractions that govern emulsion stability."”>*> To the best of our
knowledge, no efforts have been undertaken to develop all green
nanoparticle-based APEG systems. Nevertheless, in the past
decade, the utilization and valorization of green nanoparticles in
emulsion formulation have become a primary driving force for
advancing green chemistry pertaining to human well-being,
including food, pharmaceutical, and biomedical
applications.>*¢™*°

In this work, we present a Pickering emulgel utilizing fully
biobased components. Chitin nanofibers (ChNF) are employed
as the primary stabilizer of the initial Pickering emulsion.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Subsequent addition of cellulose nanocrystals (CNC) to the
aqueous phase creates a secondary emulsion gel, where dro-
plets are interconnected by polysaccharide “bridging” net-
works. Both ChNF and CNC, as renewable nanomaterials, have
garnered significant interest in the formulation of Pickering
emulsions,®*' aligning with ever-increasing demands in
green chemistry and sustainability.””> These nanomaterials
strongly adsorb at the water-oil interface, effectively preventing
droplet coalescence.**** Additionally, chitin and cellulose
nanoparticles are cost-effective’>*® and non-digestible, making
them suitable sources of dietary fibers.>”

Compared to traditional methods aimed at enhancing
phase dispersion and inducing gelation in emulsions, struc-
turing networks through electrostatic interactions is simpler
and more effective. In this context, negatively charged CNCs
are promising candidates to interact with positively charged
ChNFs.?®?° However, the single-step mixing of ChNF and CNC
results in instantaneous particle aggregation, where larger par-
ticulate complexes are less efficient for emulsion stabiliz-
ation.*® To date, creating dietary fiber-based Pickering emul-
sions with minimal nanoparticle content while achieving
superior rheological properties remains a significant
challenge.

To achieve bridging flocculation of droplets without particle
aggregation, we adopt a sequential preparation strategy for
robust APEGs. Initially, positively charged ChNF is selected as
the Pickering stabilizer for oil droplets. Subsequently, CNC
nanoparticles are added in a secondary step to electrostatically
couple with the ChNF-stabilized droplets. This sequential
addition aims to ensure that negatively charged CNCs bind
selectively to neighboring oil droplets, facilitating the for-
mation of APEGs. Our strategy demonstrated a facile yet
efficient protocol for adjusting the rheological properties of all
nanopolysaccharide-based systems at low particle dosages,
which is essential for developing customer product formu-
lations from green and sustainable chemicals. In this work, we
showcase that such controlled droplet clustering can regulate
lipid digestibility in the gastrointestinal tract, offering signifi-
cant implications for controlled and targeted release
applications.

Results and discussion
Attractive Pickering emulgels (APEGs)

APEGs were prepared using a sequential protocol that included
(Fig. 1a) (i) emulsification of oil droplets in the continuous
aqueous phase using ChNF as the stabilizer, followed by (ii)
bridging of oil droplets by adding oppositely charged CNC.
While commercial sunflower oil contains some biosurfactants,
these do not exhibit sufficient interfacial activity to stabilize
the emulsions. ChNF was chosen as a Pickering stabilizer due
to its effective adsorption and self-assembly at interfaces.
Recent studies have demonstrated that ChNF-stabilized
Pickering emulsions can accommodate high internal (oil)
phase content, attributed to significant hydrophobicity from
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Fig. 1 Principles of attractive Pickering emulsion gels (APEG). (a) Attractive Pickering emulsion gels (APEG) are formed through ChNF-CNC inter-

facial complexation through a sequential addition approach. Initially, ChNF-

stabilized Pickering emulsions are generated by vigorous mixing (step 1).

Subsequently, oppositely charged CNC is added, facilitating interfacial electrostatic complexation and inter-droplet bridging (step 2). APEG exhibits

significantly enhanced viscoelasticity, as demonstrated in the inverted vial

test. (b) ChNF-CNC attractive interactions measured by Quartz-Crystal

Microgravimetry with Dissipation (QCM-D): The attractive interactions between ChNF and CNC are quantified using QCM-D. The shift in frequency
(left) and dissipation (right) over time illustrates the electrostatic complexation dynamics when CNC dispersed in water is added to ChNF films.

acetylamine groups.>! In this work, CNC loading is demon-
strated to result in a highly viscous APEG. CNC effectively
bridges oil droplets into an interconnected network without
displacing or disrupting the interfacially adsorbed nanochitin.
Low-energy agitation leads to the formation of a droplet
network (Fig. S1 and S21).>' The properties of Pickering emul-
sions differ significantly when prepared using a single-batch
addition, which does not enhance the droplet volume
fraction.?°

Interparticle and interdroplet attraction

Quartz-crystal microgravimetry. The attraction between
oppositely charged CNC and ChNF originates from electro-
static forces. Quartz-crystal microbalance with dissipation
(QCM-D) was employed to monitor real-time interactions
between these two polysaccharide nanoparticles. Typically, an
increase in QCM frequency shift (Af) indicates mass release
from the interface, while changes in dissipation (AD) reflect
the softness of the adsorbed layer.

Upon adding an aqueous CNC suspension to a ChNF-
coated sensor, both frequency and dissipation exhibited

652 | Green Chem., 2025, 27, 650-659

immediate and significant shifts, illustrating instantaneous
interparticle attraction (Fig. 1b). Higher CNC concentrations
resulted in more pronounced changes in both frequency and
dissipation. Initially (Af at ¢ ~0 s), significant CNC adsorption
was observed, followed by a second regime of steady nano-
particle adsorption until reaching equilibrium (¢ ~12 000 s).
Changes in dissipation and mass were notably significant only
during the initial adsorption stage (Fig. 1b and S3t). These
observations indicate strong CNC-ChNF interactions during
the initial stage, with subsequent adsorption likely driven by
physical stacking and particle reorganization.*?

The interactions between CNC and ChNF directly influenced
changes in particle charge density. Balancing the charge density
of CNC and ChNF nanoparticles was crucial for achieving
effective interdroplet attraction. In this study, the {-potential of
pristine CNC and ChNF nanoparticles was —(53 + 2.8) and +(97 =
3.9) mV, respectively. The charge neutralization point was deter-
mined at a CNC-to-ChNF ratio of 5:1 (w/w), corresponding to
0.5 wt% CNC and 0.1 wt% ChNF (Fig. 2a).

The interparticle attraction was translated into interdroplet
interactions within Pickering emulsion systems through a

This journal is © The Royal Society of Chemistry 2025
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Fig. 2

(a) Changes in ¢-potential of an aqueous CNC (0.5 wt%) suspension were observed upon incremental addition of ChNF. (b) The mean

droplet diameter (Ds;) and visual appearance of Pickering emulsions were evaluated across a range of CNC loadings, from 0 to 1.4 wt%. The red line
denotes the specified CNC/ChNF ratio in the emulsions. (c) Molecular dynamic simulations were employed to investigate the interactions between
CNC and ChNF at the oil-water interface. (d) Fluorescence microscopy images depict ChNF-stabilized oil-in-water Pickering emulsions with varying
CNC loadings (0, 0.47, 0.71, 0.94, and 1.2 wt%). The aqueous phase is visualized with Calcofluor white dye.

sequential addition approach, resulting in APEG formation.
Initially, a conventional Pickering emulsion system was
achieved by vigorously mixing the ChNF suspension with the
oil phase (Fig. 1a, step 1), where the oil-water interfaces were
occupied by positively charged ChNF.

In the subsequent step (CNC loading, Fig. 1a, step 2), the
negatively charged sulfate half-ester groups on CNC electro-
statically bound to the amine groups of ChNF. Ideally, each
CNC particle should be capable of simultaneously binding to
two neighboring droplets, thereby acting as a bridging agent,
as depicted in step 2.

To confirm the role of CNC in bridging, a series of experi-
ments were conducted where ChNF-stabilized emulsions
remained liquid-like in the absence of CNC (inset image:
0 wt% CNC, Fig. 2b). Excessive CNC led to charge reversal and
phase separation (1.4 wt% CNC, Fig. S4at). Highly viscous
APEGs were successfully formed only with intermediate CNC
additions following the sequential addition approach.

The electrostatic complexation between ChNF and CNC at
the oil-water interface was validated by monitoring changes in
droplet size. With increasing CNC loading, oil droplets pro-
gressively enlarged and clustered (interdroplet bridging,
Fig. 2b and Fig. S4bt), eventually resulting in severe droplet
coalescence at excessive CNC concentrations.>® The apparent
oil droplet size increased from 16 to 41 pm when the CNC con-
centration reached 1.2 wt%.

The micromorphology of APEGs was further examined
using fluorescence microscopy (Fig. 2d and Fig. S5, S67),
where polysaccharide nanoparticles and the oil phase were
stained in blue (Calcofluor White) and red (Nile red), respect-

This journal is © The Royal Society of Chemistry 2025

ively. In the absence of CNC (0 wt% CNC), ChNFs were firmly
adsorbed at the oil-water interface, with minimal fluorescence
observed in the bulk dispersion due to strong Pickering
stabilization.

At intermediate CNC concentrations, electrostatic com-
plexation had minimal impact on droplet morphology but
induced a viscosifying effect through bridging (Fig. 2d).
Fluorescence images revealed CNCs adsorbed as bridging
agents with an uneven spatial distribution around the oil dro-
plets. Irreversible interactions between CNC and interfacially-
adsorbed ChNFs promoted network formation among droplet
clusters (Fig. 2d for 0.47, 0.71, and 0.94 wt% CNC), maintain-
ing spherical droplet shapes. Upon reaching charge neutrality
(1.2 wt% CNC), droplets began to deform (Fig. 2d, blue area in
Fig. 2a and b), but no phase separation was observed.

Molecular dynamic (MD) simulation. Molecular dynamics
(MD) simulations were employed to investigate interdroplet
electrostatic complexation (Fig. 2c). Incremental addition of
CNC facilitated bridging between ChNF-stabilized droplets
without inducing interfacial destabilization (i.e., ChNF desorp-
tion). Specifically, ChNF remained firmly adsorbed at the oil-
water interface, influencing droplet size. Simulation results
were consistent with experimental observations, demonstrat-
ing that emulsified oil droplets formed an interconnected
network due to attractive forces between neighboring droplets.

However, excessive CNC addition (1.4 wt%) to ChNF-stabil-
ized emulsions resulted in phase separation due to droplet
coalescence (Fig. S4at). A visible layer of oil is separated from
the emulsion. The concentration of CNC corresponded to the
negatively charged state of the suspension (green area in

Green Chem., 2025, 27, 650-659 | 653
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Fig. 3 (a) Strain amplitude sweep, (b) transition strain amplitude, (c) frequency sweep, and (d) steady-state flow curves of emulsions prepared with
different CNC concentrations (0, 0.47, 0.71, 0.94, and 1.2 wt%). G’ and G" represent the elastic (storage) and viscous (loss) moduli, respectively. (e)

3D-printed structure obtained from the respective emulsions.

Fig. 2a). This finding suggests that the CNC/ChNF ratio at
charge neutralization represents the upper limit for successful
APEG formulation.

Viscoelastic properties of APEGs

The addition of CNC for interdroplet bridging and complexa-
tion significantly enhanced the viscoelastic properties of the
emulsion, as demonstrated by oscillatory and rotational shear
tests (Fig. 3a). The critical strain amplitude, characterized by
the maximum range of the linear viscoelastic region (LVR),
showed notable improvements. Pickering emulsions stabilized
solely with ChNF exhibited a critical strain amplitude of 12%.
With incremental CNC loading, these values decreased gradu-
ally to 2%, indicating enhanced stability.

All tested emulsions displayed suitable viscoelastic behavior
within the LVR (G’ > G"). Even at low levels of CNC addition,
there was a significant enhancement in the storage modulus
(Fig. S7t). Higher G’ values indicated a stronger network struc-
ture, directly attributed to the reinforcement of droplet net-
working by CNC.**

All emulsions displayed nonlinear strain-thinning as they
transitioned from the linear viscoelastic region (LVR) to the
nonlinear viscoelastic region. As observed in previous compre-
hensive studies,* the samples exhibited a typical weak strain

654 | Green Chem., 2025, 27, 650-659

overshoot behavior of type III, characterized by an increase in
the loss modulus (G") while the storage modulus (G') remains
relatively stable. This overshoot in the loss modulus likely
stems from the emulsions’ complex structure resisting defor-
mation up to a certain strain threshold.

Beyond this critical strain, the complex structure was dis-
rupted, indicated by the point where G’ equals G” (G' = G"),
marking the yield point. This critical transition reflects the
point where the emulsion’s structure could no longer with-
stand further deformation under external strain.>® As depicted
in Fig. 3b, the moduli and strain amplitudes at the transition
point were higher in CNC-added emulsions compared to those
without CNC (notably, the 0.94 wt% CNC emulsion exhibited
the highest modulus). Eventually, the network structure broke
down, transitioning into a state where the fluid began to flow
(G' < G"). This breakdown highlights the robust internal struc-
ture of the droplet network, particularly evident in the
0.94 wt% CNC emulsion, which showed the highest modulus
at the yield point.

Frequency sweep tests were conducted at a strain amplitude
of 0.5%, within the linear viscoelastic region (LVR). The results
clearly indicated that the storage modulus (G') was consistently
higher than the loss modulus (G") across all frequencies for
the five emulsions tested (Fig. 3c). Notably, the emulsion con-

This journal is © The Royal Society of Chemistry 2025
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taining 0.94 wt% CNC exhibited enhanced stability, character-
ized by a higher G’ value at lower frequencies. This improved
elasticity can be attributed to effective droplet bridging and
increased droplet-droplet friction facilitated by the CNC at this
concentration.?” Furthermore, the addition of CNC led to
increased elastic behavior and higher apparent viscosity
(Fig. 3d), primarily due to the transformation of spherical dro-
plets into non-spherical clusters. Non-spherical objects tend to
have larger hydrodynamic diameters and occupy greater
volumes compared to their spherical counterparts.*®

The excellent performance and unique viscoelastic pro-
perties of APEG systems are anticipated to facilitate straight-
forward processing and the tailored design of functional
materials, such as through 3D printing, as illustrated in
Fig. 3e. During shearing, all emulsions were extruded continu-
ously with a viscous modulus (G”) exceeding the elastic
modulus (G'), without any clogging issues. Post-extrusion,
emulsions containing >0.71 wt% CNC regained their viscoelas-
ticity and maintained their printed 3D structures. CNC’s role
in bridging the droplet network underscores these emulsions’
suitability for 3D printing, offering a versatile platform for
creating customized foodstuffs.

Emulgels with varying oil fractions

The method used to prepare the APEGs is generally applicable
to a wide range of oil fractions. This concept is of particular
interest to functional food, since both nanochitin and nanocel-
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lulose are natural polysaccharides. Thus, the as-prepared
APEGs can serve as dietary fiber ingredients in foodstuff.

CNC/ChNF-based APEGs were successfully created with oil
fractions ranging from 40% to 70%, stabilized initially by
0.25 wt% ChNF in the emulsion (step 1). All emulsions exhibi-
ted high viscoelasticity (as demonstrated by inverted vial tests)
and stability (no phase separation) (Fig. 4a). As the oil fraction
increased, the size of oil droplets also increased gradually
(Fig. 4d). At a constant concentration of ChNF, higher oil frac-
tions approached the surface coverage limit of ChNF, poten-
tially causing more frequent droplet collisions during ultra-
sonication and, consequently, leading to coalescence.

Across all oil ratios, the emulsions exhibited gel-like behav-
ior (G’ > G") under small oscillatory shear amplitudes, transi-
tioning to a liquid-like state at the transition point (Fig. S8at).
Emulsions with 40 wt% oil had the highest amplitudes at this
transition, while those with 70 wt% oil showed the highest
modulus (Fig. 4b). The loss factor (tan 6 = G"/G') peaked at a
70 wt% oil fraction (Fig. 4c). Detailed strain sweeps and vis-
cosity data are provided in Fig. S8.1 Generally, APEGs with a
high internal phase volume (70 wt%) displayed dense droplet
packing and high shear resistance, advantageous for extrusion
in 3D printing. Notably, viscosities in emulsions with 40%,
50%, and 60% oil fractions were approximately one order of
magnitude higher than those before CNC addition (Fig. 4 and
Fig. S97), indicating significant droplet clustering. This cluster-
ing entrapped the continuous aqueous phase within the oil
droplets, resulting in a steep viscosity increase due to the
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Fig. 4 (a) Visual appearance, average droplet size, and (b) yield strain amplitude of Pickering emulsions prepared with different fractions of oil. (c)
Comparison of elastic (G') and viscous (G”) moduli at strain amplitude = 1.28%. (d) Fluorescence microscopy images of ChNF-stabilized oil-in-water
Pickering emulsions at different oil fractions (40, 50, 60, and 70 wt%). The oil phase and the ChNF/CNC complexes were stained following the stan-

dard procedure using Nile red and Calcofluor white, respectively.
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higher effective volume fraction of the oil phase.” Therefore,
controlling oil droplet clustering through interdroplet inter-
actions is a strategy to achieve gels with specific rheological
properties.

Free fatty acid (FFA) release

To evaluate the impact of oil droplet clustering on FFA release,
APEGs with varying oil fractions were subjected to a 3-phase
digestion process mimicking conditions in the mouth,
stomach, and small intestine. During pancreatic lipase hydro-
lysis of triglycerides, FFAs are produced along with monoacyl-
glycerols and hydrogen ions. The amount of NaOH required to
maintain pH 7.0 in the small intestine phase, determined
through titration, can quantify triglyceride hydrolysis and FFA
release.

FFA release during small intestinal digestion was rapid
within the initial 20 minutes for all analyzed APEGs (Fig. 5a).
After 120 min of digestion, the emulsion containing 70 wt%
oil showed only 30% hydrolysis of FFAs. Conversely, emulsions
with 40 wt% oil exhibited a slight increase in FFA hydrolysis,
reaching 38%. The size of droplets significantly influenced tri-
glyceride digestion in these emulsions, impacting the surface
area available for lipase action.®® As a result, the digestibility
of TAG in the 40 wt% oil Pickering emulsion increased with
smaller droplet diameters, which provided a larger total
surface area. Moreover, the interconnected network structure
within the emulsion could lead to the accumulation of lipid
hydrolysis products at the droplet interface, thereby reducing
the available surface area for enzymatic hydrolysis by pancrea-
tic lipase and affecting TAG hydrolysis.?” Interestingly, the
ChNF-stabilized Pickering emulsion without CNC exhibited
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only 22% hydrolysis of free fatty acids (FFAs) (Fig. S10%), which
is lower than that observed in APEGs with 70 wt% oil. We
propose that the electrostatic attraction in APEGs may render
the droplet barrier more susceptible to hydrolysis (Fig. S1 and
S2t). The literature indicates variations in FFAs based on the
type and concentration of stabilizer used (Fig. S11}). Overall,
APEGs demonstrate lower levels of FFAs and accommodate a
broader range of oil concentration compared to other emulsi-
fied products.

A linear relationship between FFA release and time was
observed (Fig. 5b), indicating that FFA release followed first-
order kinetic curves with strong linear correlations (coeffi-
cients >0.9). Variations were noted in the apparent rate con-
stants across different oil fractions, represented by the absol-
ute slopes of the FFA release kinetics curves. Specifically, emul-
sions with lower oil fractions underwent FFA digestion more
extensively and faster compared to those with higher oil frac-
tions (emulsion with oil fractions of 40%, 50%, 60%, and 70%
exhibited apparent rate constants of 0.0305, 0.0297, 0.0289,
and 0.0247 s, respectively).

Experimental
Materials

Cellulose nanocrystals were purchased from CelluForce (the
University of Maine) with dimensions of approximately 6 nm
in width and 150-200 nm in length (Fig. S12at). Fresh crabs
(Dungeness) were purchased from a local market in
Vancouver, Canada. The chitin nanofibrils were isolated from
raw crab shells using a purification protocol based on a pre-
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Fig. 5 (a) Levels of total FFAs released from emulsions of different oil fraction (40, 50, 60, and 70 wt%, as noted) after a 120 min digestion in the
small digestion phase. (b) Corresponding FFA release data plotted as a first-order kinetics reaction as a function of lipolysis time.
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vious study.’® The obtained ChNFs were about 6 nm in width
and 170 nm in length (Fig. S12b¥).

Sunflower oil was purchased from a local supermarket and
used without further purification. Calcofluor white stain, Nile
red, hydrochloric acid, sodium hydroxide, and sodium chlorite
were purchased from Sigma-Aldrich (Canada). Analytical-grade
chemicals were used in this case.

ChNF/CNC complexes

The ChNF/CNC complexes were prepared by mixing 0.5 wt%
CNC suspension with ChNF at varying concentrations, from 0
to 0.3 wt% at a mass ratio of 1:1. Vortexing was used to
ensure full mixing.

The zeta-potential ({-potential) of neat ChNF and CNC, as
well as ChNF/CNC complexes, were accessed by electrophoretic
light scattering (ZS-90, Malvern Instruments, UK). Freshly pre-
pared samples were used for {-potential tests at 25 °C in tripli-
cate. CNC adsorption on ChNF thin films was monitored by a
quartz crystal microbalance with dissipation (QCM-D, Q-sense,
Biolin Scientific). Details are provided in the ESL.}

Preparation of attractive Pickering emulgels

ChNF-stabilized Pickering emulsions were initially prepared
according to our previous work.*" In a typical Pickering emul-
sion system, the concentration of ChNF was 0.25 wt%, with an
oil-to-water ratio of 4: 6 (w/w). The mixtures ultrasonicated for
90 s (Sonifier SFX550, Branson Ultrasonics Co., U.S.A.) using a
titanium microtip at a power level of 40% of the maximum
strength and following alternating on-off cycles (3 s and 2 s,
respectively). Additional experiments used emulsions prepared
via sequential CNC addition by using glass rod stirring. In
these experiments, 5.88 wt% CNC gel of a given mass was
incorporated in the already prepared ChNF-stabilized
Pickering emulsions. The weight ratio of dried CNC and emul-
sion were 0, 0.47, 0.71, 0.94, 1.2, and 1.4 wt%. It should be
noted that additional methods involving stirring and soni-
cation with CNC were compared and presented in the ESI
(part 1.3 and Fig. S17).

Characterization of Pickering emulsions

Droplet size. Emulsion droplet diameter and corresponding
size distribution were determined by laser diffraction
(MasterSizer 3000, Malvern Instruments, UK). The refractive
indices of water and sunflower oil used were assumed to be
1.33 and 1.47, respectively. During the measurement, the
emulsion was diluted with Milli-Q water, which effectively
diminished the effects of particle and viscosity. This dilution
is standard in Dynamic Light Scattering (DLS) analysis to
adjust the number concentration of scatters and avoid mul-
tiple scattering. The preferred dispersant for emulsion sample
preparation should include the stabilizer present in the con-
tinuous phase. The mean droplet size was calculated as the
volume mean diameter (D, = Y mdi®/ > nidi®) using the full-
size distribution range. The measurements were conducted in
quintuplicate using freshly prepared samples.

This journal is © The Royal Society of Chemistry 2025
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Emulgel microstructure. A fluorescence microscope
(Olympus BX53 with 20x and 60x objective lens) was used to
simultaneously identify the ChNF and CNC as well as the sun-
flower oil. Prior to observation, sunflower oil was dyed with
Nile red, and the fibrils were stained with Calcofluor white.
The excitation/emission spectrum of Nile Red was 488/539 nm,
respectively, while the Calcofluor White stain was 365/435 nm,
respectively. The fluorescence signals (red and blue) were pro-
cessed using the CellSens Dimension software to generate
multiple droplets images.

Rheological behavior. Rheological properties of the emul-
sions were characterized with a rheometer (MCR 302, Anton
Paar, Germany) using the parallel plate geometry (PP25) with a
gap distance of 0.5 mm. The sample remained at rest for at
least 1 min before carrying out the test.

The emulsions were subjected to oscillatory shear defor-
mation using frequency sweep and strain amplitude sweep
tests. The frequency sweep was carried out at a constant shear
strain amplitude of 0.5%, by varying the angular frequency
from 100 to 0.1 rad s™'. The strain amplitude sweep test was
carried out at a constant angular frequency of 10 rad s~ and
the amplitude was varied from 0.1 to 1000%. All measure-
ments were carried out at 25 °C.

3D printing of emulgels. Direct ink writing (DIW)-based 3D
printer (BIO X, CELLINK, Sweden) with a pneumatic printing
head was used to fabricate a three-dimensional object using
the printable emulgels. The device utilized 3 mL pneumatic
syringe provided by CELLINK and sterile blunt needles
(plastic, Drifton, Denmark). The nozzle size of the needle was
0.51 mm for all samples. Given designs were printed on a
plastic Petri dish using rectilinear infill patterns and 10-25%
infill density. Based on an initial optimization, the moving
speed of the printhead was 8 mm s, the extrusion speed was
0.012 mm s~ ', and the extrusion pressure was controlled in
the range of 20-40 kPa.

Classical molecular dynamics simulation (CMDS). The
a-chitin crystal and cellulose nanocrystals was constructed and
the CMD simulations described in this study are shown in the
ESL

Free fatty acid (FFA) release and hydrolysis kinetics analysis

Details of simulated gastrointestinal tract (GIT) model are pro-
vided in the ESI.T FFA released from the small intestinal stage
was measured using an automatic titrator (902, Metrohm,
USA). The pH of the mixture was maintained at 7.0 using 0.1
M NaOH, and the FFA release was determined according to the
following equation:

VNaoH X MNaoH X MLipid
Wiipid X 2

% FFA = x 100

where Vyaon Was the consumed 0.1 M NaOH volume required
to neutralize the FFAs (mL), myaon is the NaOH solution
molarity (0.1 M), Mypiq and Wipiq represent the molecular of
sunflower oil (~250 g mol™*) and total lipid weight (g).

In most emulsions, the released FFA tended to increase
gradually over time during the intestinal digestion process,

Green Chem., 2025, 27, 650-659 | 657


https://doi.org/10.1039/d4gc05700g

Published on 13 December 2024. Downloaded on 6/21/2026 10:35:28 PM.

Paper

potentially reaching the maximum FFA release (®Pmax). The
kinetic parameters for the initial FFA release were calculated
using equation®’

In[(Pmax — Pt)/Prmax] = —kt + b

where £ is the first-order rate constant for FFA release (s™') and
t is the digestion time (s). The total FFA release level (@pax)
was obtained from the FFA released curves.

Conclusions

Attractive Pickering emulgels (APEGs) were engineered by
finely tuning interdroplet interactions at the colloidal scale
through electrostatic attractions between CNC in the aqueous
phase and interfacially adsorbed ChNF, using a sequential
addition method. This approach led to the formation of floccu-
lated and interconnected droplets that formed a three-dimen-
sional network, imparting gel-like properties to the emulsion.
Molecular dynamics simulations supported a bridging mecha-
nism crucial for this system. The ChNF/CNC interparticle com-
plexation was applicable across a broad range of APEGs, span-
ning from 40 to 70 wt% oil fractions, which led to different
FFA digestibility. This study provides valuable insights into the
interfacial dynamics between cellulose nanocrystals and chitin
nanofibers, particularly their role in the micro-clustering of
droplets, with implications for delaying lipid digestion. We
anticipate that the strategy used in formulating APEGs could
be extended to other sets of green nanoparticles exhibiting
attractive interactions, opening opportunities relevant to the
food and pharmaceutical fields.
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