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Abstract

The development of innovative cosmetic ingredients has driven growing interest in emul-
sion systems that combine performance, stability, and sustainability. Pickering emulsions
can form physically stable systems by adsorbing solid particles at the oil-water interface.
In this study, bacterial cellulose nanofibers (CNFs) and nanocrystals (CNCs), obtained
via acid hydrolysis, were evaluated as stabilizing agents in Pickering emulsions contain-
ing jojoba, castor, and grape seed oils for hair conditioning applications. Structural and
physicochemical characterization revealed that CNCs exhibited higher crystallinity, a
narrower size distribution, and a higher negative surface charge than CNFs, resulting in en-
hanced colloidal stability. Emulsion analyses showed that CNCs more effectively reduced
interfacial tension and produced smaller, more homogeneous droplets. Stability assess-
ments under pH variation, thermal stress, and storage demonstrated that CNC-stabilized
emulsions, particularly with castor oil, maintained stability indices above 95% for up to

60 days, whereas CNF-based systems showed greater sensitivity to environmental con-
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ditions. The incorporation of CNCs into a prototype conditioning cream resulted in a
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1. Introduction

The Brazilian cosmetics market is expanding rapidly, making Brazil the third-largest
global market for beauty and personal care, according to data from the Brazilian Association
of the Personal Hygiene, Perfumery, and Cosmetics Industry (ABIHPEC) [1]. Emulsions are
multiphase colloidal systems typically formed by mixing two liquids: one with a dispersed
phase and one with a continuous phase [2,3]. The use of emulsions is essential across
various industrial sectors, including the pharmaceutical, food, cosmetic, and agricultural
industries. In the food sector, emulsions are widely employed to extend shelf life while
enhancing flavor and texture, as seen in creams, desserts, preserves, and other foods. In
pharmaceuticals, emulsions can improve drug release and bioavailability. In cosmetics,
they serve as a base for lotions, balms, soaps, and various other formulations [2,4].

Emulsions are thermodynamically stable systems prone to destabilization mecha-
nisms like flocculation and Ostwald ripening [5]. Traditionally, their formation relies on
surfactants; however, many of these agents have low biodegradability and cause harmful
environmental effects [3], prompting the search for surfactant-free alternatives. In this
regard, Pickering emulsions are notable as they are stabilized by solid particles adsorbed at
the interface between mixed liquids, forming a rigid barrier that reduces interfacial tension
and prevents processes like Ostwald ripening thanks to the irreversible adsorption of micro-
or nanoparticles at interfaces [6,7]. Besides providing enhanced physical and chemical
stability, these systems offer benefits such as lower toxicity, reduced cost, and the ability to
recover particles [8].

The effectiveness of solid particles in stabilizing Pickering emulsions is directly related
to their physicochemical characteristics, including size, morphology, wettability, and in-
teraction with the oil and water phases. Nanoparticles and microparticles are particularly
important because they offer high surface area and favorable interfacial behavior. In topical
systems, properties such as surface polarity and particle size control also influence the
formation of occlusive films, the skin retention, and the release of active ingredients [9].
Studies with cosmetic matrices demonstrate that silica-based Pickering emulsions can
increase the deposition of active ingredients and improve the fixation of UV filters on the
skin surface when compared to conventional emulsions [8].

Although inorganic particles, especially silica particles, alumina, and clay have been
extensively investigated as Pickering emulsion stabilizers, concerns related to their safety
and biocompatibility have encouraged the search for more sustainable alternatives [10,11].
In this context, polysaccharides with surfactant properties, such as pectin, gum Arabic, mod-
ified starches, chitin, chitosan, galactomannans, and cellulose, have gained prominence due
to their biodegradability, biocompatibility, and interfacial adsorption capacity [12,13]. Al-
though many macromolecules and biopolymers are widely recognized for their abundance,
safety, and biodegradability, their practical use often depends on chemical modification
steps to achieve the desired functional properties [14]. These additional processes may lead
to increased energy consumption, higher costs, and the use of chemical reagents, thereby
compromising the sustainability of these materials and limiting their application beyond
the food sector. In comparison, nanocellulose stands out as an alternative more closely
aligned with green principles [15].

Bacterial cellulose (BC) is a high-purity microbial polysaccharide characterized by
a high crystallinity, high porosity, excellent water retention, and a mechanically strong
three-dimensional nanofibrillar network [16-20]. Although it shares the same molecu-
lar formula as plant cellulose, it lacks hemicellulose and lignin and has highly ordered,
hydrophilic microfibrils [21]. These features make its nanostructured particles effective
stabilizers of Pickering emulsions thanks to their biocompatibility, sustainability, and large
surface area, which promotes the formation of dense particulate barriers [22]. Among
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these, the nanocrystals have an elongated shape that favors interfacial adsorption and
oil/water stabilization [9]. Therefore, BC stands out as an alternative to plant cellulose in
cosmetic, biomedical, and industrial applications because of its purity, crystallinity, and
rheological properties [23]. Despite the extensive description of nanocrystals as effective
emulsifiers [24-26], there are still few studies evaluating BC as a stabilizer for Pickering
systems, especially in a nanofiber form [27,28].

Given these gaps, it is crucial to understand the interfacial behavior of BC in Pickering
systems. This study compares oil/water emulsions stabilized by nanofibers and nanocrys-
tals produced by acid hydrolysis using hydrochloric and sulfuric acids, respectively. After
characterizing the structure of these particles, their effectiveness as stabilizers and their
performance in formulating a moisturizing cream were assessed.

2. Materials and Methods
2.1. Production and Purification of Bacterial Cellulose

The Komagataeibacter hansenii UCP1619 strain deposited at the Center for Resources
in Environmental Sciences (NPCIAMB) of the Catholic University of Pernambuco (Brazil)
was used to produce bacterial cellulose (BC) membranes [29].

BC was produced by transferring 10% (v/v) of a pre-inoculum to a modified HS
culture medium [30], which contained 1.5% glucose, 2.5% corn syrup, 0.27% Na,HPOy,
and 0.15% citric acid, and had its pH adjusted to 5.0 [31]. The medium was sterilized in an
autoclave at 125 °C for 15 min.

The culture was conducted under static conditions at 30 °C for 15 days. After this
period, the BC formed was collected. Initial cleaning was performed by washing in running
water, and purification was carried out by immersing the membranes in 0.1 M NaOH at
70 °C for 2 h. Subsequently, the membranes were washed with distilled water until the
NaOH was completely removed, stored at 4 °C, and immersed in sterile distilled water.

2.2. Preparation of Bacterial Cellulose Fiber

The purified wet cellulose membranes were ground in a blender at 15,000 rpm for
1 min at room temperature. After centrifuging the suspensions at 3040 g for 10 min to
remove any free water, the fibers were subjected to two different hydrolysis procedures, one
using 2.5 M HCl at 70 °C and another using 60% (w/w) H,SO4 at 45 °C, both under magnetic
stirring for 60 to 90 min, resulting in bacterial cellulose nanofibers (CNFs) and bacterial
cellulose nanocrystals (CNCs), respectively [28,32]. After hydrolysis, the suspensions were
washed with deionized water and centrifuged at 10,000x g to remove the acids.

2.3. Physicochemical Characterization of Hydrolyzed Fibers
2.3.1. Morphological Analysis

The morphologies of the nanofibers and nanocrystals in aqueous suspensions were
examined by Transmission Electron Microscopy (TEM) using a JEM-1400 (JEOL, Tokyo,
Japan) transmission electron microscope operating at 100 kV. Images were captured and
processed using TEM-CENTER software (version 1.7.30.3157), and width and length were
measured from individual particles [28].

2.3.2. Measurements of Droplet Size and Zeta Potential ()

The zeta potential () was measured from the electrophoretic mobility of the dispersed
particles, while the particle size distributions of the cellulose fibers were obtained by mea-
suring dynamic light scattering (DLS) using a particle size analyzer (Particle Analyzer,
Anton PAAR-Litesizer 500, Graz, Austria) equipped with Anton PAAR Kalliope Profes-
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sional/2.34.3 software. Both tests were performed in triplicate, and the results are presented
as average values at 25 °C [28].

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the fiber samples were obtained using an OPUS Vortex 70 spectrom-
eter (Bruker, Billerica, MA, USA) in absorption mode, operating in the spectral range of
4000-400 cm~! in ATR mode, with a resolution of 4 cm~! and 16 scans (Platinum Attenu-
ated Total Reflection, Bruker, Bremen, Germany) [28].

2.3.4. Contact Angle Measurement

The contact angle of the fibers was measured using FIJI Image] software (Java 8 64-bit
version), considering a scale of 1 pixel = 1 mm. The fibers were prepared as films with a
diameter of 13 mm and a thickness of 1-2 mm, which were molded in Petri dishes and left
to dry at room temperature until a solid film was formed.

After drying, a drop of Milli-Q water (4 pL) was deposited onto the film surface using
a high-precision injector. The image of the drop was captured by a high-speed video camera
after 1 s, and the drop profile was solved numerically and fitted to the Laplace-Young
equation [33]. Three measurements were performed for each sample.

2.4. Preparation of Pickering-Type Emulsions

Two sets of Pickering emulsion tests were performed using the CNFs and CNCs
prepared from wet fibers. A phosphate-buffer solution (10 mM, pH 7.0) was used in
both sets. The oils used were jojoba, grapeseed, and castor oil. The tests were performed
in triplicate.

In the first set of tests, different fiber ratios (samples designated as FR) were evaluated.
Oil/water emulsions were prepared in 10 mM phosphate buffer (pH 7.0) to achieve an
oil/water ratio of 15% (v/v). A volume of 8.5 mL of a 10 mM phosphate-buffer solution
(pH 7.0; aqueous phase) and 1.5 mL of the oily phase were used, totaling 10 mL for the
dispersed system. Under these conditions, only the amount of nanofibers was varied to
obtain final concentrations (w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3), 0.07% (FR4),
and 0.09% (FR5).

In the second set of tests, different oil proportions (samples designated as OR) were
tested while keeping the nanofiber concentration constant at 0.05% (w/v), i.e., the total
volume of the oil and buffer mixture was kept constant at 9.5 mL and the amount of
fiber was set at 0.5 g, resulting in a system final volume of 10 mL. Thus, emulsions were
prepared with different oil-to-buffer proportions (v/v): 5% (OR1), 10% (OR2), 15% (OR3),
20% (OR4), 25% (ORS5), and 30% (OR6). All samples were homogenized in a vortex mixer
(AP-56/1, Tecnal, Piracicaba, Brazil) for 1 min. The emulsification index (EI%), calculated
as a percentage according to Cooper and Goldenberg [34], was assumed as an index of
product stability.

2.5. Physicochemical Characterization of Emulsions
2.5.1. Interfacial Tension of Droplets

The interfacial tension of droplets was measured at 25 & 0.5 °C using a digital ten-
siometer (Sigma 700, KSV, Helsinki, Finland), following the Du Nouy ring-pull method [35].
A 2:3 weight ratio of the oil phase to the aqueous phase was used for each sample, which
was deposited in layers. The samples were prepared with the two fiber fractions (CNFs
and CNCs) and with the selected oils and then left to stand for 30 min at 25 °C before each
measurement. Each sample was analyzed in triplicate, and the results were expressed as
the mean =+ standard deviation.
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2.5.2. Emulsion Stability

The ratios that ensured the best emulsification indices (fiber and oil and aqueous
phase) were subjected to variations in pH (3, 7, and 11) and temperature (20, 60, and
100 °C for 30 min), in addition to mechanical action and a centrifugal force of 4000 g for
30 s to 5 min [36]. The stability of the emulsions was evaluated by visual inspection on the
day of preparation and after 24 h and 7 days. The samples were stored at room temperature
throughout the test period to allow for visual monitoring of possible physical changes.
Emulsions that maintained stability under the evaluated factors were stored for 8 weeks.

2.5.3. Optical Microscopy of Emulsions

Images of the emulsions were captured using an Olen Fusi T1A optical microscope
(Sao José dos Pinhais, Brazil) after sample preparation and after 60 days of storage [28].
Particle size measurements were obtained from 40x magnified images and analyzed using
Image] software (National Institutes of Health (NIH), WI, USA). According to Mie’s theory,
the Sauter diameter, D3,, which is the area-weighted average diameter, was used to express
particle size. This diameter was calculated according to the equation

Znid?

D3 = ——L
32 % Tlidlz

1)

where 7; is the number of particles with diameter d; [37].

2.6. Cosmetic Formulation

The cellulose nanocrystals were purified by successively washing them with deionized
water under vacuum filtration until a pH close to 4.0 was achieved in order to remove
residues from the production process. Subsequently, using a methodology adapted from
Wei et al. [38], the CNCs were subjected to additive-assisted drying using an ethanol-water
solution (80% v/v) for 12 h and dried in an oven at 40 °C, resulting in a material with an
approximate pH of 5.0. After preparation, the nanocrystals were stored at 4 °C.

The cosmetic formulation was a conditioning cream composed of deionized water
(70-80%); vegetable oil (5-10%); glycerin (1-8%); bacterial cellulose nanocrystals (1-8%);
emollient agents, namely, cetostearyl alcohol (1-10%), ceteareth-20 (1-10%), and PEG-7
glyceryl cocoate (1-10%%); and a preservative system based on phenoxyethanol (0.1-0.5%)
and sorbate (0.1-0.5%).

Control formulations and formulations containing only CNCs, without PEG-7, were
prepared to evaluate the influence of the fibers on the physicochemical properties and
stability. In the control formulation and the PEG-7-free formulation, the volume corre-
sponding to the absence of this component was compensated for by adding deionized
water to maintain the same total volume of the formulation.

Prior to incorporation, the CNCs were rehydrated until a homogeneous, gel-like
dispersion was obtained. The formulation components were then combined using conven-
tional emulsification procedure, under controlled agitation, until a homogeneous and
stable system was formed, followed by pH adjustment to the range suitable for the
conditioners (4.5-5.0).

The samples were subjected to preliminary stability tests (centrifugation, moisture
content determination, rheological analysis of apparent viscosity, and accelerated stability
studies) at different temperatures (4 and 60 °C) for 7 days, with daily pH monitoring.
These evaluations were limited to physicochemical stability and rheological behavior,
and no quantitative sensory or conditioning performance assessments were conducted at
this stage.
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2.7. Statistical Analysis

All experiments were performed in independent replicates, and the results are shown
as the mean = standard deviation. The assessment and comparison of the systems were
based on average values and variability.

3. Results and Discussion

3.1. Hydrolyzed Fibers
3.1.1. Fiber Morphology

The prepared celluloses showed similar characteristics to those produced by
Galdino et al. [39] using the same medium and conditions. Static bacterial cellulose cultures
with a working volume of 3 L per batch yielded about 400 g of wet milled cellulose. After
purification and acid hydrolysis, the mass dropped to around 300 g (wet basis). Subsequent
washing and additive-assisted drying steps resulted in roughly 6-7 g of dry cellulose
nanofibers (CNFs). This significant reduction in mass is due to the high moisture content,
which indicates that the bacterial cellulose contained approximately 97% water in its native
state. Therefore, removing free and bound water during processing caused a substantial
decrease in the final dry fiber yield while maintaining the cellulose solid fraction.

The fibers hydrolyzed with HCl (Figure 1D) showed perceptible opacity and granu-
lometry as macroscopic characteristics, indicating partial hydrolysis of the cellulose matrix.
In contrast, the samples hydrolyzed with H,SO4 (Figure 1E) exhibited higher transparency,
increased surface brightness, and reduced granulometry, suggesting a more effective dis-
ruption of the amorphous regions of cellulose.

Figure 1. Preparation and chemical hydrolysis of bacterial cellulose fibers. (A) Centrifugation
step used to remove excess water from bacterial cellulose; (B) visual appearance of the bacterial
cellulose during the acid hydrolysis process; (C) release of free water from the bacterial cellulose fiber;
(D) bacterial cellulose fiber hydrolyzed with HCI; (E) bacterial cellulose fiber hydrolyzed with HySO,.

The classification of the hydrolyzed materials was based on the extent of acid-induced
depolymerization and their resulting structural features. Hydrolysis with HCI resulted
in partial cleavage of cellulose chains, producing shortened yet still predominantly poly-
meric and fibrillar structures, referred to here as cellulose nanofibers (CNFs). In contrast,
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H,SO4 hydrolysis disrupted amorphous regions more effectively, producing mainly crys-
talline, rod-shaped domains characteristic of cellulose nanocrystals (CNCs). This nam-
ing aligns with the related literature and was confirmed by the microscopic analyses
described below.

Acid hydrolysis of BC yielded distinct structures depending on the acid used, as
observed in the Transmission Electron Microscopy (TEM) micrographs (Figure 2). Acid
hydrolysis with HCI led to the formation of nanofibers (CNFs) with an elongated, inter-
twined morphology, resulting in a disorganized three-dimensional network and greater
heterogeneity in diameter and length (Figure 2A). This structure shows agglomerated
regions and amorphous remnants, which are characteristic of networks without charged
functional groups, which are absent due to the non-sulfating character of HCI [40,41].

Figure 2. Transmission Electron Microscopy (TEM) images of bacterial cellulose nanostructures.
(A) Bacterial cellulose nanofibers (CNFs) displaying an interconnected fibrillar network; (B) bacterial
cellulose nanocrystals (CNCs) exhibiting a rod-like shape. Scale bar: 500 nm.

Conversely, hydrolysis with H;SO4 produced short, stiff, and well-defined nanocrys-
tals (CNCs) with a uniform size and high dispersion (Figure 2B). This shape indicates the
selective removal of amorphous areas and the preservation of crystalline regions, which
are typical of nanocrystals. Additionally, the process introduces sulfate functional groups
(-OSO37) on the surface, increasing surface charge, promoting electrostatic repulsion, and
leading to greater colloidal stability, as shown by the reduced tendency to agglomerate [28].

3.1.2. Colloidal Stability

Zeta potential was determined as an indicative parameter of the colloidal stability
of the particulate systems, which were also characterized in terms of hydrodynamic size,
polydispersity index, conductivity, and transmittance; the values are listed in Table 1. The
CNFs showed an average zeta potential value of +21.9 mV, indicating moderate electrostatic
stability, while the CNCs showed an average value of —33.9 mV, indicating high electrostatic
stability. This difference can be attributed to the introduction of sulfonic groups (-503-) on
the surface of the cellulose fiber.

Pang et al. [42], in their study on vegetable cellulose nanocrystals hydrolyzed with
64% sulfuric acid, reported a zeta potential of approximately —33 mV, a value comparable
with the results obtained in the present study. Pinto et al. [28] reported zeta potentials of
—47 mV for nanofibers prepared by oxidation (TEMPO/NaOCl/NaBr) and —50 mV for
nanocrystals prepared by hydrolysis (H,SO4) of BC produced in synthetic HS medium;
both values indicate high colloidal stability. Hydrolysis with HCI did not significantly alter
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the fiber surface, which maintained a low surface charge and low electrostatic repulsion.
As repulsion is important for avoiding coalescence in Pickering emulsions, this results in
lower emulsion stability.

Table 1. Zeta potential, hydrodynamic size, polydispersity, conductivity, and transmittance of
bacterial cellulose nanofibers (CNFs) and bacterial cellulose nanocrystals (CNCs).

Parameter CNFs CNCs

Zeta potential (mV) 21.9 —-33.9

Hydrodynamic size (nm) 525.00 848.30
Polydispersity index (PDI, %) 28.20 25.50
Conductivity (mS/cm) 498 0.21
Transmittance (%) 85.50 87.20

The CNFs and CNCs showed hydrodynamic sizes of approximately 525.0 nm and
848.3 nm, respectively. The smaller size of the nanofibers may indicate a greater dispersion
of fibers in the continuous phase; however, this does not necessarily reflect greater system
stability. Conversely, the larger apparent diameter of the nanocrystals could be related
to the formation of organized aggregates. Pinto et al. [28] measured the hydrodynamic
diameters of fibers hydrolyzed with HCI (25-146 nm) and H,SO4 (133-870 nm), which
were significantly different from those observed in this study for CNFs but not for CNCs.
Despite representing larger particles, these values were accompanied by a high negative
zeta potential, which may offset the size increase and suggest the formation of a thicker
and possibly more stable interfacial coating around oil droplets. In Pickering emulsions,
the particle size must be sufficient to cover the interface and form an effective physical
barrier; thus, slightly larger particles, such as those seen in the CNC samples, can provide
greater strength to the interfacial structure.

The polydispersity index (PDI), which indicates the uniformity of the particle size
distribution in suspension, showed high values in both samples, characterizing polydis-
perse systems [43]. Values of 28.2% and 25.5% were observed for the CNFs and CNCs,
respectively, with the latter being slightly more homogeneous. The high polydispersity can
be attributed to the intrinsically irregular morphology of BC fibers and the possible pres-
ence of agglomerates. Even so, the lower size variation observed for the CNCs suggests a
more controlled dispersion, possibly favored by the negative charge of the sulfated surface,
which hinders disordered agglomeration among fibers.

The electrical conductivity also varied significantly between the dispersions, with the
nanofiber and nanocrystal samples showing values of 4.98 and 0.211 mS/cm, respectively.
This difference may be due to residual free ions from acid hydrolysis. The higher conduc-
tivity of the CNFs could indicate the presence of leftover chloride ions (C17), which can
negatively impact system stability and reduce electrostatic repulsion efficiency. The low
conductivity of the CNCs suggests that the charged (sulfonic) groups are strongly attached
to the cellulose surface, supporting stable and effective colloidal stabilization [44].

The optical transmittance was similar in both samples, with a slightly higher value for
the CNCs (87.2%) over the CNFs (85.5%). Despite this small difference, this behavior may
indicate lower turbidity in the system containing sulfated BC, which may be associated
with partial sedimentation of larger particles or the formation of a more stable interfacial
structure. A similar behavior was reported by Alade et al. [45] in cellulose-based systems.
In Pickering emulsions, high transmittance values suggest a lower quantity of free particles
in the continuous phase, which is favorable for the adsorption of these particles at the
oil/water interface.
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3.1.3. Structural Characterization of Fibers

The hydrolyzed BC samples were characterized by Fourier transform infrared spec-
troscopy (FTIR) (Figure 3), which allowed for the identification of the main functional
groups characteristic of cellulose. In both samples, a broad band was observed in the
wavenumber region of 3200 to 3400 cm ™!, ascribed to the stretching of hydroxyl groups
(OH"), which confirms the presence of hydrogen bonds; however, in the CNF sample, this
band showed greater intensity and a slight shift, suggesting greater moisture retention and
a less crystalline structure.
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Figure 3. FTIR spectra of (A) bacterial cellulose nanofibers (CNFs) and (B) bacterial cellulose
nanocrystals (CNCs).

The bands at ~2900 cm~—! and ~1640 cm ™!, related to C-H bonds and absorbed water,
reinforce this interpretation. In the CNC spectrum, the sharper CH, vibrations in the
1430-1370 cm ™! region indicate greater structural order, while the better-defined bands in
the 1160-1050 cm ! region, corresponding to C-O-C and C-O bonds, point to a higher crys-
tallization index, consistent with the formation of nanocrystals via sulfuric hydrolysis. The
region below 1000 cm ™! in the CNF spectrum exhibits greater spectral complexity, possibly
resulting from a less organized matrix. In general, CNCs show greater crystallinity, favoring
the formation of nanocrystals, while CNFs maintain more amorphous characteristics, with
a predominance of nanofibers [28,42,46].

From the perspective of applications in Pickering emulsions, CNCs hydrolyzed with
H)SO4 appear to be better suited. This is because the nanocrystals obtained through
sulfuric acid hydrolysis have sulfate groups on their surface, which confer a negative
charge and promote stabilization via electrostatic repulsion and steric barriers among
oil-water droplets [47]. Additionally, nanocrystals with a slightly hydrophobic surface
can interact efficiently with oil/water interfaces, forming stable emulsions [48]. Recent
studies have shown that sulfated nanocrystals effectively stabilize Pickering emulsions,
demonstrating high coalescence stability and sensitivity to pH and ionic strength. CNFs, on
the other hand, are primarily composed of amorphous nanofibers and have less capacity for
interfacial stabilization due to a lack of charged groups and lower crystalline rigidity [47,49].

3.1.4. Fiber Hydrophilicity

The CNF and CNC samples showed contact angles of 31.8 and 50.17°, indicating
more hydrophilic and more hydrophobic characteristics, respectively. While the CNFs
hydrolyzed with HCl showed lower wettability, the CNCs obtained by hydrolysis with
H,SO4 were closer to having a constant wettability (90°). Pinto et al. [28] reported contact
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angles of 30° and 31° for cellulose nanofibers and nanocrystals, respectively, which char-
acterizes them as hydrophilic materials. The value obtained in the present study for the
CNFs agrees with that reported by those authors, while the one obtained for the CNCs was
much higher, indicating a tendency towards greater wettability and lower affinity with the
aqueous phase.

Measuring the contact angle is essential for identifying whether a film is hydrophilic
or hydrophobic. A key factor in the stability of Pickering emulsions is the wettability of
the particles at the oil-water interface [50,51]. If the contact angle is less than 90°, the
particles are considered hydrophilic or moderately hydrophilic because the stabilizers
dissolve more easily in the emulsion, offering greater stability at the oil-water interface.
Conversely, when the particles have a contact angle greater than 90°, the film tends to
prevent liquid spreading, indicating a hydrophobic surface. A balance of wettable particles
in the oil-water phases is necessary; generally, the closer the angle is to 90°, the better the
balance between hydrophilicity and hydrophobicity, which enhances stability [52,53].

3.1.5. Interfacial Tension of Droplets

The average interfacial tension values of jojoba, castor, and grape seed vegetable oils
were 32.62, 34.79, and 32.00 mN/m, respectively. The addition of hydrolyzed fibers led
to distinct reductions in these values, highlighting the influence of hydrolysis type on the
particles’ interfacial activity. The CNCs showed a greater capacity for reducing interfacial
tension, reaching 27.43 mN/m in jojoba oil and 29.80 mN/m in castor oil, indicating greater
interfacial efficiency compared to the CNFs, whose values were 31.44 and 40.19 mN/m,
respectively. In grape seed oil, the variations were less pronounced, with values close to
the initial ones: 32.42 mN/m with CNFs and 32.99 mN/m with CNCs.

The reduction in interfacial tension observed in the CNC samples indicates the for-
mation of particles with a higher capacity for adsorption and stabilization at the oil/water
interface, resulting in more stable emulsions. According to Pinto et al. [28] and Carvalho-
Guimaraes et al. [54], lower interfacial tension values are linked to increased resistance
of the droplets to coalescence, thereby enhancing emulsion stability. Conversely, higher
values signify reduced interfacial resistance and a greater likelihood of droplet rupture and
system destabilization.

Hydrolysis with HCl tends to preserve cellulose’s more amorphous structure, resulting
in a smaller effect on interfacial tension. Conversely, hydrolysis with H;SO4 promotes the
formation of cellulose nanocrystals, which have a larger specific surface area, and enhances
particle adsorption at the interface, thereby decreasing interfacial tension.

3.2. Pickering Emulsions
3.2.1. Bacterial Cellulose Nanofibers (CNFs)

In the formulations prepared with different fiber ratios (designated as FR), regard-
less of the type of oil used (jojoba, castor, or grape seed oil), a consistent behavior was
observed: an increase in emulsion stability as the cellulose fiber mass increased. For the
formulations with jojoba oil, the stability ranged from approximately 33% to 80% on the
first day and from 28% to 80% after one week, except for sample FR1, which showed an
18% reduction in the first 24 h. Similar results were obtained for the formulations with
castor oil, with average values ranging from 26% to 93% on the day of production and from
18% to 80% after 7 days, reinforcing the positive effect of fiber mass. With grape seed oil,
a similar trend was observed, with values between 25% and 90% on the initial day and
between 25% and 85% at the end of the test, though with greater variability among repli-
cates. These results consistently indicate that, with all three oils, increasing the nanofiber
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concentration promotes the stabilization of Pickering emulsions over time, although the
level of stability varies depending on the type of oil phase.

In the formulations prepared with different oil ratios (designated as OR), the three
oils exhibited a more uniform behavior characterized by initial average values close
to 50% stability and a smaller effect of the oil type on time variations. For the formu-
lations with jojoba oil, the samples with a lower oil volume showed greater stability, while
samples OR5 and OR6 experienced a reduction from 70% and 63% to values near 53% by
the end of the experimental period. The formulations with castor oil displayed average
values between 25% and 75% on the first day and between 28% and 50% after 7 days, with
sample OR2 standing out for maintaining a steady 50% stability throughout the experiment.
Similarly, with grape seed oil, the average values stayed close to 50% throughout the week,
with no significant changes. Overall, these results show that, in OR formulations, the
volume of oil influences stability more than its chemical nature, with smaller volumes
promoting stability and reducing variation among replicates (Tables S1-S3).

The changes in the emulsification indices of the Pickering emulsions using CNFs and
phosphate-buffer solutions of jojoba, castor, and grape seed oils over a period of 7 days are
listed in Table 2.

Table 2. Emulsification index (%) of samples prepared in triplicate with different fiber (FR) and oil
(OR) ratios. The emulsion tests were performed over 7 days using jojoba, castor, and grape seed
oils and nanofibers prepared by hydrolysis with HCI. Data are presented as the mean =+ standard
deviation. FR samples: oil/water emulsions in a 15% (v/v) ratio prepared with 10 mM phosphate buffer
containing nanofiber concentrations (w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3), 0.07% (FR4), and
0.09% (FR5). OR samples: 0.05% (w/v) nanofiber emulsions prepared with 10 mM phosphate buffer
containing oil-in-water (v/v) concentrations of 5% (OR1), 10% (OR2), 15% (OR3), 20% (OR4), 25% (OR5),
and 30% (OR6).

Emulsification Index (%)

Jojoba Oil Castor Oil Grape Seed Oil

FR

FR1 28.33 £5.77 18.33 + 2,89 25.00 £ 0.00
FR2 38.33 £5.77 36.67 £ 5,77 31.67 £ 7.64
FR3 48.33 £2.89 50.00 £ 0.00 50.00 £ 0.00
FR4 68.33 £+ 2.89 60.00 £ 0.00 60.00 £ 0.00
FR5 80.00 £ 0.00 80.00 £ 0.00 85.00 £ 0.00
OR
OR1 51.67 +£2.89 50.00 £ 0.00 50.00 £ 0.00
OR2 51.67 + 2.89 50.00 % 0.00 45.00 £ 0.00
OR3 48.33 £2.89 50.00 £ 0.00 46.67 £5.77
OR4 50.00 £ 0.00 28.33 £2.89 50.00 £ 0.00
OR5 53.33 +2.89 30.00 £ 0.00 50.00 £ 0.00
OR6 53.33 £2.89 36.67 £5.77 50.00 £ 0.00

The results collected after the 7-day experiments show that the FR samples with
the three oils showed similar behaviors. The emulsification index varied between
28 and 80% for jojoba oil, between 18 and 80% for castor oil, and between 25 and 85%
for grape seed oil, confirming that the emulsion stability increases proportionally with
the mass of BC nanofibers. The performance of the FR5 sample stands out in this regard.
For standard deviation, a value closer to zero indicates less variation between replicates
and, therefore, greater consistency of data. The standard deviation results for the grape
seed oil formulation were the most satisfactory, since most samples showed negligible
standard deviations.

The OR formulations with the three oils showed similar behaviors, with average
values close to 50%. These findings indicate that, under the tested conditions, the volume
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of oil in the emulsion has a limited influence on stability and can be considered almost
negligible. However, the standard deviation results for the grape seed oil formulations
also stand out as they were even lower, with an average variation of around 5%, indicating
greater uniformity and stability.

3.2.2. Bacterial Cellulose Nanocrystals (CNCs)

In the FR formulations with BC nanocrystals and the three oils, a consistent pattern
was observed. For the formulations with jojoba oil, the initial values ranged from 71% to
100%, which decreased to between 55% and 93% by the end of the experiment; sample
FR5 showed the greatest stability. With castor oil, a consistently high initial stability of
100% was seen, followed by fluctuations between 25% and 98% after 7 days, indicating
a trend of increasing stability as the nanocrystal amount increased. Similarly, for the for-
mulations with grape seed oil, the samples started with values between 80% and 100%,
and at the end of the experiment, the values were between 25% and 100%, with stability
improving as the nanocrystal concentration increased. The only notable exception was
sample FR1, which experienced a sudden drop from 81.67% to 2% within the first 24 h.
Overall, these findings suggest that higher concentrations of nanocrystals in FR formula-
tions significantly improve the stability of Pickering emulsions, although some samples
showed high variations in the initial values.

In the OR formulations, a more consistent pattern was observed, characterized by high
initial stabilities, often close to or at 100%, followed by a decline linked to increasing oil
volume. For the formulations with jojoba oil, the values ranged from 91 to 100% initially,
which decreased to 41 to 97% by the end of the period; OR1 showed the greatest consistency
and OR2 displayed high variability among replicates. Similar results were obtained with
castor oil, with values near 100% in the first 24 h, which then decreasing as the oil ratio
increased; OR4 experienced a 50% reduction over 7 days. For the formulations with grape
seed oil, the performance was even more notable, with all samples starting at 100% and
staying above 90% until the experiment’s end. Notably, OR1 remained completely stable
throughout. Overall, these results suggest that in OR formulations, oil volume significantly
influences stability, with smaller volumes yielding more consistent results and higher
stability, regardless of the oil type used (Tables S4-56).

The results obtained throughout the week of observation for Pickering emulsions
using CNCs and phosphate-buffer solutions of jojoba, castor, and grape seed oils are listed
in Table 3.

Analyzing the results of samples containing fibers treated with sulfuric acid and
the three oils, it was observed that the FR formulations with jojoba oil showed average
emulsification index values ranging from 55% to 93%, those with castor oil showed values
ranging from 25% to 98%, and those with grape seed oil showed values ranging from
25% to 100%. Overall, emulsion stability increased with fiber content. However, the FR2
sample with jojoba oil stood out by showing a slight decrease in stability compared to FR1,
which remained more stable than the FR1 samples with castor and grape seed oils.

Most of the OR formulations showed stability values above 80%. However, the
formulations with jojoba oil yielded worse results than those with grape seed oil, which
showed stability values above 90% and very low standard deviations. Grape seed oil
showed the best performance among the three oils in both experiments.

The results from the formulations with two cellulosic materials indicate that they
exhibited the same behavior, but the nanocrystals performed better in both experi-
ments and with the three vegetable oils studied. Indeed, samples FR4, FR5, OR1,
and OR2 containing CNCs showed emulsification index values greater than 80% with
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all the tested oils. In contrast, the nanofiber samples showed values between 50 and 60%,
except for sample FR5, which achieved 80% stability in all formulations.

Table 3. Emulsification index (%) of samples prepared in triplicate with different fiber (FR) and oil
(OR) ratios. The emulsion tests were performed over 7 days with jojoba, castor, and grape seed oils and
nanocrystals obtained by hydrolysis with HySO,. Data are presented as the mean =+ standard deviation.
FR samples: oil/water emulsions in a 15% (v/v) ratio prepared with 10 mM phosphate buffer containing
nanofiber concentrations (w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3), 0.07% (FR4), and 0.09% (FR5).
OR samples: 0.05% (w/v) nanocrystal emulsions prepared with 10 mM phosphate buffer containing
oil-in-water (v/v) concentrations of 5% (OR1), 10% (OR2), 15% (OR3), 20% (OR4), 25% (OR5), and
30% (OR6).

Emulsification Index (%)

Jojoba Oil Castor Oil Grape Seed Oil

FR

FR1 60.00 £17.32 25.00 & 0.00 25.00 £ 0.00
FR2 55.00 £ 0.00 68.33 = 7.64 41.67 +7.64
FR3 61.67 +7.64 73.33 +£2.89 81.67 +2.89
FR4 85.00 £ 0.00 88.33 +£2.89 91.67 £5.77
FR5 93.33 +2.89 98.33 +2.89 100.00 + 0.00
OR

OR1 97.00 £1.73 90.00 & 0.00 100.00 % 0.00
OR2 86.00 & 10.39 80.00 £ 5.00 98.00 £ 0.00
OR3 70.00 £ 0.00 85.00 £ 0.00 96.00 £ 1.73
OR4 53.33 £5.77 53.33 £5.77 95.67 £1.15
OR5 55.00 & 5.00 68.33 = 7.64 96.67 £ 1.53
OR6 41.67 £ 7.64 85.00 + 0.00 96.00 £ 1.73

Ferreira et al. [46] investigated vegetable cellulose nanofibers in Pickering emulsions
with buriti oil observed that high concentrations of nanofibers played a key role in main-
taining the stability of the oil/water emulsions over 30 days of storage. Tan et al. [55], when
evaluating Pickering emulsions stabilized by BC nanofibers using rapeseed (canola) oil
as the oil phase, observed that the emulsification index tended to decrease faster over a
period of 14 days as the oil fraction increased. This behavior contrasts with the emulsions
formulated with jojoba, castor, and grape seed oils in this study, where the same trends
based on changes in the dispersed phase were not observed. The FR and OR formulations
with the best results were used in the subsequent stability and optical microscopy tests.

The observed differences in the stability of emulsions made with jojoba oil, castor oil,
and grape seed oil can be explained by the unique physicochemical properties of these
oils, especially their viscosity, polarity, and fatty acid composition. Castor oil shows higher
viscosity and polarity because of its high content of ricinoleic acid, a hydroxylated fatty
acid that encourages stronger intermolecular interactions. These traits decrease droplet
movement and help form a more durable interfacial barrier, which slows down coalescence
and creaming processes [56].

In contrast, grape seed oil mainly consists of triacylglycerols rich in polyunsatu-
rated fatty acids, especially linoleic acid, which leads to lower molecular packing and
decreased viscosity of the oil phase. This increased droplet mobility can weaken the effi-
ciency of the interfacial barrier created by the stabilizing particles, promoting instability
during storage [57].

Jojoba oil is mainly composed of long-chain wax esters and shows rheological behav-
iors and a polarity between those of the other oils. This unique molecular structure may
affect oil-water interfacial organization and the anchoring of stabilizing particles, resulting
in emulsions with intermediate stability [58].
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3.2.3. Effects of pH, Temperature, and Storage Time

In the CNF-containing PF formulations, pH had a decisive influence on emulsify-
ing performance and system stability depending on the oil type. The jojoba oil systems
at pH 7 and 11 showed similar behaviors, stabilizing at around 50% after 7 days, although
both showed a sharp decline within the first 24 h, indicating an initially insufficient interfa-
cial coverage to prevent coalescence. At pH 3, a continuous loss of stability was observed,
suggesting that, in this specific system, CNF protonation was not enough to offset the
lower interfacial affinity with jojoba oil. Conversely, using castor oil at pH 3 resulted in
the best performance across all oils, maintaining about 90% stability throughout the ex-
perimental period, likely due to reduced electrostatic repulsion between protonated fibrils
and the formation of a more cohesive, resistant interfacial barrier [59,60]. pH 7 yielded
moderate stability (around 60%), reflecting a less favorable balance between interfacial
organization and repulsive forces, while pH 11 caused a rapid loss of stability on the first
day, showing the negative impact of excess negative charge on fiber-interface interactions.
With grape seed oil, greater stability was observed at pH 7, with a moderate decrease
from 75% to 65%, indicating that neutral conditions promoted more balanced interfacial
adsorption. At pH 3, there was a more prominent initial drop followed by stabilization,
while at pH 11, the system displayed low efficiency from the start without recovery, con-
firming the limitations caused by high electrostatic repulsion in an alkaline medium.

In the OR formulations, although the influence of pH was also evident, a general trend
of lower final stability was observed, which was associated with a lower fiber concentration
available for interface stabilization. For the jojoba oil formulations, at a pH of 3, constant
stability around 50% was observed, suggesting that CNF protonation favors interfacial
adsorption even in diluted systems; in contrast, the systems at pH 7 and 11, despite showing
an initial value of 100%, suffered a rapid collapse with a reduction to about 30%, which
indicates that the amount of fiber was not sufficient to sustain a continuous interfacial
barrier over time. In the case of castor oil, neutral conditions ensured greater consistency,
with a small drop from 80 to 70%, reflecting a balance between repulsion and interfacial
affinity, while at pH 11, after an initial value of 100%, there was an abrupt drop, reinforcing
the incompatibility of the alkaline medium with CNF stabilization. At pH 3, although the
system showed good initial performance, it exhibited lower stability than that observed
in the FR formulations, highlighting the role of fiber concentration in maintaining the
emulsion. For the systems containing grape seed oil, both pH 3 and pH 7 resulted in
low final stability values (30—40%), while at pH 11, despite high initial formation, rapid
system degradation occurred, confirming that the increase in the negative charge of CNF
compromises the formation of an efficient interfacial layer, especially under low solid
fraction conditions (Table S7).

In the CNF-based FR formulations, the stability of the Pickering emulsions was also
influenced by temperature, with different responses depending on the oil type. With jo-
joba oil, the FR5 formulation demonstrated high thermal resistance, maintaining about
90% stability at 20 °C and between 80 and 90% stability even after exposure to
60 °C and 100 °C, indicating that the interfacial structure remained functional despite
increased molecular mobility. In the case of castor oil, better performance was observed
at 20 °C, with the stability close to 100% in the first 24 h and holding at 98% after 7 days.
However, increasing the temperature caused a steady decrease in stability, with a sharp
decline on the first day at 60 °C and an immediate loss at 100 °C, followed by stabilization
at lower levels. This suggests heating compromised the initial integrity of the system and
limited its ability to reorganize afterward [61]. With grape seed oil, the FR5 formulation
showed moderate stability at 20 °C and 60 °C, decreasing to about 50% stability after 24 h.
At 100 °C, it exhibited better performance, maintaining roughly 75% stability throughout
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the entire experiment, demonstrating a higher tolerance to more severe thermal distur-
bances. Overall, these results indicate that the FR formulations are more stable at low
and intermediate temperatures, except for those with grape seed oil, which showed good
thermal resistance even at 100 °C.

In the OR formulations, the temperature response was more heterogeneous and
strongly dependent on the type of oil. For those with jojoba oil, stability remained limited
to approximately 50% at 20 and 60 °C, while at 100 °C, there was an abrupt drop in the
first 24 h and it remained low until the end of the test, reflecting greater sensitivity of the
system to heating. In contrast, a different behavior was observed for the formulations
with castor oil, which showed a progressive increase in stability at 20 °C throughout the
first day and subsequent maintenance of this level, while at 60 °C, the system stabilized
at around 50%. Notably, at 100 °C, the emulsion maintained approximately 70% stability,
indicating that, under this specific condition, heating resulted in more efficient structural
rearrangements after cooling. For the formulations with grape seed oil, stability remained
low and practically constant at 20 and 100 °C; however, at 60 °C, the system showed high
initial stability, followed by a slight reduction and subsequent maintenance, suggesting that
intermediate temperatures temporarily favor the organization of the system even under
conditions of lower fiber content (Table S8).

Table S9 shows the behavior of Pickering emulsions formulated with CNCs at different
pH values (3, 7, and 11), using jojoba, castor, and grape seed oils as the oil phase. The
FR5 formulations showed superior performance in acidic media with all evaluated oils,
demonstrating that the rigid and highly crystalline nature of CNCs promotes interfacial
organization under conditions of lower electrostatic repulsion [59]. For the formulations
with jojoba oil, the emulsion maintained 100% stability at pH 3 throughout the 7 days, while
at pH 7, there was a gradual reduction to approximately 80%, suggesting a partial loss of
interfacial efficiency; at pH 11, the instability was accentuated, dropping to about 40% at the
end of the experimental period, which is consistent with the reduced ability of excessively
charged CNCs to form continuous layers. Similar behavior was observed using castor
oil, with total stability observed at pH 3, a slight reduction at pH 7 (reaching 95% after
7 days), and a more pronounced loss at pH 11 (reaching approximately 60%), indicating
that, even in intrinsically more compatible systems, the alkaline medium compromises
the interfacial functionality of CNCs. The FR5 formulations with grape seed oil also
showed greater stability at pH 3, maintaining approximately 90% stability until the seventh
day, while at pH 7 and 11, there were more significant declines, reaching approximately
65 and 60%, respectively, reflecting the greater sensitivity of this system to variations in the
surface charge of crystalline particles.

In the OR1 formulations, the same general pattern was maintained, but with a more
sensitive response to pH variations, especially in neutral and alkaline media, where a lower
particle concentration limited the CNCs’ ability to sustain the interface over time. For
the formulation with jojoba oil, stability remained high at pH 3, reaching about 95% after
7 days, while at pH 7, there was a sharp drop, reaching around 55% at the end of the test;
at pH 11, instability occurred immediately, with a reduction to approximately 40% within
the first 24 h. The formulation with castor oil again stood out for its superior performance
in acidic media, maintaining 100% stability at pH 3, with a moderate decrease at pH 7 to
about 85% after 7 days; however, at pH 11, a significant drop occurred on the first day,
reaching about 55%, highlighting the low tolerance of CNCs in alkaline environments
when the solid fraction is reduced. The OR1 emulsions with grape seed oil followed the
same trend, showing good stability at pH 3 (around 90% after 7 days), moderate stability
at pH 7 (~80%), and significant loss at pH 11 (~60%), indicating that, in less concentrated
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systems, the high rigidity and crystallinity of CNCs make their interfacial efficiency highly
dependent on acidic conditions.

According to the results in Table S10, the FR5 Pickering emulsions formulated with
CNCs with all tested oils showed similar thermal behaviors, demonstrating strong resis-
tance to coalescence even under heat stress. For jojoba oil, the initial stability was 100%, with
slight decreases over seven days, reaching 85% at 20 °C, 90% at 60 °C, and 87% at 100 °C.
This indicates that higher particle concentrations helped maintain the interfacial struc-
ture despite rising temperatures. With castor oil, stability remained near the maximum
under all thermal conditions, staying above 98% at 20 and 60 °C and only slightly
dropping to 95% at 100 °C. These results, which reflect the best performance among
the systems tested, highlight the strong compatibility between the oil and the inter-
facial network created by the CNCs. The emulsion with grape seed oil also showed
excellent initial stability, with moderate decreases during the test period, reaching
90% at 20 and 60 °C and 87% at 100 °C. These findings reinforce the robustness of the FR5
formulations against temperature changes.

The OR1 emulsions showed similarly high initial stability but were more sensitive to
temperature changes compared to the FR5 formulations. This is due to the lower particle
concentration affecting the system’s structural strength. For the formulation with jojoba oil,
the initial stability was 100%, but it gradually decreased to 85% at 20 °C and 80% at 60 °C,
with a more significant drop to 55% at 100 °C after 7 days, indicating higher vulnerability
to interfacial loss under intense heating. The formulation with castor oil performed better
overall, maintaining 100% stability at 20 °C, which reduced to 75% at 60 °C, and stayed
at 85% at 100 °C, showing excellent thermal resistance even with a lower particle content.
The formulation with grape seed oil started with 100% stability at 20 °C, which decreased
to 85% by the end of the testing period. At 60 and 100 °C, the final values stayed around
80%, signifying good thermal tolerance despite the smaller solid fraction. Overall, these
findings reveal that the thermal stability of Pickering emulsions with CNCs is heavily
affected by particle concentration and oil type, with castor oil—especially in the FR5
formulation—being the most effective for applications needing stability across a wide
temperature range.

Zhang et al. [62] studied the stability of Pickering emulsions made with vegetable
particles under different pH and temperature conditions and showed that a pH of 5 pro-
duced the best performance, with higher resistance to coalescence. Under acidic conditions
(pH 3), the emulsion quickly deteriorated, while at pH levels between 7 and 11, stability
was maintained, though with signs of gradual instability over time [62]. This pattern is
similar to what was observed in the current study with the three tested oils: at pH 3, the
emulsions lost stability more rapidly, while at pH 7 and 11, the deterioration was slower,
emphasizing the importance of using a medium with a pH close to neutral. Regarding
the thermal aspect, Zhang et al. [62] reported that the emulsions maintained stability after
exposure to 50 °C for 4 weeks, with no significant changes in droplet size or distribution. In
contrast, in the present work, more severe conditions (60 and 100 °C) were used, revealing
different resistance behaviors: while CNC-stabilized emulsions remained highly stable up
to 100 °C, the CNF-stabilized ones experienced notable losses, underscoring the fragility of
these fibers under thermal stress. This work emphasizes the stability limits under extreme
conditions, which are vital for high-temperature applications.

After 60 days of storage, the Pickering emulsions showed distinct stability behaviors
depending on the type of cellulose and vegetable oil used (Table 4). The CNC-based
formulations exhibited high colloidal stability, with the values for samples FR5 and OR1
ranging from 95 to 100%, regardless of the oil type. These results indicate that even after
two months, the emulsions containing CNCs retained almost the entire emulsified phase,

https:/ /doi.org/10.3390/cosmetics13010031


https://doi.org/10.3390/cosmetics13010031

Cosmetics 2026, 13, 31

17 of 26

with no significant separation between phases, demonstrating the formation of a solid
interface resistant to coalescence. This suggests they can form more stable systems in the
long term due to their highly crystalline structure, higher surface charge, and ability to
create rigid, homogeneous interfacial layers.

Table 4. Storage stability (%) of Pickering emulsions formulated with bacterial cellulose nanofibers
(CNFs) and bacterial cellulose nanocrystals (CNCs) and jojoba, castor, and grape seed oils after
2 months. FR5 samples: 15% (v/v) oil/water emulsion prepared with 10 mM phosphate buffer
containing 0.09% nanofibers. OR1 samples: 0.05% (w/v) nanocrystal emulsion prepared in 10 mM
phosphate buffer containing 5% (v/v) oil.

Oil Nanoparticle FR5 (%) OR1 (%)
Joioba oil CNF 35 25
) CNC 98 98
C 1 CNF 60 30
astor o1 CNC 95 98
. CNF 35 25
Grape seed oil CNC 100 08

In contrast, the emulsions prepared with the CNFs showed a significant reduction
in stability, with values below 60% for the FR5 and OR1 samples in all systems. The
formulations containing jojoba and grape seed oils were the most susceptible to separation,
retaining only 25 to 35% of the emulsified phase at the end of the storage period, while the
system with castor oil showed slightly superior performance (FR5 = 60% and OR1 = 30%).
This behavior may be associated with the higher viscosity and polarity of castor oil, which
favor more effective interactions between the oil phase and the cellulose fibrils.

3.2.4. Microscopic Characterization of Emulsions

Figure 4 shows the average volumetric diameters (Ds;), measured at the begin-
ning and after 60 days of storage, of the Pickering emulsions stabilized by CNFs and
CNCs prepared in phosphate buffer (TF) and containing jojoba, castor, and grape seed
vegetable oils.

The CNC-containing emulsions resulted in significantly smaller droplets compared
to emulsions stabilized with CNFs, which may be attributed to their greater crystalline
characteristics and the smaller size of the nanocrystals. On the other hand, the CNF-
containing emulsions showed larger droplets, especially when associated with jojoba oil,
whose initial values exceeded 280 pm.

The oil type also influenced the droplet size. The formulations with castor oil showed
the lowest D3, values, especially in CNC-based systems (close to 30 um). The use of jojoba
oil, on the other hand, led to the formation of larger droplets under virtually all conditions,
demonstrating lower interfacial affinity with cellulose particles. The use of grape seed oil
resulted in intermediate behavior but with a tendency towards instability during storage in
CNF-based systems.

Longer storage times revealed significant variations in stability. The CNC emul-
sions with jojoba oil showed significant diameter growth, from 51.69 pm to 103.35 um
on day 0 for sample FR5, and from 28 um to 145 um after 60 days for sample ORI,
indicating instability.
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Figure 4. Average volumetric diameters (D3;), evaluated on the day of preparation and after 60 days,
of Pickering emulsions stabilized by bacterial cellulose nanofibers (CNFs) and bacterial cellulose
nanocrystals (CNCs) formulated with jojoba, castor, and grape seed oils under optimal fiber (FR)
and oil (OR) ratio conditions. FR5 samples: 0il/water emulsion at a 15% (v/v) ratio prepared with
10 mM phosphate buffer containing 0.09% nanofibers. OR1 samples: 0.05% (w/v) nanocrystal
emulsion prepared in 10 mM phosphate buffer containing 5% (v/v) oil.

It is notable that sample OR1 produced smaller droplets and more stable emulsions
compared to sample FR5. This can be attributed to the greater availability of cellulose
particles to coat the interface, which decreases droplet coalescence.

These results support recent studies showing that Pickering emulsions stabilized
by cellulose mainly result in microemulsions, with typical diameters ranging from
0.1 to 100 um [63]. Hossain et al. [64] emphasized that the presence of CNCs favors
the formation of smaller, more stable droplets due to their high surface area-to-volume ratio
and dense surface charges. This is also demonstrated by the smaller droplet sizes observed
in this study for CNC-based emulsions compared to those stabilized by CNFs. Similarly,
Guzman et al. [65] reported that smaller droplets have greater interfacial coverage with
solid particles, leading to systems more resistant to coalescence. This explains the higher
stability with lower oil ratios seen in this study, especially in the systems made with castor
oil. Additionally, Rosdianto et al. [66] pointed out that both the medium composition and
the type of oil directly affect emulsion stability, suggesting that systems with higher ionic
strength may behave differently.

3.3. Cosmetic Formulations

Three different cosmetic formulations were prepared: two containing CNCs—one
with PEG-7 glyceryl cocoate and one without—plus a third formulation without CNCs,
which was used as a control. PEG-7 glyceryl cocoate was selected because it is a non-ionic
surfactant with emulsifying and emollient properties, and is commonly used in hair and
skin care products [67]. All formulations remained physically stable throughout the storage
period, showing no visible phase separation from preparation to 7 days of storage (Figure 5).
The centrifugation test (3000 rpm for 15 min at room temperature) confirmed these findings
as there were no signs of physical instability.
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Figure 5. Visual appearance of the emulsified conditioning formulations after 7 days of storage.
Bacterial cellulose nanocrystal (CNC) formulations with (A) and without (B) PEG-7 glyceryl cocoate;
(C) control formulation without CNCs.

Despite similar stability, clear differences were observed in the visual appearance and
consistency of the formulations. The control formulation appeared more fluid, while the
one containing CNCs and PEG-7 glyceryl cocoate had an intermediate creamy consistency.
Conversely, the CNC-based formulation without PEG-7 glyceryl cocoate showed the thick-
est consistency, behaving as a dense, structured cream. This suggests that nanocrystal
incorporation affected the internal organization of the system (Figure 6).

Figure 6. Visual comparison of the different textures of moisturizing cream formulations (top and
side views). (a) Control formulation without bacterial cellulose nanocrystals (CNCs); (b) formulation
containing CNCs and PEG-7 glyceryl cocoate; (c) formulation containing CNCs without PEG-7
glyceryl cocoate.

The absence of nanocrystals caused the emulsion to be thermally unstable, so raising
the temperature to 60 °C sped up the destabilization, leading to phase separation after
12 h (Figure 7). In contrast, the CNC-based formulations remained stable, showing that
nanocrystalline BC effectively served as a stabilizing agent, possibly through Pickering-type
stabilization by forming a physical barrier around the droplets and increasing the resistance
to coalescence under thermal stress.
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Figure 7. Visual comparison of the stability of moisturizing cream formulations under the influence
of temperature (4 °C on the left and 60 °C on the right). (A) Control formulation without bacte-
rial cellulose nanocrystals (CNCs); (B) formulation containing CNCs and PEG-7 glyceryl cocoate;
(C) formulation containing CNCs without PEG-7 glyceryl cocoate.

The stability seen at 4 °C, even in the emulsion without CNCs, indicates that the
low temperature reduced molecular mobility, lowered the collision frequency among
droplets, and increased the system’s viscosity, thereby delaying destabilization processes.
These results, which should not be attributed to the formulation itself but rather to fa-
vorable storage conditions, show that the nanocrystals provided additional thermal sta-
bility to the emulsion, which is particularly important under stress conditions such as
high temperatures.

The formulations” moisture content varied depending on the presence of BC and
the system composition. The control formulation and the one containing CNCs and
PEG-7 glyceryl cocoate showed 68.92 and 68.07% moisture, respectively, while the CNC-
based formulation without PEG-7 glyceryl cocoate maintained a moisture content (71.39%)
compatible with the initial composition, indicating that the cellulose nanocrystals were
able to retain water in the emulsified matrix even in the absence of an additional
hydrophilic emollient.

These results relate to the hydrophilic properties of BC nanocrystals and the pre-
treatment of the material with additive-assisted drying based on ethanol-water solvent
exchange. This process reduced the excess free water content in the BC and adjusted its
pH to about 5, promoting its incorporation into the emulsified matrix. Controlled rehydra-
tion of the fibers helped retain water in the system without damaging the physical stability
of the formulations.

Viscosity analysis showed notable differences among the formulations. The control
formulation, which lacked CNCs and contained PEG-7 glyceryl cocoate, displayed the
lowest apparent viscosity (4077 mPa-s), indicating its more fluid nature. Adding CNCs led
to a significant increase in viscosity, reaching 9434 and 10,562 mPa-s in the formulations
with and without PEG-7 glyceryl cocoate, respectively. These values were close to or within
the range (10,000-50,000 mPa-s) deemed suitable for cosmetic creams [68], while the control
remained below this recommended range.

These results demonstrate the structuring role of nanocrystals in improving product
consistency in the emulsified system. The absence of PEG-7 glyceryl cocoate did not affect
system stability due to the increased viscosity, emphasizing the functional role of the fibers
in structuring the emulsion.

A comparison of CNC-based formulations with and without PEG-7 glyceryl cocoate
shows that the absence of this synthetic additive did not affect the physical stability or
rheological behavior of the system. The formulation without PEG-7 glyceryl cocoate had
a higher apparent viscosity, indicating that cellulose nanocrystals mainly contributed to
structuring the emulsion. This effect is due to the properties of cellulose nanocrystals,
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such as their nanometer size, high surface area, and ability to interact with the oil-water
interface, which promote system stabilization and texture modulation.

The prototype conditioning cosmetic formulation was developed to assess the behavior
and suitability of the cellulose-based polymer within a complex cosmetic matrix. This
approach aimed to verify whether incorporating cellulose nanocrystals, alongside other
formulation components, could promote structural organization and affect the rheological
properties of the emulsified system. The observations obtained provide a qualitative
indication of the structuring role of cellulose nanocrystals within the emulsion system,
which is in line with previous reports [69-71]. At this stage, the evaluation was limited
to physicochemical stability and rheological behavior, and no quantitative assessments of
sensory attributes or conditioning effectiveness were conducted.

Safety-related aspects were not experimentally addressed; however, bacterial cellulose-
based materials have been widely reported in the literature as biocompatible and non-
cytotoxic when properly purified and used within appropriate concentration ranges [72-74].

4. Conclusions

The reproducible production of bacterial cellulose under controlled conditions allows
for the consistent creation of fibrous materials suitable for subsequent hydrolytic processing.
Structural and physicochemical analyses confirmed that the type of hydrolysis used results
in significant differences in the performance of bacterial cellulose (BC) fibers as Pickering
emulsion stabilizers. Bacterial cellulose nanocrystals (CNCs) produced through sulfuric
hydrolysis showed greater crystallinity, uniform dimensions, and a surface modified by
sulfate groups. These characteristics enhance their negative charge and electrostatic stability,
promoting interfacial adsorption and leading to more stable emulsions, regardless of the
oil used, with particularly superior performance using castor oil.

Although bacterial cellulose nanofibers (CNFs) produced by hydrochloric acid hydrol-
ysis exhibited a smaller average size, their lower colloidal uniformity and the presence of
free ions reduced their efficiency as stabilizers in long-term systems. Thus, sulfation of
BC appears to be an effective strategy to improve the colloidal behavior of the fibers and
expand their applicability in cosmetic and food formulations.

Overall, the results of this study demonstrate the potential of CNC-based systems as
high-performance natural stabilizers, aiding in the development of more stable Pickering
emulsions that support the goals of green cosmetics and replacing synthetic additives.

The presence of CNCs helped structure the emulsion and adjust the formulation’s
physicochemical properties, enabling the replacement of PEG-7 glyceryl cocoate, a synthetic
non-ionic surfactant with emulsifying and emollient functions. The formulation without
this ingredient exhibited better performance in stability and structural organization, show-
ing that BC derivatives can perform technological functions usually linked to synthetic
additives. These findings highlight the potential of CNCs as a sustainable and functional
alternative in developing innovative cosmetics, supporting the principles of clean beauty,
reducing synthetic inputs, and emphasizing renewable raw materials.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cosmetics13010031/s1, Table S1: Emulsification index
(%) of samples prepared in triplicate with different fiber (FR) and oil (OR) ratios. The emulsion
tests were performed over 7 days with jojoba oil, using nanofiber obtained by hydrolysis with
HCI. Data are presented as mean + standard deviation. FR samples: oil/water emulsions in
a 15% (v/v) ratio, prepared with 10 mM phosphate buffer containing nanofiber concentrations
(w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3), 0.07% (FR4), and 0.09% (FR5). OR samples:
0.05% (w/v) nanofiber emulsions, prepared with 10 mM phosphate buffer containing oil-in-water
(v/v) concentrations of 5% (OR1), 10% (OR2), 15% (OR3), 20% (OR4), 25% (ORS5), and 30% (OR6);
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Table S2: Emulsification index (%) of samples prepared in triplicate with different fiber (FR) and
oil (OR) ratios. The emulsion tests were performed over 7 days with castor oil, using nanofiber
obtained by hydrolysis with HCl. Data are presented as mean + standard deviation. FR samples:
oil/water emulsions in a 15% (v/v) ratio, prepared with 10 mM phosphate buffer containing nanofiber
concentrations (w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3), 0.07% (FR4), and 0.09% (FR5). OR
samples: 0.05% (w/v) nanofiber emulsions, prepared with 10 mM phosphate buffer containing
oil-in-water (v/v) concentrations of 5% (OR1), 10% (OR2), 15% (OR3), 20% (OR4), 25% (OR5), and
30% (OR6); Table S3: Emulsification index (%) of samples prepared in triplicate with different fiber
(FR) and oil (OR) ratios. The emulsion tests were performed over 7 days with grape seed oil, using
nanofiber obtained by hydrolysis with HCl. Data are presented as mean =+ standard deviation. FR
samples: oil/water emulsions in a 15% (v/v) ratio, prepared with 10 mM phosphate buffer con-
taining nanofiber concentrations (w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3), 0.07% (FR4), and
0.09% (FR5). OR samples: 0.05% (w/v) nanofiber emulsions, prepared with 10 mM phosphate
buffer containing oil-in-water (v/v) concentrations of 5% (OR1), 10% (OR2), 15% (OR3), 20% (OR4),
25% (OR5), and 30% (OR6); Table S4: Emulsification index (%) of samples prepared in triplicate with
different fiber (FR) and oil (OR) ratios. The emulsion tests were performed over 7 days with jojoba oil,
using nanocrystals obtained by hydrolysis with HSO4. Data are presented as mean =+ standard devi-
ation. FR samples: oil/water emulsions in a 15% (v/v) ratio, prepared with 10 mM phosphate buffer
containing nanofiber concentrations (w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3), 0.07% (FR4), and
0.09% (FR5). OR samples: 0.05% (w/v) nanofiber emulsions, prepared with 10 mM phosphate
buffer containing oil-in-water (v/v) concentrations of 5% (OR1), 10% (OR2), 15% (OR3), 20% (OR4),
25% (OR5), and 30% (OR6); Table S5: Emulsification index (%) of samples prepared in triplicate with
different fiber (FR) and oil (OR) ratios. The emulsion tests were performed over 7 days with castor
oil, using nanocrystals obtained by hydrolysis with H,SO4. Data are presented as mean + standard
deviation. FR samples: oil/water emulsions in a 15% (v/v) ratio, prepared with 10 mM phos-
phate buffer containing nanofiber concentrations (w/v) of 0.01% (FR1), 0.03% (FR2), 0.05% (FR3),
0.07% (FR4), and 0.09% (FR5). OR samples: 0.05% (w/v) nanofiber emulsions, prepared with 10 mM
phosphate buffer containing oil-in-water (v/v) concentrations of 5% (OR1), 10% (OR2), 15% (OR3),
20% (OR4), 25% (OR5), and 30% (OR6); Table S6: Emulsification index (%) of samples prepared in
triplicate with different fiber (FR) and oil (OR) ratios. The emulsion tests were performed over 7 days
with grape seed oil, using nanocrystals obtained by hydrolysis with HySO4. Data are presented as
mean =+ standard deviation. FR samples: oil/water emulsions in a 15% (v/v) ratio, prepared with
10 mM phosphate buffer containing nanofiber concentrations (w/v) of 0.01% (FR1), 0.03% (FR2),
0.05% (FR3), 0.07% (FR4), and 0.09% (FR5). OR samples: 0.05% (w/v) nanofiber emulsions, prepared
with 10 mM phosphate buffer containing oil-in-water (v/v) concentrations of 5% (OR1), 10% (OR2),
15% (OR3), 20% (OR4), 25% (OR5), and 30% (OR6); Table S7: Effect of pH on the emulsification
index (%) of emulsions prepared in triplicate using the best fiber (FR) and oil (OR) ratios. The
emulsion tests were performed over 7 days with jojoba, castor and grape seed oils, using nanofiber
obtained by hydrolysis with HCl. Data are presented as mean =+ standard deviation. FR5 sample:
oil/water emulsion in a 15% (v/v) ratio, prepared with 10 mM phosphate buffer containing nanofiber
concentration of 0.09% (w/v). OR1 sample: 0.05% (w/v) nanofiber emulsion, prepared with 10 mM
phosphate buffer containing oil-in-water concentration of 5% (v/v); Table S8: Effect of temperature
on the emulsification index (%) of emulsions prepared in triplicate using the best fiber (FR) and
oil (OR) ratios. The emulsion tests were performed over 7 days with jojoba, castor and grape seed
oils, using nanofiber obtained by hydrolysis with HCl. Data are presented as mean + standard
deviation. FR5 sample: oil/water emulsion in a 15% (v/v) ratio, prepared with 10 mM phosphate
buffer containing nanofiber concentration of 0.09% (w/v). OR1 sample: 0.05% (w/v) nanofiber
emulsion, prepared with 10 mM phosphate buffer containing oil-in-water concentration of 5% (v/v);
Table S9: Effect of pH on the emulsification index (%) of emulsions prepared in triplicate using the
best fiber (FR) and oil (OR) ratios. The emulsion tests were performed over 7 days with jojoba, castor
and grape seed oils, using nanocrystals obtained by hydrolysis with HySO,. Data are presented as
mean + standard deviation. FR5 sample: oil/water emulsion in a 15% (v/v) ratio, prepared with
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10 mM phosphate buffer containing nanofiber concentration of 0.09% (w/v). OR1 sample: 0.05% (w/v)
nanofiber emulsion, prepared with 10 mM phosphate buffer containing oil-in-water concentration
of 5% (v/v); Table S10: Effect of temperature on the emulsification index (%) of emulsions prepared
in triplicate using the best fiber (FR) and oil (OR) ratios. The emulsion tests were performed over
7 days with jojoba, castor and grape seed oils, using nanocrystals obtained by hydrolysis with HySOj.
Data are presented as mean =+ standard deviation. FR5 sample: oil/water emulsion in a 15% (v/v)
ratio, prepared with 10 mM phosphate buffer containing nanofiber concentration of 0.09% (w/v).
OR1 sample: 0.05% (w/v) nanofiber emulsion prepared with 10 mM phosphate buffer containing
oil-in-water concentration of 5% (v/v).
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