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ARTICLE INFO ABSTRACT

Keywords: Colloidal lignin particles (CLPs) are gaining attention as eco-friendly stabilizers for Pickering emulsions. Still,
Lignin conventional lignin sources, like kraft lignin, are often limited by their dark color and strong odor. This study
Colloidal lignin particles explores, for the first time, the use of a light-colored lignin derived from an aldehyde-assisted fractionation with
Pickering emulsions glyoxylic acid (GA-lignin) for producing CLPs and derived Pickering emulsions. CLPs were produced by anti-
solvent precipitation with water (CLPs-W, pH 6) and alkaline buffer (CLPs-B, pH 8) as the antisolvents. The
results revealed that the selected antisolvent significantly influenced the CLPs’ properties. CLPs-W were larger,
uniform in size, and hydrophobic, whereas CLPs-B were smaller, agglomerated into clusters, and exhibited
greater hydrophilicity. Despite both CLPs’ effectiveness in stabilizing oil-in-water emulsions, the stabilization
mechanisms differed markedly; CLPs-W formed a robust membrane barrier at the oil-water interface, while CLPs-
B facilitated oil droplet bridging. Overall, this work demonstrates that GA-lignin’s light color nature offers ad-
vantages for Pickering emulsions design, surpassing a lignin typical limitation. This advancement highlights the
versatility of GA-lignin-derived CLPs and supports the development of sustainable lignin-based products with

significant commercial prospects.

1. Introduction

Conventional emulsions are dispersed systems consisting of two or
more immiscible liquids stabilized by molecular compounds called
surfactants. They are extensively applied in manufacturing commercial
products across key industries, such as pharmaceuticals, cosmetics, and
food [1]. However, using conventional molecular surfactants like poly-
sorbates has been associated with adverse effects on human health,
including allergies and endocrine disruption, as well as environmental
issues such as water pollution and poor biodegradability [1-3]. More-
over, conventional emulsions exhibit thermodynamic instability, tend-
ing to break down over time [1,4]. From this perspective, Pickering
emulsions, i.e., particle-stabilized emulsions, have been considered a
more stable, safe, and sustainable alternative [5]. Indeed, the adsorption
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of solid particles at the oil-water interface confers a high resistance to
coalescence, giving rise to highly stable systems [6]. Remarkably,
Pickering emulsions stabilized using bio-based particles offer biological
compatibility and eco-friendly characteristics, facilitating their appli-
cation in diverse fields such as pharmaceuticals, cosmetics, drug de-
livery, and nutraceuticals [2,4].

Recent investigations have focused on using colloidal lignin particles
(CLPs) for stabilizing Pickering emulsions [7-9]. Lignin is a biobased
macromolecule consisting of a 3D-linked phenylpropane random
network [10,11]. The presence of nonpolar aromatic moieties and polar
hydroxyl groups in the same molecule and their rearrangement results in
particles with a suitable wetting behavior, promoting their adsorption at
oil-water interfaces [10,12]. Furthermore, the functional phenolic
groups in the lignin structure confer remarkable properties such as
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antioxidant, antimicrobial, and UV shielding. Thus, lignin and its
derived particles can be considered multifunctional ingredients
[8,11,13]. Pickering emulsions using CLPs have shown high potential
for applications such as antimicrobials [14], oil recovery [15,16], anti-
cancer drugs [17], food [18], and cosmetics [8,13]. Given the high
versatility and potential of CLP-based Pickering emulsions, optimizing
the CLP production process and understanding its impact on both the
particles’ properties and the stability of the resulting emulsions are
crucial [13,19-23]. This understanding is essential for designing
customized lignin-based Pickering emulsions that can effectively
compete with conventional emulsions.

The antisolvent precipitation technique is widely applied to produce
CLPs due to its simplicity, cost-effectiveness, controllable particle size,
and morphology [24]. In this method, lignin is first dissolved in a suit-
able polar organic solvent (e.g., ethanol, acetone, or THF) and then
added to an antisolvent. This addition causes the lignin to precipitate as
CLPs due to its reduced solubility in the resulting mixture [24,25]. A
suitable antisolvent must be miscible with the chosen organic solvent
while not dissolving lignin. Water is the most commonly used anti-
solvent because of lignin’s limited solubility, non-toxicity, and low-cost
[24,26-28]. Selecting a suitable antisolvent is essential for forming and
stabilizing the colloidal particles, which subsequently affects their final
properties.

The pH of the antisolvent plays a vital role in particle formation and
stabilization mechanisms, acting at the level of lignin electrostatic in-
teractions and, thus, in its assembling behavior [25,29]. Leskinen et al.
[27], who used NaOH aqueous solutions as the antisolvent to produce
CLPs from kraft lignin, observed a size reduction of CLPs with pH in-
crease due to the increased surface charge and electrostatic stabilization.
Lignin agglomeration was reduced during particle formation, suggesting
that high pHs allow the production of stable particles, even at higher
lignin concentrations [27]. In agreement, in previous work of the group
where kraft lignin-based CLPs [19] were produced using an alkaline
phosphate-citrate buffer (pH 8), stable CLPs at a lignin concentration of
50 g/L were produced, resulting in excellent Pickering stabilizers.
Therefore, high pH aqueous systems are advantageous for high-
performance applications requiring high CLP concentrations.

The most commonly used lignin type in CLPs-based Pickering
emulsions is kraft lignin, primarily due to its availability at the industrial
scale [8,30-33]. However, kraft lignin’s dark color and strong odor can
pose challenges for its use in products where sensory quality is crucial,
such as cosmetics. For this reason, functionalized lignins can be ad-
vantageous in meeting specific quality parameters for high-performance
products such as Pickering emulsions. In this context, the aldehyde-
assisted fractionation (AAF) process can be highlighted for producing
uncondensed and highly pure lignins with a well-defined structure. They
are achieved at extraction yields close to the maximum expected from
the processed biomass, impacting economically the final products.
Moreover, AAF-lignin extracted with glyoxylic acid (GA-lignin) is light-
colored, an advantage over conventional lignins. This lignin has shown
enhanced surface activity compared to kraft lignin, attributed to the
controlled introduction of carboxylic acid groups and minimized
condensation reactions [34]. Also, GA-lignin was successfully applied to
produce high-transparency thermoset films with antioxidant properties
and UV barrier activity [35]. The application of GA-lignin in Pickering
stabilization has yet to be explored, and its light color, odorless nature,
and functional properties make it an attractive option for developing
healthcare products.

In this context, the present work focused on producing CLPs from
GA-lignin and evaluating their Pickering performance. For CLPs pro-
duction, ethanol aqueous solution was used to dissolve GA-lignin due to
its green, biocompatible, and cost-effective aspects [26,36]. Water (the
most used antisolvent) and alkaline buffer at pH 8 (an antisolvent
showing promising results) were compared as antisolvents. The result-
ing CLPs were characterized in terms of their physicochemical and
interfacial properties. These CLPs were then used to produce Pickering

International Journal of Biological Macromolecules 302 (2025) 140534

emulsions with varying oil volume fractions, and their microstructure
and stability were examined. Finally, optimized emulsion formulations
were characterized using confocal microscopy to gain insights into the
stabilization mechanisms of CLPs. Also, the rheological behavior of the
emulsions was accessed due to its importance in applications such as
cosmetics.

2. Experimental
2.1. Materials

GA-lignin (from beech wood) obtained through aldehyde-assisted
fractionation using glyoxylic acid [34] was kindly supplied by Bloom
Biorenewables Ltd. (M, = 1300 Da, M,, = 14,300 Da, 2.83 mmol/g
aliphatic hydroxyl groups, 1.13 mmol/g phenolic hydroxyl groups, and
0.82 mmol/g carboxylic acid groups [35]). Ethanol absolute (purity
>99.8 %) was purchased from Honeywell (Germany). Phosphate-citrate
buffer solution (pH 8) with a molarity of 0.1 mol/L was prepared using
di-sodium hydrogen phosphate anhydrous (Panreac, Spain) and citric
acid (Merck, Germany). Miglyol 812 was purchased from Acofarma
(Spain). Distilled water was used in all the processes.

2.2. Lignin solubility

The solubility of GA-lignin in 70 % ethanol aqueous solution (v/v)
was determined for different concentrations (10, 30, and 50 g/L). Dried
lignin was weighed in Eppendorf tubes, followed by solvent addition.
The mixtures were left in an ultrasound bath for 30 min to ensure
maximum solubilization. The solutions were centrifuged (ScanSpeed,
Labogene, Denmark) at 13,500 rpm for 30 min. The supernatants were
discarded, and the insoluble fractions were dried in an oven at 70 °C and
weighed at room temperature.

2.3. CLPs production

CLPs were produced through the antisolvent precipitation method
using a previously described group procedure [19] with minor modifi-
cations. Dried lignin was solubilized (30 g/L) in a 70 % ethanol aqueous
solution (v/v) assisted by an ultrasound bath. The antisolvent was added
to the lignin solution and kept under stirring at 500 rpm, at a controlled
flow rate (14 mL/min), using a syringe pump (KDS 200, KD Scientific,
USA). The amount of antisolvent added was calculated to achieve a final
ethanol concentration of 45 % (v/v). Pure distilled water (pH 6), further
designated as water, was used to produce CLPs-W, and phosphate-citrate
buffer (pH 8) produced CLPs-B. In the final step, the solvent (ethanol
plus some water) was removed in a rotary evaporator (R-114, Waterbath
B-480, and Vacuum Controller B-721, Biichi, Switzerland) at 60 °C
under reduced pressure to achieve the same initial lignin concentration
(30 g/L). The final lignin concentration was checked gravimetrically by
drying an aliquot of the dispersion to constant weight. CLPs were stored
at room temperature and protected from light to prevent possible pho-
todegradation effects.

2.4. Pickering emulsions production

Pickering emulsions PE-W and PE-B were produced from CLPs-W and
CLPs-B, respectively, according to a procedure described elsewhere [37]
with minor modifications. Miglyol 812 was added dropwise to the CLPs
dispersion and kept under stirring (13,500 rpm) with a rotor-stator
homogenizer (CAT, Unidrive X 1000, Germany). After complete oil
addition, the emulsion was further homogenized for 5 min. Emulsions of
different oil volume fractions (® = 0.4, 0.5, 0.6, 0.7, and 0.8) were
prepared using CLPs at a fixed lignin concentration (30 g/L) in the
aqueous phase. Emulsions were stored at room temperature and pro-
tected from light to prevent possible photodegradation effects.
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2.5. Size and zeta potential

The size of CLPs and emulsion droplets was measured using a Mas-
tersizer 3000 equipped with a Hydro MV dispersion unit (Malvern In-
struments Ltd., United Kingdom). The refractive index and absorption of
GA-lignin were set to 1.6 and 0.1, respectively, based on published data
[38,39], as these values provided the best fit for the observed particle
size distributions, following the recommended procedure for samples
with unknown parameters. Samples were added as such in the dispersing
media (distilled water) until achieving an obscuration of about 3.5 %
(CLPs) or 7 % (emulsions) and analyzed at room temperature, averaging
5 measurements. The CLPs particle size was characterized by the D50,
the median diameter where 50 % of particles are smaller, by number and
volume. Emulsion droplet size was represented by the D43 volume-
weighted mean diameter, also known as De Brouckere mean diameter.

The width of the size distribution was determined by the span value
(Eq. (1.

Dgyo — Do

Span = ———— (€8}
P Dso

where Doy and D1 are the sizes below 90 % and 10 % of the sample,
respectively, and Ds is the median size.

The CLPs surface charge was determined by particle electrophoresis
using a Nano-ZS Zetasizer instrument (Malvern Instruments Ltd., United
Kingdom) equipped with a standard DTS1070 disposable folded capil-
lary cell. CLPs were diluted at a 1:30 (v/v) ratio in distilled water. Re-
sults are expressed as the average of 3 measurements at 25 °C.

2.6. CLPs interfacial properties

The interfacial properties comprised the determination of the three-
phase contact angle (0,y) and the interfacial tension. The sessile drop
method was used to determine 0y, representing the angle between the
CLP surface and the tangent to the oil-water interface. For this, CLPs
were dried and used to produce tablets with a diameter of 13 mm and a
thickness of circa 3 mm using a hydraulic press (Specac Ltd., United
Kingdom). The pellets’ surface was checked by optical microscopy
(Nikon Eclipse 50i, Nikon Corporation, Japan) to discard the ones with
surface cracks. For the measurement, CLP tablets (triplicate) were
placed in a quartz cuvette filled with Miglyol 812 (30 mL), followed by
the deposition of a water drop (5 pL) on its surface. The 6, was recorded
by a camera coupled to the goniometer (model 210, Ramé-Hart Instru-
ment Co., USA) after 30 s of the drop deposition. The pendant drop
method was applied to measure the interfacial tension of the systems
(water-oil, CLPs-W-oil, and CLPs-B-oil). For this, a drop (20 pL) of water
or CLPs dispersion was formed by a submerged syringe inside the
cuvette filled with Miglyol 812 (30 mL). The interfacial tension was
calculated over 2000 s using the equipment software. Experiments were
conducted at room temperature.

The energy of desorption (Ep) in Joule was calculated according to
Eq. (2) [40]:

Ep (J) = nr?y,, (1 £ cosoy)* 2)

where r is the particle radius (Dso/2 in number), y,, is the water-oil
interfacial tension, and 6,, is the three-phase contact angle between
the solid particle, oil, and water.

2.7. CLPs morphology

Transmission electron microscopy (TEM) was used to analyze the
morphology of the particles. CLPs were diluted at a 1:200 (v/v) ratio
with distilled water, and 10 pL was dropped on Formvar/carbon film-
coated mesh nickel grids (Electron Microscopy Sciences, USA) and left
standing for 2 min. The excess liquid was removed with filter paper.
Visualization was conducted by a JEM-1400 Flash Electron Microscope
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(JEOL Ltd., Japan) at 120 kV, and the images were acquired using a CCD
digital camera Orious 1100 W (Japan).

2.8. Emulsion morphology and microstructure

Emulsion morphology and microstructure were checked by optical
microscopy using a Nikon Eclipse 50i microscope (Nikon Corporation,
Japan) equipped with a Nikon Digital camera. Sample aliquots (emul-
sified phase) were placed on a microscope slide and covered with a
coverslip. Image acquisition (200 x magnification) and processing were
performed using NIS-Elements Documentation software.

The interfacial microstructure of the formed droplets was analyzed
by confocal microscopy (Leica TCS-SP5 AOBS, Leica Microsystems Inc.
Heidelberg, Germany). Emulsion samples were placed on concave slides,
and lignin autofluorescence was inspected using an argon laser (exci-
tation at 488 nm and emission at 495-608 nm). Images were acquired
with a 63x oil immersion objective.

2.9. Emulsion stability parameters

The emulsion macroscopic and microscopic stability was assessed by
determining the formed emulsified layer (EL) and the emulsion insta-
bility index (EII), respectively. EL was determined according to Eq. (3)
[19]:

H,
EL (%) = ITE x 100 3)
T

where Hg is the height of the emulsified layer, and Hr is the total height
of the sample placed in a flat vial. The EL was measured after 1, 7, 15,
and 30 days of sample storage. EIl was calculated according to Eq. (4)
[41]:

d(t) — d(0)

Bl =G0y <t

4

where d(0) is the initial droplet diameter, and d(t) is the droplet diam-
eter at time t. In this work, d(0) and d(t) correspond to the emulsion
mean droplet size D4 3 after 1 and 30 days of storage, respectively.

2.10. Emulsion type

The drop test was used to confirm the emulsion type. Three emulsion
drops were added to individual beakers, one containing water and the
other containing Miglyol 812 oil. After gentle stirring, the emulsion type
was determined based on the observed dispersing behavior. If the
emulsion drops rapidly disperse in water and remain intact in the oil, the
emulsion is classified as oil-in-water (O/W) type. Conversely, if the
drops disperse in the oil and remain intact in the water, it is classified as
a water-in-oil (W/0) type. The principle of the method is that the drops
disperse in the liquid corresponding to their external phase [42].

2.11. Emulsion rheology

The viscous and viscoelastic behavior of emulsions was analyzed
using a parallel plate (PP50) rheometer (MCR 92, Anton Paar, GmbH,
Austria) with a gap size of 1 mm at 25 °C. The dynamic viscosities were
determined as a function of the shear rate in the 0.1 to 1000 1/s range.
The frequency sweep oscillated from 100 to 0.03 rad/s, and all mea-
surements were performed within the determined linear viscoelastic
region (LVE) at a 0.1 % strain. Data is reported as storage modulus (G')
and loss modulus (G") as a function of frequency.
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3. Results and discussion
3.1. CLPs production

According to solubility tests conducted with a 70 % ethanol aqueous
solution (v/v), GA-lignin at a concentration of 30 g/L exhibited a 97 %
soluble fraction, making it suitable for proceeding with CLPs production
following the antisolvent precipitation method. Accordingly, the overall
higher water affinity of this lignin type (due to the functionalization
with carboxyl groups) is beneficial for its solubility in ethanol. The
impact of using water versus the alkaline buffer (pH 8) antisolvents on
CLPs formation was inspected by analyzing the visual appearance of the
dispersions, the size distribution, and the morphology of the particles
(Fig. 1). CLPs-W had a narrow size distribution translated by low span
values and a close median diameter in number and volume, revealing a
high homogeneity (Table 1). They presented well-defined and uniform
spherical shapes of dense structure (Fig. 1c). CLPs-B comprised pre-
dominantly small-sized particles, as seen by their median diameter in
number (Table 1), yet forming agglomerates as perceived by the broad
distribution in volume (Fig. 1e). Accordingly, the TEM images (Fig. 1f)
revealed that CLPs-B had an irregular shape and tended to form clusters,
yet small and isolated particles of light grey color can be perceived
revealing a less dense structure compared to CLPs-W. In addition, the
light and white spots observed in Fig. 1f can be due to small and
spherical agglomerates of CLPs under specific conditions of TEM anal-
ysis, which are usually associated with poor staining (when applied),
low concentration, or thin layers.

The zeta potential of the CLPs was measured as an indicator of their
surface charge and electrical double-layer repulsion [36]. Both CLPs
exhibited a high negative surface charge (Table 1), which can be
correlated to the content of acidic groups in lignin, such as phenolic
hydroxyl and carboxyl groups, and partly to the adsorption of hydroxyl
ions [38,43]. In this way, GA-lignin resulted in highly stable CLP dis-
persions produced by the antisolvent precipitation method, indepen-
dently of the used antisolvent.

CLPs-W showed a light pastel orange color and opaque aspect,
whereas CLPs-B showed an orangish hue with a translucent aspect. The
distinct characteristics of CLPs-W and CLPs-B and the visual aspect of the
dispersions along the production stages (Fig. S1) pointed out differences
in CLPs formation linked to the used antisolvent. In fact, the formation of

Volume
—— Number

Particle size (nm)

10 100 1000 10000
Particle size (nm)
Volume (f)
—— Number
; : 1 um 4
10 100 1000 10000 i ‘
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Table 1
Median particle size and span in number and volume, and zeta potential of CLPs.

Size (nm) Span Zeta potential (mV)
Number Volume Number Volume

CLPs-W 392 + 3 494 + 5 0.7 0.8 —-60+1

CLPs-B 172 +1 581 + 6 1.1 6.3 —66 + 3

CLPs using the antisolvent precipitation technique relies on the chang-
ing solubility of lignin at different stages due to the addition of the
antisolvent. During this process, lignin precipitates according to a mo-
lecular weight (MW) dependent pattern [26]. Considering this fact and
the experimental observations, it can be hypothesized that in the CLPs-
W, the addition of water (antisolvent) quickly led to lignin supersatu-
ration in the solution due to its poor solubility in water. This caused the
precipitation of most lignin fragments, ranging from high to low MW,
into well-defined spherical forms to minimize the surface area in contact
with water. During ethanol removal, the solubility of lignin further de-
creases, causing the small polar lignin fragments still in solution to
adsorb onto the already formed particles, thereby increasing the particle
size [26]. In contrast, alkaline antisolvent drives the deprotonation of
carboxyl groups of lignin (pK, ~ 4.7), increasing the solubility of lignin
molecules in the aqueous medium [10,27]. Therefore, in the production
of CLPs-B, the supersaturation condition for lignin precipitation is
reached at later stages. This indicates that only the high MW lignin
fragments precipitated during antisolvent addition, while the smaller
ones, which are more polar, remained in the solution even after ethanol
removal.

The final pH of CLPs-W and CLPs-B was 3.4 and 5.3, respectively. The
functionalization of GA-lignin with carboxylic acid groups integrated
into its structure imparted a more acidic character to the CLPs, indi-
cating a greater water affinity at pH levels above the pK, of 4.7 [34,35].
This confirms that some lignin molecules, particularly the ones with
higher polarity, remained soluble in the case of CLPs-B. The absence of
these polar groups on the CLPs-B surface contributed to particle
agglomeration, as observed in TEM images.

3.2. CLPs as Pickering stabilizers

The interfacial properties of CLPs are crucial in determining their

Ty ‘
e A

Fig. 1. Digital images, size distributions, and TEM images of CLPs-W (a, b, and ¢) and CLPs-B (d, e, and f), respectively. TEM magnifications of 12,000 (left) and

100,000 (right).
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effectiveness as Pickering stabilizers. For particles to be adsorbed at the
oil-water interface, a precondition to be observed is that they must be
partially wetted by both the oil and water phases [44]. The three-phase
contact angle (0,y) indicates the degree of wettability of the particles
and determines the type of emulsion they will stabilize [44,45]. For
closely packed particles and particles with 3D networks, a 64, value
between 15° and 129.3° can effectively stabilize oil-in-water (O/W)
emulsions. In contrast, values between 50.7° and 165° are appropriate to
stabilize water-in-oil emulsions (W/O) [9,45]. The emulsion type
formed at the overlapping interval (50.7°-129.3°) depends on the oil
volume fraction (¢) and preparation conditions [4,45]. At 0, values
outside these ranges, the particles are either too hydrophilic (close to 0°)
or too hydrophobic (close to 180°) to be adsorbed at the oil-water
interface [45]. CLPs-W exhibited a more hydrophobic character
(Fig. 2a) compared to CLPs-B (Fig. 2b) due to the different arrangement
of lignin functional groups on the CLPs’ surface, a feature resulting from
the used antisolvent. Nevertheless, both CLPs exhibited 0., values
within the required range to effectively stabilize emulsions. Moreover,
Fig. 2c shows the interfacial tension of CLP suspensions and oil
compared to water and oil, revealing that both CLPs reduced the inter-
facial tension, indicating that particles migrated to the oil-water inter-
face and were adsorbed [5].

To estimate how strong the CLPs adsorb at the oil-water interface,
the energy of desorption (Ep), i.e., the energy required to remove the
particle from the interface, was calculated (Eq. (2)). Table S1 shows the
parameters used to calculate Ep and Table 2 lists the estimated Ep of
CLPs, in units of thermal energy kgT, compared with literature data.
CLPs-W presented a higher Ep value than CLPs-B, mainly attributed to its
larger particle size, considering its quadratic effect (r%) on Ep. Both CLPs
presented very high Ep values, on the order of 10° and 10* kgT, indi-
cating that the energy required to remove a particle from the interface
far exceeds thermal fluctuations or Brownian motion [46]. Therefore,
the CLPs can be considered irreversibly adsorbed at the oil-water
interface [40,46]. In fact, the Ep values of both CLPs were similar to
or superior to those of other lignin particle-oil systems reported in the
literature, emphasizing the high adsorption properties of the prepared
GA-lignin-derived CLPs in the resulting Pickering systems.

3.3. Characterization of Pickering emulsion systems

Pickering emulsions PE-W and PE-B were obtained using CLPs-W and
CLPs-B, respectively. Fig. 3 shows a digital image of the formulations
produced with varied volumes of the dispersed oil phase (® = 0.4, 0.5,
0.6, 0.7, and 0.8), highlighting the differences between PE-W and PE-B
regarding color and visual appearance 1 day after their preparation. The
complete register considering 1, 7, 15, and 30 days of storage is included
in Fig. S2. The PE-W emulsions exhibited light pastel shades of orange,
reflecting the color of CLPs-W, while the PE-B emulsions displayed light
white tones due to the translucent nature of CLPs-B. Indeed, the light
brown color of GA-lignin is a notable advantage in the production of
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Table 2
The energy of desorption (Ep) of CLPs at the oil-water interface compared to
literature.

Lignin particle 0il Ep (kgT) Reference
CLPs-W Miglyol 9.8 x 10° This study
CLPs-B Miglyol 2.8 x 10* This study
N-SEKL" (pH 3) Xylene 6.0 x 10° [22]
LNPs" Thyme 1.0 x 10* [471

KLP® (pH 11) Soybean 7.0 x 102 [10]

KLP (pH 7) Soybean 2.8 x 10*

KLP (pH 2) Soybean 2.8 x 10°

Fo-KLP Sunflower 1.0 x 10 [9]
F1-KLP Sunflower 2.5 x 10°

Fy-KLP Sunflower 4.6 x 10°

F3-KLP Sunflower 2.0 x 102

# N-SEKL: sulfoethylated lignin nanoparticles.
b Lignin nanoparticles.
¢ Kraft lignin particles.

Fig. 3. Visual appearance of PE-W and PE-B Pickering emulsions prepared with
different oil volume fractions (®) after 1 day of storage.

30
(a) Miglyol 812 (D) Miglyol 812 | (C) E B Water
Z 25+ CLPs-W
= 204 B CLPs-B
107 + 3° 60 £ 3° &
S 151
’ =
/ © 104
Water & S —
st T 5
E

0 . : : ;
0 500 1000 1500 2000
Time (s)

Fig. 2. Three-phase contact angle 0, of (a) CLPs-W and (b) CLPs-B and (c) interfacial tension between oil (Miglyol 812) and water or CLPs.
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light color lignin-based emulsions when compared to Pickering emul-
sions produced with kraft-lignin-derived CLPs [8,31,33], which present
dark brown tones and have limited application in products requiring
light color, such as cosmetic formulations. Moreover, the drop test
revealed that all emulsions were O/W type.

Regarding the effect of ® on emulsion droplet size, for PE-W for-
mulations, the droplet size (D43) increased as @ increased (Table 3).
Indeed, at a fixed particle concentration, an increase in ® reduces the
number of particles available to stabilize the increased interfacial area,
forming larger droplets [4]. This behavior was commonly reported for
Pickering emulsion systems [15,37,48,49]. For a ® of 0.8, emulsion
disruption occurred due to the high oil content exceeding the particles’
capacity to stabilize the system. For this reason, this formulation was not
characterized. In contrast, increasing ® in PE-B formulations led to a
droplet size decrease. In this case, the distribution of CLPs-B in the
emulsion structure and their stabilization mechanism led to this oppo-
site droplet size effect, which will be discussed in more detail in Section
3.4. The impact of ® on emulsion droplet size is also visually evident in
the optical microscopy images of the formulations (Fig. 4).

Differences in the magnitude of the droplet size were observed for
PE-W and PE-B, i.e., the droplets formed in the PE-W formulations were
larger than in the PE-B ones (Fig. 4), independently of the used ®. In fact,
the droplet size of Pickering emulsions is influenced by the size of the
stabilizing particles [1], with the emulsion droplet size increasing with
particle size increase. This is mainly because larger particles take a
longer time to adsorb at the interface during emulsion formation,
resulting in larger emulsion droplets [1,4]. This aligns with the obtained
results, where CLP size directly influenced the size of the resulting
emulsion droplets. Regarding morphology, both emulsion formulations
exhibited spherical droplets regardless of the used ®.

The stability of the Pickering emulsions was analyzed according to
two parameters, namely, the formed emulsified layer (EL) over storage
time and the emulsion instability index (EII). The EL translates the
particles’ ability to form and hold an emulsion layer over storage,
varying from O (EL not formed) to 100 % (wholly emulsified system)
[19]. Fig. 5a and b show the calculated EL of PE-W and PE-B formula-
tions, respectively. Most formulations achieved a constant EL after 7
days of storage. This is commonly observed in Pickering emulsion sys-
tems, as particles require some equilibrium time after emulsification to
achieve the full coverage of the oil-water interface [6]. This means that,
after the equilibrium period, CLPs could hold the oil droplets for at least
30 days of storage. Furthermore, the impact of the ® in EL is observed,
where for both emulsion types, the EL increased as @ increased (except
for PE-W at ® = 0.8, where EL was equal to 0). The observed result
evidences the high emulsifying capacity of CLPs-W and CLPs-B,
revealing their ability to stabilize large oil volumes.

The EII is linked to the emulsion microscopy stability, as it translates
the rate of droplet size change over time. Thus, its value increases as
instability increases due to droplet aggregation [41]. In this study, the
EII was estimated by comparing the droplet size of the emulsions after 1
and 30 days of storage. All formulations presented an EII equal to or
lower than 0.01 (Table 3); thus, they were considered highly stable [41].

Table 3
Emulsion volume mean droplet size (D4 3) and emulsion instability index (EII) of
PE-W and PE-B prepared with different oil volume fractions (®).

0] PE-W PE-B
Dy 3 (Day Dy 3 (Day EII Dy 3 (Day 1) Dy, 3 (Day 30) EIL
1) 30)
0.4 42.0+0.1 43.0 £ 0.2 0.00 17.0+0.5 19.3+0.1 0.00
0.5 583+0.1 57.7 £0.1 0.00 156+0.1 18.1 £ 0.1 0.01
0.6 78.0+0.6 81.8 + 0.6 0.00 13.1+0.1 15.7 £ 0.2 0.01
07 9142 80+3 0.00 13.4+0.1 14.2 £ 0.6 0.00
0.8 - - 7.0+ 0.1 7.4+0.1 0.00

- Not determined.
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In addition, no significant changes were observed in the emulsions’
microstructure until 30 days of storage (Fig. S3).

The PE-W at ® = 0.7 (PE-W-0.7) and PE-B at ® = 0.8 (PE-B-0.8)
exhibited an EL equal to 100 % over 30 days of storage and EII equal to
0, revealing promising long-term stability. For this reason, they were
selected as the optimized formulations to conduct the additional ana-
lyses of this study. The drop test was registered in these formulations to
prove their O/W type (Fig. S4).

3.4. Stabilization mechanism of Pickering emulsions by CLPs

The unique characteristics of PE-W and PE-B suggest different sta-
bilization mechanisms. To verify this hypothesis, the interfacial struc-
tures of Pickering emulsions (PE-W-0.7 and PE-B-0.8) were examined
using confocal laser scanning microscopy (CLSM), utilizing the auto-
fluorescence of lignin to observe the distribution of colloidal lignin
particles (CLPs) within the emulsions (Fig. 6). The CLSM images
revealed that CLPs-W were distributed around the oil droplets’ surface,
as perceived by the presence of an intense green halo around them
(Fig. 6a). Additionally, the droplets were dispersed individually. Due to
their greater hydrophobicity and affinity for the oil phase, CLPs-W were
strongly adsorbed at the oil-water interface. These observations suggest
that PE-W-0.7 was mainly stabilized by the typical stabilization mech-
anism called interfacial membrane barrier, in which particles are
strongly adsorbed at the oil-water interface, forming a sufficiently dense
layer that provides steric hindrance and consequently prevents droplet
coalescence and interaction [1,50].

When using CLPs-B, the oil droplets were sparsely covered (Fig. 6b),
with the particles becoming distributed in the continuous phase. Be-
sides, tightly packed oil droplets were observed. This suggests that PE-B-
0.8 was mainly stabilized by the bridging mechanism, where a network
of particles in the aqueous phase connects the droplets [1]. In this
mechanism, tightly packed oil droplets are stabilized by a shared par-
ticle monolayer network that exerts strong adhesive forces, preventing
droplets from aggregating [51]. Indeed, as pointed out by French et al.
[52], essential prerequisites for bridging include a high affinity of the
particles with the continuous phase (CLPs-B have a hydrophilic char-
acter), together with a large interfacial area generated during the ho-
mogenization process (a high number of oil droplets were formed in the
PE-B formulations regardless the ®). Moreover, the presence of soluble
lignin molecules in CLPs-B can also have positive effects, as it contrib-
utes to emulsion stability as a molecular surfactant [34]. In fact, Had-
jiefstathiou et al. [20] found a synergic effect between lignin particles
and lignin surfactant molecules, resulting in enhanced interfacial sta-
bilization of O/W emulsions. Furthermore, Tian et al. demonstrated a
synergistic stabilization mechanism in Pickering emulsions by using
lignin solid particles in combination with lignin-based hydrocolloids
[10]. In this work, the PE-B stabilization could be attributed to the
simultaneous adsorption of CLPs and solubilized lignin molecules at the
oil-water interface. This can explain the distinct behavior of PE-B for-
mulations for different ® values (Section 3.3), where the droplet size
decreased as ® increased. In fact, the presence of lignin surfactant
molecules in CLPs-B further reduced the interfacial tension between oil
and water (Fig. 2¢) [20], contributing to an increase in the interfacial
area as the @ increased [41]. This combined mechanism enabled a more
efficient packing of the oil droplets, allowing O/W emulsions to be
effectively stabilized even at a @ of 0.8.

3.5. Rheology of Pickering emulsions

The rheological behavior of Pickering emulsions is related to their
structure, composition, and physical stability [37,50]. The presence of
particles significantly impacts emulsion rheology due to interparticle
interactions. Namely, emulsions with a sufficiently high concentration
of particles display non-Newtonian and viscoelastic behaviors [50]. The
emulsions presented a thick aspect (Fig. 7a and b) and showed typical
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Fig. 4. Microscopic images of Pickering emulsions prepared with different oil volume fractions (®) after 1 day of storage.
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Fig. 6. Visual aspect, confocal microscopy images, and illustration of the pro-
posed stabilization mechanism of PE-W-0.7 (a) and PE-B-0.8 (b).

non-Newtonian, shear-thinning behavior, i.e., the increase of the shear
rate decreases their viscosity (Fig. 7c) [53]. The decrease in viscosity
with applied force facilitates spreading into the skin, a desirable and
essential attribute for cosmetic creams [54].

Frequency sweep tests were also conducted (Fig. 7d) to determine
the storage modulus (G") and the loss modulus (G"), which correspond to
the emulsions’ elastic and viscous behavior, respectively [53]. In both
formulations, G’ was higher than G” for the applied angular frequency,
revealing their elastic behavior. This indicates that the emulsions exhibit
gel-like structures because of stable forces network, providing me-
chanical stability at rest [53].

PE-B-0.8 exhibited a higher G’ (almost 10 times) and a firmness
texture (visual observation) than PE-W-0.7. In fact, the higher ® value
and the associated stabilizing mechanism influenced the obtained re-
sults. In accordance, Lee et al. [51], in a rheological study dealing with
Pickering emulsions stabilized with silica particles, attributed firmer gel-
like behavior to the bridging particles stabilization mechanism. As for
the PE-B-0.8 formulation, where oil droplets were densely packed and
CLPs were mainly distributed in the aqueous phase, higher G’ values
were observed, suggesting a higher resistance to deformation [37].

Compared with an O/W emulsion cosmetic cream prepared with a
synthetic polymer (polyacrylamide) [55], PE-B-0.8 exhibited similar
flow behavior and viscosity, highlighting its potential to be explored in
this field.

4. Conclusions

The current study demonstrated that GA-lignin is a viable alternative
to traditional industrial lignins known for their dark brown color, such
as the case of kraft lignins. This substitution leads to lighter-colored
Pickering emulsions, which align with the cosmetic industry’s
aesthetic preferences. According to the developed process, the specific
type of antisolvent influences the properties and stabilization mecha-
nisms of GA-lignin-based CLPs. Both CLPs prepared with water and the
alkaline antisolvent stabilized O/W Pickering emulsions, offering
excellent long-term stability yet resulting in GA-lignin-based Pickering
emulsions with distinct properties.

The optimized emulsion produced with the alkaline antisolvent (PE-
B-0.8) exhibited a favorable light color and creamy texture, making it a
promising formulation for cosmetic applications. Moreover, the odorless
nature of GA-lignin represents a significant advantage for product
development. However, further validation is necessary to ensure safety,
efficacy, and compliance with regulatory standards. Overall, this study
offers new insights into lignin-based formulations, emphasizing the role
of CLPs in stabilizing Pickering emulsions and highlighting the potential
of functionalized lignins, such as GA-lignin, in commercial products
requiring specific sensory attributes, like light color, representing a step
forward in lignin valorization.
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