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A B S T R A C T

This study evaluated the feasibility of using cellulose cryogel particles to structure liquid oil. To this aim, cryogel
particles were prepared by grinding and freeze-drying a hydrogel made from a 5% (w/w) microcrystalline
cellulose (MCC) dissolved in aqueous NaOH and coagulated in water. Compared to native MCC, cryogel particles
presented a more irregular surface, as detected by scanning electron microscopy. The powder of cryogel particles
presented low density (0.25 g cm− 3), and high porosity (78%). The obtained particles were mixed with
increasing quantities of sunflower oil, from 60 to 80% (w/w) oil, and their capacity to entrap oil forming a semi-
solid material was determined. While MCC showed no oil structuring capacity, cellulose cryogel particles mixed
with 71–74% (w/w) oil resulted in gel-like materials characterized by 100% oil holding capacity. No oil was
released upon temperature increase up to 90 ◦C. The compressive behavior of these systems revealed no yield
point, highlighting a non-spreadable deformation behavior. In these conditions, cellulose cryogel particles likely
absorbed oil in their pores, while free oil formed capillary bridges allowing particle interconnections without the
formation of a plastic network. Based on these considerations, these materials can be regarded as granular solids.
The in vitro gastrointestinal digestion showed that oil structuring by cellulose cryogel particles did not affect the
kinetics or the extent of fatty acid release. The proposed oil structuring approach opens promising applications of
porous cellulose in foods.

1. Introduction

Today, it is recognized that the excessive consumption of saturated
(SFA) and trans fatty acids (TFA) is associated with the onset of different
diet-related diseases, such as obesity and cardiovascular diseases (Silva,
Ferdaus, Foguel, & da Silva, 2023). Traditional food fats, such as palm
oil, coconut oil, hydrogenated oils, and animal fats, are particularly rich
in SFA (Hooper et al., 2020). SFA form crystalline networks responsible
for the unique fat semi-solid and spreadable structure, which imparts
distinctive technological and sensory characteristics to SFA-rich food
products, highly appreciated by consumers. Based on these consider-
ations, the substitution of traditional fats with liquid oils, rich in healthy
unsaturated fatty acids, is considered a priority to favor healthful dietary
patterns (Hooper et al., 2020). However, the substitution should ensure
the retention of the technological and sensory properties of traditional
fats, to secure consumer acceptance (Martins, Vicente, Cunha, & Cer-
queira, 2018).

In this context, the field of oleogelation is rapidly evolving. Oleo-
gelation refers to strategies aiming at converting liquid oils into gel-like
materials, namely oleogels, able to efficiently mimic the technological
properties of SFA-rich fats (Marangoni & Garti, 2018; Martins et al.,
2018; Zhao, Wei, & Xue, 2022). Besides their role as fat alternatives,
oleogels have also been studied for their potential to steer lipid di-
gestibility (Ashkar, Laufer, Rosen-Kligvasser, Lesmes, &
Davidovich-Pinhas, 2019; Calligaris, Alongi, Lucci, & Anese, 2020;
Ciuffarin, Négrier, et al., 2023; Marangoni et al., 2007; O’Sullivan,
Davidovich-Pinhas, Wright, Barbut,&Marangoni, 2017; Plazzotta et al.,
2022) and bioaccessibility of lipophilic compounds (Calligaris et al.,
2020; Dent, Hallinan, Chitchumroonchokchai,&Maleky, 2022; Luo, Ye,
Wolber, & Singh, 2021; Salvia-Trujillo et al., 2017; Zhao et al., 2022).

Currently, two main strategies have been proposed in the literature
for oleogelation. Direct oleogelation refers to the solubilization of lip-
osoluble structuring agents in oil at high temperatures, followed by
controlled cooling, which leads to the formation of a self-assembled
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network. Conversely, indirect oleogelation exploits hydrophilic bio-
polymers (e.g., proteins and carbohydrates), properly structured to
interact with oil (Martins et al., 2018; Patel, 2020; Schatteman, 2013).
Both strategies have advantages and disadvantages, associated with the
type and concentration of the applied molecules as well as the pro-
cessing costs and sustainability (Sabet, Pinto, Kirjoranta, Garcia, &
Valoppi, 2023). Direct methods are simple to perform but rely on the use
of gelators, most of which are classified as additives, hardly fitting in the
current “clean-label” context. On the opposite, indirect methods are
based on the use of hydrocolloids, such as polysaccahrides and proteins,
which usually do not fall under the classification of additives, and whose
consumption is often associated with health benefits. However, indirect
approaches require multi-step procedures to overcome the intrinsic in-
compatibility of hydrophilic structuring agents with oil (Manzocco,
Mikkonen, & García-González, 2021). Among indirect methods, the
dried-template approach is based on the initial formation of an aqueous
gel or hydrogel. Water is subsequently removed from the hydrogel by
using different techniques (i.e., freeze- or supercritical–CO2–drying),
resulting in highly porous dry templates, showing the ability to load and
entrap liquid oil.

In this regard, one promising biopolymer for indirect oleogelation via
the dried template approach is cellulose, which is naturally present in
many foods and widely used at the industrial level for its functional
properties and benefits. According to a recent European Food Safety
Authority (EFSA) re-evaluation, the use of cellulose derivatives is not
associated with adverse health effects, so there is no need for a
numerically acceptable daily intake (Younes et al., 2018). For this
reason, cellulose and its derivatives are commonly added to various food
products, serving as thickeners, stabilizers, fillers, and bulking agents in
products such as sauces, dressings, and dairy alternatives (Mu et al.,
2019). Consumers are familiar with cellulose as an ingredient, and its
popularity is growing due to its plant origin and associated health
benefits. Being non-digestible, cellulose contributes to reducing food
caloric intake and promotes gastrointestinal health, acting as a prebiotic
for gut microbes (Hervik & Svihus, 2019; Uddin, Mahmud, Hasan, Pel-
toniemi,&Oliviero, 2023). Additionally, cellulose can be retrieved from
agro-industrial vegetable side streams, supporting sustainable practices
of circular economy (Plakantonaki, Roussis, Bilalis, & Priniotakis,
2023).

Cellulose and its derivatives have been scarcely considered for
oleogelation by indirect methods. Carboxymethylcellulose was pro-
posed as a structuring agent in combination with other biopolymers to
form structured emulsions, which have been converted into oleogels
through drying (i.e., emulsion template approach) (Jiang et al., 2018;
Meng, Qi, Guo, Wang, & Liu, 2018). In our recent work, we demon-
strated the ability of macro-porous cryogel monoliths, obtained by
freeze-drying hydrogels made of dissolved and coagulated microcrys-
talline cellulose (MCC), to load high quantities of sunflower oil, beget-
ting solid materials with high physical stability and no oil release during
storage (Ciuffarin, Négrier, et al., 2023). However, these monoliths
showed physical properties far from the ones required for their use as fat
alternatives. To solve this issue, a possible strategy could involve oil
structuring by cellulose porous particles instead of monoliths. Dried
porous particles made of proteins derived from whey (De Vries, Gomez,
Van der Linden, & Scholten, 2017; Plazzotta, Calligaris, & Manzocco,
2020), potato (Jung et al., 2023), and egg white (Alavi & Ciftci, 2023)
have been reported to form semi-solid oleogels. This was attributed to
concomitant mechanisms concurring in oil structuration by the dried
protein particles, namely (i) absorption of oil into particle pores; (ii)
adsorption of the oil onto the particle surface; (iii) formation of oil
capillary bridges among the particles and (iv) physical entrapment of
free oil within a hydrophilic particle-particle network (Selmer et al.,
2019).

Based on these considerations, the objective of this work was to
explore the oil structuring ability of cellulose cryogel particles. To this
aim, MCC was dissolved in aqueous NaOH, gelled and coagulated in

water forming a hydrogel. The latter was ground and freeze-dried. The
obtained cellulose cryogel particles were sieved to collect the <100 μm
fraction, which was characterized for its porosity, density, BET-specific
surface area and SEM microstructure. Cellulose cryogel particles were
dispersed in sunflower oil at different particle-to-oil ratios. The obtained
materials were then studied for their rheological properties, spread-
ability, and oil-holding capacity to investigate whether this oleogelation
approach resulted in fat-mimicking physical properties. Finally, the
impact of cellulose oleogelation on lipid digestibility was evaluated with
in vitro digestion tests.

2. Materials and methods

2.1. Materials

Microcrystalline cellulose (MCC, Avicel®, pH-101, degree of poly-
merization 180 as declared by the manufacturer) and NaOH were pur-
chased from Sigma Aldrich (Milan, Italy). Sunflower oil was obtained
from a local store. Deionized water was made with System Advantage
A10® (Millipore S.A.S, Molsheim, France).

2.2. Cryogel particles

Cellulose hydrogel monoliths were prepared according to Ciuffarin,
Négrier, et al. (2023) from MCC. Briefly, MCC was dissolved in aqueous
NaOH solution (8%, w/w) at − 5 ◦C for 2 h, resulting in aMCC solution at
5% (w/w). The solution was gelled at 50 ◦C for 2 h, and coagulated in
deionized water, followed by several washing steps with water.

Hydrogel monoliths were placed in deionized water (2:1, w/w) and
ground using a high-speed homogenizer (DI 25 Basic, IKA Werke,
Staufen im Breisgau, Germany) at 14,000 rpm for 3 min. The obtained
dispersion was placed in aluminium trays (8 × 15 cm), frozen at − 40 ◦C
for 45 min in a blast chiller (FAB25 Electrolux, Italy), and finally freeze-
dried. The freeze-dryer (EPSILON 2–4 LSCplus, Del Tek, Naples, Italy)
was set at 0.2 mBar and the following steps were performed: 20 min at
− 30 ◦C, 24 h at − 20 ◦C, 24 h at − 10 ◦C, 8 h at 0 ◦C, 16 h at 10 ◦C, and
finally at 20 ◦C for 8 h. The resulting cellulose cryogel particles were
stored at room temperature in a desiccator containing silica until use.

The cryogel particles were finally sieved (FTS-0200, Filtra Vibracion,
Barcelona, Spain) and the fraction with size <100 μm was used to pre-
pare oleogels.

2.3. Mixtures of cryogel particles and oil

About 1.0 g of cryogel particles was manually mixed with different
amounts of sunflower oil (SO), leading to systems with an oil content
ranging from 65 to 80% (w/w).

2.4. Characterization of cryogel particles

2.4.1. Image acquisition
Sample images were acquired using an image acquisition cabinet and

a Google Pixel 6 smartphone (Alphabet, Mountain View, California,
USA). The light was provided by a LED strip properly placed to minimize
shadow and glare.

2.4.2. Particle size distribution
An amount of 5 g of cryogel particles was sieved with a set of sieves

with mesh sizes of 25 and 50 μm (FTS-0200, Filtra Vibracion, Barcelona,
Spain). The amount of powder remaining in each sieve was weighed and
expressed as a percentage of the initial powder weight.

2.4.3. Tap density
The cryogel particles or MCC particles (0.5 g) were placed into a

graded cylinder (1.5 cm in diameter) and weighed, after manual tap-
ping. The tap density of the powder was then calculated from the

F. Ciuffarin et al.
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powder mass (m) and tap volume (Vt) (Eq. (1)):

ρt =
m
Vt

(Eq. 1)

2.4.4. Porosity
Cryogel powder porosity (%) was estimated based on the following

equation (Eq. (2)) (Druel, Niemeyer, Milow, & Budtova, 2018):

Porosity (%)=
(
1 −

ρt

ρ

)
• 100 (Eq. 2)

where ρt (g cm− 3) is the tap density of the powder and ρ (g cm− 3) is
cellulose true density (i.e., skeletal density). In particular, ρ was
considered as MCC true density (ρ = 1.46 g cm− 3) (Sun, 2005).

2.4.5. Morphology
SEM micrographs were obtained using an MAIA-3 (Tescan, Brno,

Czech Republic), equipped with detectors of secondary and back-
scattered electrons. Cryogel particles were deposited on carbon tape
and their surface was coated with a 14 nm layer of platinum with a
Quorum Q150T metallizer (Quorum Technologies, East Sussex, UK) to
prevent the accumulation of electrostatic charges and image defaults.
The observations were performed with an acceleration voltage of 3 kV
and the images acquired with an accumulation of three frames.

2.4.6. Specific surface area
The specific surface area (SBET) was determined by measuring N2-

adsorption isotherm at 77 K with the Micromeritics ASAP 2020 (Nor-
cross, Georgia, USA) and using the Brunauer–Emmett–Teller (BET)
approach (Brunauer, Emmett, & Teller, 1938). Before measurements,
samples were degassed under high vacuum for 10 h at 70 ◦C.

2.5. Characterization of mixtures of cryogel particles and oil

2.5.1. Rheological properties
The viscoelastic properties (moduli G′, G″and tan δ) of the cryogel-oil

mixtures were tested using an RS6000 Rheometer (Thermo Scientific
RheoStress, Haake, Germany), equipped with a Peltier system for tem-
perature control. Measurements were performed using a parallel plate
geometry at 20 ◦C with a gap of 2.0 mm. Oscillatory sweep tests to
identify the linear viscoelastic region (LVR) were performed increasing
stress from 10 to 1 × 104 Pa at 1 Hz frequency. Yield stress (Pa) was
identified as the stress value corresponding to a 10% drop in G′ value.
Frequency sweep tests were then performed increasing frequency from
0.1 to 10 Hz at stress values selected in the LVR (100 Pa). Temperature
sweep tests were carried out at 1 Hz and a stress value within the LVR, by
increasing the temperature from 20 to 90 ◦C, with a heating rate of 1 ◦C
min− 1.

2.5.2. Spreadibility
Spreadibility was measured by a uniaxial compression test using an

Instron 4301 (Instron LTD., High Wycombe, UK). In brief, 2 mL of
oleogel was transferred in a 5 mL glass beaker with a diameter of 1.5 cm
and compressed 5 mm using an 8.1 mm diameter cylindrical probe
mounted on a 500 N compression head at a 25 mm min− 1 crosshead
speed. Stress-strain curves were obtained from the compression tests and
fitted using Microsoft Office Excel (LTSC Professional Plus 2021).

2.5.3. Oil holding capacity
About 1 g of cryogel-oil mixture was placed into a microcentrifuge

tube and centrifuged at 14,900×g for 20 min at 20 ◦C (Mikro 120,
Hettich Zentrifugen, Andreas Hettich GmbH and Co, Tuttlingen, Ger-
many). The separated oil phase was accurately drained with absorbent
paper and the sediment weighed. The oil holding capacity (OHC) was
expressed as the percentage of oil retained by the sample as compared to
the initial oil content.

2.6. In vitro lipid digestibility

2.6.1. In vitro digestion
The in vitro digestion process followed the INFOGEST static protocol

(Brodkorb et al., 2019), and the pH-stat approach was used to determine
the extent of lipid digestibility (Mat, Le Feunteun, Michon, & Souchon,
2016), by replacing NaCl with NaHCO3 in simulated salivary (SSF),
gastric (SGF), and intestinal (SIF) fluids. The formulation containing
71% oil (i.e., 1.4 g of cellulose-based oleogel, corresponding to 1 goil)
was used.

SSF, SGF, and SIF were preheated to 37 ◦C. As the to-be-digested
samples were free from starch and proteins, amylolytic and proteolytic
enzymes were not used.

For the oral phase, 4 mL of SSF, 25 μL of 0.3 M CaCl2, and 975 μL of
water were added to the samples, which were continuously stirred at
37 ◦C for 2 min.

In the gastric phase, 8 mL of SGF, 5 μL of 0.3 M CaCl2, and 667 μL of
water were added to the oleogel sample. The gastric phase was initiated
by adjusting the pH to 3.0 with 1 M HCl and making up the volume to 20
mL with water. The mixture was continuously stirred at 37 ◦C for 2 h.

In the intestinal phase, 8 mL of SIF, 4 μL of 0.3 M CaCl2, 5 mL of a
lipase solution (prepared in SIF and providing 2000 U mL− 1 activity),
and 3 mL of 160 mM bile extract (prepared in SIF) were added to cel-
lulose oleogel. The intestinal phase was initiated by adjusting the pH to
8.00 ± 0.10 with 1 M NaOH and making up the volume to 40 mL with
water. The pH of the digestion mixture was monitored immediately after
lipase addition and 0.25 M NaOH aliquots were automatically added by
a TitroLine® 7000 titrator (SI Analytics GmbH, Mainz, Germany) to
maintain a value of 8.0 ± 0.025 (i.e., the optimum of used lipase based
on its technical specifications). The volume of NaOH (mL) added to
titrate the oleogels at a specific time was recorded (Voleogel).

The percentage of free fatty acids (FFA) released during lipolysis was
calculated (Eq (1)):

FFA (%)=
Ve

Vt
× 100 Eq. 1

where Ve is the experimental volume of the oil, and Vt represents the
theoretical volume required to titrate the fatty acids released by com-
plete hydrolysis of triglycerides in the reaction vessel, assuming that 2
FFA are produced for each triacylglycerol molecule (Li, Hu, Du, Xiao, &
McClements, 2011), and was calculated according to Eq. (2):

Vt =2×

[
moil

MWoil

1000
CNaOH

]

Eq. 2

where moil is the mass of oil in the reaction vessel (g), MWoil is the
average molecular weight of sunflower oil (876.60 g mol− 1, Plazzotta
et al., 2022) and CNaOH is the concentration of the sodium hydroxide
(mol L− 1).

After in vitro digestion, the digestion was stopped by placing the
sample into an ice bath for 15 min, centrifugated at 30,000×g for 70 min
using an Avanti J-25 centrifuge (Beckman, Palo Alto, USA), and a 30 mL
aliquot of the mixed micellar phase (i.e., stabilized structures encapsu-
lating lipophilic bioactive components) was recovered.

2.6.2. Confocal microscopy of digested samples
The hanging-drop method was used to analyze samples collected

after the gastric and intestinal digestion phases (i.e., digestate) (Gallier,
Gordon, & Singh, 2012). Samples were stained by gently hand-mixed
with 0.05 mL of a 0.2% (w/v) aqueous solution of Nile Red and 0.01%
(w/v) of Fluorescent Brightener 28 (Sigma Aldrich, Milan, Italy), to
selectively mark the oil and the cellulose fraction, respectively. Sec-
ondly, an agarose solution (1%, w/w) preheated at 50 ◦C, was added to
the samples in a sample:agarose solution ratio of 1:2 (v/v). Two μL of the
fluid mix was placed on a microscope coverslip and left to set at room
temperature for 1 min. The stained samples were then placed on a

F. Ciuffarin et al.
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microscope slide, covered with a cover slide, and observed using a
confocal laser scanning microscope at 100 × magnification (Leica TCS
SP8× confocal system, Leica Microsystems, Wetzlar, Germany). Images
were imported in jpg format using the software LasX 3.5.5 (Leica
Microsystems, Wetzlar, Germany).

2.6.3. Particle size and zeta potential of mixed micellar phase
The particle size distribution of the mixed micellar phase (recovered

as described in section 2.6.1) was determined using Dynamic Light
Scattering (DLS) with a Zetasizer NanoZS (Malvern Instruments, Wor-
cestershire, UK). Samples were diluted 1:100 (v/v) with deionized water
and introduced into a measuring cell where the particles scattered laser
light at a 173◦ angle. Particle size was expressed by the average diam-
eter, considering the total volume of particles. Additionally, the ζ-po-
tential was measured by placing the diluted sample in a capillary cell
equipped with two electrodes to assess particle electrophoretic mobility.

2.7. Data analysis

Data were expressed as the mean ± standard error of at least two
measurements from two experimental replicates (n ≥ 3). Statistical
analysis was performed by using R v. 4.0.3 (The R Foundation for Sta-
tistical Computing). The ANOVA test was used to determine statistically
significant differences between means (p < 0.05). Bartlett’s test was
used to check the homogeneity of variance (p ≥ 0.05) and the Tukey test
was used as a posthoc test (p < 0.05).

3. Results and discussion

3.1. Cellulose cryogel particles

Table 1 shows macroscopic and microscopic features, particle size
distribution, tap density, porosity, and SBET of the powder based on
cellulose cryogel particles obtained by grinding cellulose hydrogels
made from 5% (w/w) cellulose solutions.

As shown in Table 1, cellulose cryogel powder contained particles
with dimensions mainly in the range of 50–100 μm (60%) and 25–50 μm
(40%). The particles showed irregular shapes, sharp edges, and uneven
surfaces. Similar morphology has been previously observed for particles
obtained by freeze-drying and grinding of whey protein hydrogels as
well as for freeze-dried particles containing a combination of malto-
dextrin with ι-carrageenan or soybean protein (Papoutsis et al., 2018;
Plazzotta et al., 2020). The morphology of cellulose cryogel particles
was different from that of the initial MCC particles, which are charac-
terized by elongated shape, compact non-porous structure, and smooth
surface (Mahdi, Hassanpour, & Muller, 2018). The density and the
porosity of the cryogel powder (Table 1) were respectively lower and
higher than those of the native MCC powder (tap density 0.42 g cm− 3;
porosity 71%). The internal surface area (SBET) of cryogel powder, which
is related to the presence of mesopores, was also higher (4.8 m2 g− 1)
than that of the MCC (0.59–0.93 m2 g− 1, Vehovec, Gartner, Planincek,&
Obreza, 2012; Mahdi et al., 2018).

Overall, the procedure applied to convert cellulose hydrogels into
cryogel particles led to the formation of a powder formed by particles
with rough surfaces, and characterized by lower tap density and higher
porosity compared to the native MCC powder.

3.2. Systems containing cellulose cryogel particles and sunflower oil

To assess its capacity to structure oil, the powder of cellulose cryogel
particles was manually mixed with sunflower oil at different cellulose
cryogel powder/oil ratios, and the obtained systems were characterized.
The formation of a semi-solid material resembling an oleogel was
visually evaluated by assessing the ability of the mixtures to form a
cohesive and continuous material able to stick to the spatula when
turned upside-down. As shown in Fig. 1, at oil content lower than 71%
(w/w), the cryogel-oil mixtures resulted in a grainy system with visible
aggregates of particles unable to stick together. In these samples, the oil
was probably mainly absorbed into the inner pores, with no interaction
among particles.

By contrast, in an oil range of 71–74% (w/w), materials with a
creamy appearance and no evident oil release were obtained. In this
case, the oil was probably not only absorbed in the inner pores of cryogel
particles but also engaged in the formation of capillary bridges among
the walls of adjacent cellulose particles (Selmer et al., 2019). Finally,
upon increasing oil content above 74% (w/w), the samples showed a
liquid-like behavior. Analogous trends were previously reported by Jung
et al. (2023), considering mixtures of whey and potato protein porous
powders with oil in the oil content range of 70–84% (w/w). It must be
pointed out that, in the same conditions, the MCC powder exhibited no
ability to structure oil. MCC mixing with oil led to liquid systems
showing evident oil release, regardless of the oil content (Fig. 1).

To better understand the oil structuring capability of cellulose
cryogel particles, the creamy systems obtained in the oil content range
from 71 to 74% were considered for further analyses.

The influence of oil content on the rheological properties of the
systems is presented in Fig. 2 and Table 2. All the samples exhibited a
gel-like behavior, with the elastic modulus (G′) being higher than the
viscous one (G″). With the increase in oil content, the yield stress (i.e.,
the limit of the linear viscoelastic region, LVR) and both the storage (G’)
and loss (G’’) moduli decreased (Fig. 2A–Table 2).

The viscoelastic behavior of the samples was further investigated
through frequency sweep analysis (Fig. 2B). The moduli G′ and G″
exhibited parallel patterns, unaffected by the applied frequency. More-
over, all systems showed a very low G’’/G′ ratio (i.e., tan δ, Table 2),
indicating a solid-like nature. The increase in oil concentration above
71% resulted in a slight increase in tan δ (Table 2). The rheological
properties of the cellulose cryogel-containing samples (Fig. 2, Table 2)
were comparable to those reported for oleogels obtained through the
dried template approach using both whey and potato proteins (Jung
et al., 2023; Plazzotta et al., 2021). In the literature, G′ and yield stress
are often suggested as key parameters to compare the rheological
properties of fat replacers with those of traditional fats (Blake & Mar-
angoni, 2015). For instance, these parameters were used to demonstrate

Table 1
Characteristics of cellulose cryogel powder: appearance, microstructure (scale is 100 μm), particle size distribution, tap density, porosity, and specific surface area
(SBET).

Macroscopic Appearance SEM microstructure Particle size distribution (%) Tap density (g cm− 3) Porosity (%) SBET (m2 g− 1)

50–100 μm 25–50 μm <25 μm

59.4 ± 0.3 40.3 ± 0.8 0.2 ± 0.1 0.25 ± 0.01 78.4 ± 0.5 4.8 ± 0.9

F. Ciuffarin et al.
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the suitability as fat replacers of structured monoglyceride-based
emulsions and oleogels structured by means of porous protein parti-
cles (Blake & Marangoni, 2015; Calligaris, Plazzotta, Barba, &

Manzocco, 2021; Plazzotta et al., 2020). Notably, the values displayed in
Table 2 for the mixtures of cellulose cryogel particles and sunflower oil
were in the range of G’ (1–50 × 105 Pa) and yield stress (150–1000 Pa)
values of most commercial fats (Calligaris et al., 2021; Patel, Nikolson
et al., 2020). The rheological moduli values were not affected by tem-
perature in the considered range (20–90 ◦C). Supplementary Fig. 1
shows that G′ values remained constant upon temperature increase,
indicating the absence of temperature-sensitive structures. Differently
from food fats, based on crystal networks melting with temperature
increase, the developed mixtures are based on cellulose, which is
non-sensitive at temperatures within the studied range. Accordingly, no
oil release was observed upon heating, which is important for food
applications.

Although data from amplitude and frequency sweep tests suggest a
rheological behaviour of the developed mixtures similar to that of
commercial fats, the low deformations applied during these tests only
partially describe the deformation behaviour of the developed materials.
Thus, to further investigate the structure of cryogel-oil mixtures in the
71–74% oil range, spreadability tests were conducted, since this is a
pivotal property of food fats. Fig. 3 reports the stress-strain curves of

Fig. 1. Visual appearance of systems containing microcrystalline cellulose (MCC) or cellulose cryogel particles and increasing concentrations of sunflower oil.

Fig. 2. G’ (circles), and G’’ (triangles) from amplitude (A) and frequency sweeps (B) of systems containing cellulose cryogel particles and increasing concentrations
of sunflower oil from 71 to 74% (w/w). Standard deviation bars were omitted to improve graph readability.

Table 2
Rheological parameters (yield stress, G′, G″ and Tan δ in the linear region) of
systems containing cellulose cryogel particles and increasing concentrations of
sunflower oil.

Oil (% w/
w)

Yield stress
(Pa)

G’ × 105

(Pa)
G’’ × 105

(Pa)
Tan δ

71 403.0 ± 62.3 a 21.3 ± 1.8 a 1.2 ± 0.0 a 0.055 ± 0.006
b

72 154.4 ± 26.9 b 10.6 ± 1.5 b 0.7 ± 0.1 b 0.072 ± 0.001
a

73 142.8 ± 40.9 b 8.1 ± 0.4 c 0.5 ± 0.0 c 0.070 ± 0.002
a

74 127.3 ± 20.1 b 1.4 ± 0.3 d 0.1 ± 0.0 d 0.068 ± 0.001
a

a-d: In the same column, mean values indicated by different letters are statisti-
cally different (p < 0.05).
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these systems registered under compression. As expected, the increase in
oil content promoted a shift of the curves towards lower values.
Nevertheless, in all cases, an exponential increase (R2 > 0.99) of stress
with the compressive displacement was observed. This behavior in-
dicates that the obtained samples were not spreadable, being unable to
distribute themselves around the compressive head during its down-
stream movement. Rather, the samples tended to compact under the
tool, accounting for the observed force increase.

Systems containing cellulose cryogel particles and sunflower oil in
the 71–74 % (w/w) range were also stored at ambient conditions for up
to 4 months. Assessment of OHC (data not shown) demonstrated that no
oil release was observed during this period.

Overall, the collected data indicate that cryogel particles effectively
structure the oil forming a semi-solid material with high physical sta-
bility and rheological properties similar to those of food fats but not
presenting a plastic behavior. The latter is linked to the presence of a fat
crystal network in food products, providing the typical fat spreadability
(Rogers, Tang, Ahmadi,&Marangoni, 2008). It can be hypothesized that
cellulose cryogel particles mainly absorbed the oil into the cryogel pores
and formed capillary bridges between adjacent particles. Nevertheless,
the particles were not able to engage in the formation of a continuous
plastic network. Based on these considerations, the resulting materials
could be regarded as granular solids. It can be hypothesized that the
decrease of the size and the modulation of the shape of the developed
cryogel particles can be exploited to further tune their oil structuring
capacity as well as the rheological and spread behaviour (Bonn, Denn,
Berthier, Divoux, & Manneville, 2017; Fuhrmann, Powell, & Rousseau,
2023; Møller & Bonn, 2007; Nishinari et al., 2024). Moroever, begetting
spheroidal-shaped particles of dimension lower than 25–50 μmwould be
particularly convenient for food applications, since these particle
morphological features would avoid sensory graininess perception.

3.3. Cellulose oleogels under gastrointestinal conditions

Due to the possible effect of the oil structuring on the digestion
behavior (Alongi et al., 2022; Ciuffarin, Alongi, et al., 2023; Plazzotta
et al., 2022), the suspension oleogel containing cellulose cryogel parti-
cles and 71% (w/w) sunflower oil was submitted to in vitro simulated
digestion, and compared to a control sample, containing MCC and

sunflower oil at the same oil concentration. The destructuring behavior
of the oleogel containing cellulose cryogel particles upon the gastric and
intestinal phases was first observed by confocal microscopy (Fig. 4).

As seen in Fig. 4A, at the end of the gastric phase of the system
cryogel particles-oil, a limited number of round oil droplets (yellow) was
observed, probably due to the swelling of cellulose particles (turquoise)
upon contact with the aqueous digestive environment. Cellulose cryo-
gels have been indeed shown to undergo intense water absorption
(Ciuffarin, Négrier, et al., 2023), which probably accounted for the
formation of a swollen system embedding andmasking the oil during the
confocal microscopy analysis. Conversely, as shown in Fig. 4B, oil
droplets were evident at the end of the intestinal phase, along with
cellulose fragments. It can be hypothesized that the dilution of the
digestive system due to the addition of intestinal fluids induced further
swelling of cellulose cryogel particles and, consequently, oil release and
droplet coalescence. The suggestion of cellulose cryogel particles
swelling in water at pH 7–8 is supported by cellulose surface hydro-
philicity due to a high density of hydroxyl groups (Yamane et al., 2006),
provided cellulose is dissolved in aqueous NaOH and coagulated in
water which is the case of our cryogel preparation. Similar confocal
micrographs at the intestinal level were observed upon the digestion of
unstructured oil in our previous works (Ciuffarin, Alongi, et al., 2023;
Plazzotta et al., 2022). This comparison suggests that cellulose cryogel
particles did not interfere with intestinal oil digestion, probably due to
their strong hydrophilic nature, associated with digestion resistance. To
confirm this hypothesis, the analysis of FFA released during intestinal
digestion was conducted (Fig. 5).

The release of free fatty acids (FFA) during intestinal digestion
exhibited a pattern consistent with prior studies (Ciuffarin, Alongi, et al.,
2023; Li et al., 2011; O’Sullivan et al., 2017), with a rapid increase in the
initial phase, followed by a gradual slowing down of FFA release until
reaching a plateau. After 2 h of intestinal digestion, both cellulose
oleogel and the control cotnaining MCC and oil showed a comparable
FFA release of around 52%. This value is in line with the hydrolysis level
of unstructured sunflower oil (Calligaris et al., 2020). Moreover, no
differences between the digested cellulose oleogel and the control were
found in terms of oil particle size distribution (Fig. 6) and zeta potential
(around − 67 mV in both cases).

These findings showed that the structuring of oil into a cellulose
oleogel did not affect the digestion behavior of oil. This is probably due
to the tendency of cellulose to release oil in the early stages of gastro-
intestinal digestion, thus being unable to protect it from the action of
lipolytic enzymes. By contrast, in our previous study relevant to the
digestion of whey protein-based oleogels (Ciuffarin, Alongi, et al.,
2023), it was found that protein particles favored oil digestion at the
intestinal phase. As a consequence, the use of cellulose oleogels in foods
as fat replacers would not affect the nutritional functionalities of the
structured oil.

4. Conclusions

This study demonstrates the feasibility of using cellulose cryogel
particles to structure liquid oil. Materials presenting rheological moduli
and yield stress similar to those of traditional food fats and high physical
stability can be obtained in a specific oil content range (71–74%, w/w).
These systems do not present the plastic deformation behavior typical of
fat crystal networks. The capability of cellulose particles to entrap oil
was attributed to their ability to absorb oil and to the formation of oil
capillary bridges among the particles, leading to systems that can be
regarded as granular solids. Interestingly, oil structuring by cellulose
particles was not affected by temperature and also did not affect the rate
and extent of lipolysis upon in vitro digestion.

The obtained results open the prospects of exploiting powders made
of freeze-dried ground cellulose hydrogels as oleogelators in the food
sector. In particular, rather than alternatives to traditional fats with
plastic rheological behavior, cellulose cryogel particles are promising

Fig. 3. Stress-strain curves of systems containing cellulose cryogel particles and
increasing concentrations of sunflower oil from 71 to 74% (w/w).
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ingredients to hinder oil separation or favor homogeneous oil
distribution.
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Fig. 4. Confocal micrographs of the gastric (A) and intestinal (B) digestate samples of an oleogel containing cellulose cryogel particles and 71% (w/w) sunflower oil.
Cellulose is represented in turquoise, and oil in yellow.

Fig. 5. Free fatty acid (FFA) release kinetics during in vitro intestinal digestion
of an oleogel containing cellulose cryogel particles and 71% (w/w) sunflower
oil (“cellulose oleogel”). The sample containing MCC and 71% (w/w) sunflower
oil is shown as “control”.

Fig. 6. Cumulative particle size distribution after in vitro intestinal digestion of
an oleogel containing cellulose cryogel particles and 71% (w/w) sunflower oil
(“cellulose oleogel”). The sample containing MCC and 71% (w/w) sunflower oil
is shown as “control”.
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